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DESIGN MEMORANDUM
SECTION D

D.1l GEOLOGIC DATA

Geologic and engineering geologic field investigations have been
conducted in the dam and reservoir area since February of 1982,
principally by Mineral Systems, Inc. (MSI). The investigations
included initial site mapping, geologic mapping, and preliminary
core hole drilling in 1982. Site mapping, joint surveys, geophy-
sical surveys, core drilling, in-situ permeability testing, and
piezometer installation continued in 1983. Aadditional investiga-
tions including core drilling, in-situ permeabilty tests, piezo-
meter installation, in-situ borehole deformation testing, and
laboratory tests of materials strengths and properties were
accomplished in 1985 and 1986. The information and data base
resulting from the field investigations of the Miner Flat dam
site are provided by three reports which are included by refer-
ence in this Design Memorandum. The three reports are:

1. "Engineering Geology and Mapping, Miner Flat Damsite and
Reservoir, White Mountain Apache Tribe, Preliminary
Report", Mineral Systems, Inc., August 1982,

2. "Preliminary Report, Engineering Geology, Miner Flat Dam
Site, White Mountain Apache Reservation", Mineral
Systems, Inc., November 1983.

3. "Preliminary Report, Engineering Geoclogy, Miner Flat Dam
Site, White Mountain Apache Reservation", vVols. I and

II, Mineral Systems, Inc., July 1986.

The latter MSI report, dated July 1986, presents the most recent
field investigations including information developed in response
to the "Review and Evaluation of Dam Site Investigations" pre-
pared by Harza Engineering Company. The earlier MSI reports
pbrepared in 1982 and 1983 are included by reference because they
include borehole logs, packer test results, and other data 'not
reproduced in the 1986 MSI report.

Previous geologic investigations of the Miner Flat damsite and
reservoir area consisted of a generalized regional geologic map
of Navajo and Apache Counties, Arizona. The previous investiga-
tions did not present site specific data for the damsite and
reservoir area. The 1986 MSI report provides geologic maps of
the reservoir and damsite. The locations of foundation and
abutment exploration drill holes and the locations of other types
of geological and geophysical investigations of the dam site and
reservoir area are shown on the geological maps. The 1986 MSI
report also provides geologic cross sections through the dam
site.

A series of color photographs are provided on Figures D.1.1
through D.1.4 to show the abutments at the damsite, the aggregate
source area immediately upstream from the damsite, and the area
immediately downstream from the danmsite. Likewise, the drawings
on Sheets D1l through D6 are presented to summarize herein the
foundation geology, testing and sample locations, and drill hole

logs.

Page D1 ~ 1
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{Bouiders, cobbles , gravel , sand and silt along present
stream channels.)

TERRACES

{Aliuvnam of boulders, cobbles, gravel, sand and siit;
subscript relative oge, | being the oldest.)

COLLUVIAL DEPOSITS

COLLUVIUM

(Derived from weatherng of bedrock; Jetter symbols
in parentheses are symbois for bedrock units from
which cotluvium derived.)

-
b
-
[
w

{Letter symbots n parentheses are symbots for bedrock
units from which taks derived )

BEDROCK
QTg

QUATERNARY-TERTIARY GRAVEL
\No ouicrops)

QTh

BASALT
(Massive to vesicular and scoriatious basatt )

i

" SUPAI FORMATION

{Sandstone , fine -graned rounded, well sorted, cross-
stratifad, massive bedded. L ower part nferbedded
with siitsione }

N —

Contact, showing dip
{Dashed where approximatety located )

-

Strike and dip of beds
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DRILL HOLE NO. m-1

Elavation
Baaring:

MINER FLAT

Dritted by, Technologiem
: aa73’ Logged by’ CharPes H. Robinsom
[ ] Inciination: sa”

MINER FLAT
Western

Drilled by. Technologiea
Logged by:Charles H. Robinsory

Inclination: 90"
Dote Complsted: 2/18482

ORILL HOLE NO. pE~2
Elavation: 5923°
8earing: #§

Date Started: 2/6/82

MINER FLAT
Westarn.

Orifled by: Technologies
Logged by Tharles H. Robinsor

Inciination: 60%,
Date Completedr 2/21/82

ORILL HOLE NO. vE-3
Elavation: 5922'
Bearing: 335

Date Started: 2/19/82

MINER FLAT

DRILL HOLE NO. pa-5
Elevation: 3479
Bearing: ¢

Date Siarted: 7/9/83%

Drilled by: Boyles Bros.
Logged by: rat Wiegand
Inclination: 90*

Dats Completed: 7/12/8%

DAt

DESCRITON

REVISIONS

Date Started: L/28/32 Data Compieted: 1/26/82
4 n | Lithor
quw\‘:\ L -M.MMWQ\ < Dascriptiom \b\nns\‘:\ himw\uoﬁn Description \b\nw\s.w T\MM“SR Oescription \b\nw‘ f g nwnoﬁn ﬁ Oescription
: S silty sand. Alluvial terraca. ) . Basalt, massive, very fine-grained, aphanitic-porphyritic,
s Basalt, massive, very fine-grained, aphanitic, porphyritic, Silty sand. Alluvial terrace. i} fractures are stained with clay.
1o few vesicles, iron and clay stained fractures. 0 v 10 10
Basalt, vesicular, very fine-grained to aphanitic~
porphyritic witX olivine phenoctysts, clay in vesicles
* land on fractures.
. Hasalt, massive, medium gray, very fine-grained, aphanitic e X . X
i Basalt, Yesicular, very fine-grained to aphanitic, vesicles 30 Y )§ orphyritic, with olivine phenocrysts, very hard, slightly g tiaiiBasalt, vesicular, scoracious basalt at flow boundaries
.7 rilled with clay, iron and clay stained fractures, k! fractured, few fractures stained with clay. Wx)21.8, 29.2, clay filled vesicules.
w e
g 111 {1
¥ Basalt, massive, medium gray, very fine-grained, 44.5] Py Basalt, massive clay stained fractures.
it aphanitic-porphyritic with phenocrysts of olivine, Hinte 50
iy Basalt, massive to slightly vesicular. o4 Very hard, slightly fractured, fractures with staih s

Ba3alt, vesicular, very fine-grained, aphanitic,
porphyritic, with olivinia.

Basalt, massive vary fine-grained, aphanitic-porphyritic %/
olivine, hard to very hard.

of clay.

70

Tava tube

Basalt,K vesicular, very fine-grained, vesicles filled
Nqwith ilTIca, fractures stained with clay.

[|Basalt, massive, very fine-grained, aphanitic-porphyritic

Locally fractured with sllfca”

MINER FLAT
les Bros.

Drillad by. >
JFred Barlois and
Logged by ‘charies H. Robinson|

Inciination: 90”.
Data Completed: 8/6/83

DRILL HOLE NO.DB-2 (Cont.}
Elevation: %922

Bearing: #”

Data Started: 8/2/33

Depth § Lithologic

Description

»nu....-n.u Basalt, very vesicular, scoracious, aphanitic, with
Hincorporated sandstone and.siltstone.

Paleo-alluvium, cobbles and gravel in silty sand. Clasts
f basalt, sandstone, siltstone.

{sandstone, reddish brown to pale yellowish green, silty,
[very fine to fine-grained, sliightly calcareous, soft.

MINER FLAT

Drilled by:Boyles Broa.
Logged by Charles H. Robinsor]

Inctination: 56°
Date Completad: 8/9/83

DRILL HOLE NO. pe-4
Elevation: §922°

Bearing: 1:"

Date Started: 8/7/83

Depin | Lithologic

Toer) Log Dascription

Colluvium, boulder and gravel with silty clayey sand.

Basalt, vesicular, scoracious or flow breccia.

Paleo-colluvium, sandstone gravel and cobbles in a
“1sandy matrix.

Sandstone, reddish brown, flne- to very fine-grained,
asilty jslightly calcarecus.

8

Basalt, vesicular, clay filled fractures.

Basalt, massive, dark gray, very fine-grained, porphyritic

" Basalt, vesicular, highly fractured, clay filled fractures
- and vesilces.

Basalt, scoracious.

asalt, massive, very fine-grained, aphanitic-porphyritic
X Mol With 61 Tvine phenocrysts. ’ porphRy

asalt, vesicular.

Basalt, massive.

MW.Q Basalt, scoracious.

no-{ s asaa 4Basalt, flow breccia, scoracious.

A Basalt, vesigular, very fine-grained, aphanitic-

porphyritic Wolivine phenocrysts, clay filled fractures.

R LI Basalt, massive, very fine-grained, aphanitic-porphyritic
e g with olivine phenocrysts.

Basalt, flow breccia, scoracious, weathered.

Paleo~colluvium, sandstone cobbles and gravel in a
fine~grained sand matrix.

| Sandstone, reddish brown, very fine-grained,
sf{lty, calcareous.

INER FLAT DAM
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MINER FLAT

MINER FLAT

ouafernary-Tertiary gravel, cobhles and gravel In clayey.
silty sand matrix.

, muman.!uuhwcf%uthun!QH-gaP umgﬁn:gnwuﬁwnhn
g SER " Jwith olivine phenocrysts, fractures healed with silica
or stained with clay.

70 i3k 'y Basalt, vesicular to scoracious, very fine-grained,’
Ly aphanitic-porphyritic, fractures stained and £11led
4LR 1. with clay.

with olivine phenocrysts, fractures stained with clay?

“byr{Basalt, massive, very fine-grained, aphanitic-porphyritid’

Paleo—-alluvium, cobbles and gravel of basalt, quartzitae,
volcanic -and fntrusive rocks in a silty sand matrix.

+ LT ,,mmbmunonn- reddish brown to medium brown, very fine-~
grained to fine-grained, silty, slightly calcareous.

DRILL HOLE NO. pa-12 Drllled by: Boylas Bros. DRILL HOLE NO. pH-1% Orilted by: Boylas Brom.
Elevation: 6036' _Logged by: Pat Wisgart Elevation: 5917’ Logged by: pac " peIool-and
Bearing: # Inclination: sd™ Bearing: 4 Inclination: so®

Date Started: 7714783 Date Compieted: 7/2%/8% Dote Started: 1723783 Date Complated: 7/26/8%

kwnﬂ\\:\ T\M‘Mwae\n . Dascription \wnh-\-@ t\MM\QxR Description
IColiuvium-Aliuvium sand and gravel with cotbles
..... lof_sandstons and basalt
10

few fractures

Basalt, massive, moderate to dark gray, very fine-grained,
aphanitic-porphyritic with olivine phenocrysts, very hard,

Cypsus, white to grayish brown.

=--{Sandstone breccia, silty, aqypsiferous.

DATE

DESCRIFTION.

REVISIONS

OMLAA

CORFOMTE OHICE
ML
WANCH DI
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Drilled by: Keimine Exploration
Logged by Charies H. Robinson

Inclinations 72°
Date Completad: (/30/86

DRILL HOLE NO. MF-102
Elevation: 6076 feet
Bearing: 320°

Date Started: 1/21/86

Date Starte

DRILL HOLE NO. MF-i05
Elevotion: 6073 feet
Baaring: 140°

Drilied by : Kelming Expioration
Logged by: Charles H. Robinson
Inclination: T2*

d: 1/23/85 Date Completed: 1/8/86

Bosoit, massive, very fine grained to gphomitsc, porphyritic,
oliving phenoCrysts.

ol 8asair, vesicutar, cloy-filled fractures

70 8 . Basalt, massive

Bosalt, vesicutar, highly fractured. Clay-filled fractures

Basalt, massive, very fine grained

Basalt, scoracious, highly fractured, vesicular, apharutic, cliay-filied
troctures ond vesicuies.

Basalt, massive, very fine gramned to nvvn:;..o. porphyritic,
henocrysts Highly froctured to 1398
Clgy-{ilied froctures

s s

Fracture, clay-filled at 150’

Bosotf, How breccia, $COracious, weathered

Bosalt, mossive

Bosalt, Hlow breccia

“Basall, massive

Palso-cotluvium. Upper 2 feet basoit and sandstone boulders.
Sondstone boulders <0.5 - 165 feat 1n diameter in sand motrix,
moderately yellowish brown.

Sandstone, moderately yellowish brown, fine gramed, silty,
stighty caicareous.

Sandstone, reddish to yeliowish brown, siity and sandy sitstone,
locgt brecciation.

Sandstone, reddish brown, fine grained, silty, locally diagenatic
breccia, white sandstone frogments.

. L} reddish brown, fine grained, with pale hight groy
silty sondstone, ncludes silty clay clasts. Gypsiterous, gypsum beds
and veiniets to 0.4 feet thick. Locally sondstone brecciated

NSOl Sle e, WY

Elevation:
Bearing: 246.9°
Dote Started: 11/17/85

DRILL. HOLE NO. MF-108
6072 feet

MINER FLAT

Drilled by: Keimine Exploration
Logged by: Charles H. Robinson
Inctingtion: 89.4°

Dats Completed: 12/5/8%

N\
MINER

DRILL HOLE NO. MF-1I3
Elevation: 5920 fest

Baoring: 211.1°¢
Date Started: 2/25/86

FLAT

Drilled by: Kelmine Exploration
Logged by: Charlas H. Robinson
inclination: 89.7°

Date Completed: 3/27/86

DATE

Depth§ Lithoiogre Dascriptian Dworm | Lithotogic
(fuer) Log » (teet) Log Description
Fill ond cobluvium Colluvium, wecthared from basait
Basatt, gphamitic, porphyrihe, oliving, massive
104 - 10
g
') Basalt, vesicular, aphamitic , porphyritic, olivine phenocrysts. X Basalt, vesicuiar, fine grained, porphyritic, phanocrysts of olivine.
Clay-fillad froctures, siightty weathered L ol Vesicules 20.01 to 0.25 feet, clay filled, weathered.
3 Basait, vesicuiar, scoracious bosalt at flow boundry at 31.6' o MER
Clay-filied vencules n | Basait, mossive, fine gramned to apnomitic, porphyritic.

Bosalt, vesicular. Vesicules cloy fiiled

Bosait, massive, very fine groined

Basclt, vesicular, horizontal fractures, ohivine phenocrysts.
Fractures clay ed or sand filled

Baosalt, massive, porphyritic.

Basait, vesicular, fine grained to ophamitic, porphyritic, fractured,
vasicules to 0.2 feet. Becomes more massive with depth.

Fractures and vesiculss filled with sandy clgy.

Basalt, massive, medium groy, fine groined to ophonitic,
porphyritic. Fractures clay filled.

210

{.ava tube

Basalt, vesicuiar, focally ropey texture. Vesicules elongate poroi
to flow banding. Vasicules and fractures cloy filled. Some vesicules
quartz filled.

Basalt, massive, medium gray ta dark gray, very fine grawned to
aphanitic, porphyritic, phenocrysts of oiivine, fractured.

Fractures filled or stainad with light brownish gray clay and/or
soft oiive green taic-like mineral
to 0.1 faet, ophanitic.

Baosait, icular, i gray, I
Froctures ond vesicuies cloy filled.

Polea-glluvium. Boulders, cobbles and grovel in sitty sand. Closts
of sandstons, limestone, quartzite, gronite ond bosall.

Sandstone, silty, reddish orange ond yeilowish orange, fine
to medium grained, poorly indurated, froctures tight

Sondatone, gypsiferous breccig

Gypsum, sandy ond siity

Sondstone, fine grained, siity gypsum 354 .5-355.0. Gypwmierous,
veiniets of gypsum to QOS5 feet. Locoily gypsiferous sandstone

braccio,

¢~ Flow_bowndacs {bhinecol"Sybtems, To&

Depin Lsthologie Deprh | Lithotogic
(feat) Log Descriptian (taer) Log Oescrivtion
porr 7
Basalt, massive, very fine grained, aphanitic, porphyrific. Filt
Few vesicules, clay on fractures.
10 101
~ ¥ 3
Basait, vesicular, very fine grained to aphanitic, porphyritic,
olivine phenocrysts. Ciay on fracturaes.
g
1
30 : 30 i
g i
- Basait, shghtly vesicular, fine grained to aphanitic. Vesicules fitlad
with clay or sitica, clay stained froctures. 3
50. pe ” = Bosalt, massive, medium gray, very fine grainad to aphanitic,
T R porphyritic, phenocrysts of of e, magnetic. Fractured, froctures
5 tight or slightly cigy stained.
Bosait, massive fo slightly vesicular o
Ed 4. : :
70 7
Y d
Basait, vesicuiar, equigranuiar, olivine, fine groined to aphanstic.
pes 5 B Vesicules f d with clay or silica, cloy stained fractures.
9 o :
HCAE . Pl
w4 Basalt, massive, very fine grasned to aphanitrc,porphyritic, oliving
1o - Rl
Bosait, vesicuiar, scoracsous, aphamtic.
Open cavity
F 1 . - Poieo-alluvium. Boulders, cobbles, gravel in silty sand. Clasts of
| n Basait, vesicular, very fine grained to ophanitic. Vesicules <Q.0f to 0.1 #. besait, granitic rock, chert, sandstone and limestone.
Ty Filled with ciay or silica.
53
Sondstone, reddish brown, siity, very fine to fine grained.
i ”
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w y 8 . M
T Bearing: 308.7° Inclination: 26°
21 Datas Started: 3/7/86 Date Completed: 3/9/86
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Palec-olluvium, boulders, cobbles and gravel in silty sand matrix.
Clasts of basolt, gramte, gneiss, chert, sandstone and timestone.

Sandstone, reddish orange and yellowish red, fine grasned,
silty, clayey, slightly calcareous, gypsiferous 34i- 352.8 1t

10
30
Basait, mossive, medium daork groy, very fine grained Yo aphanitic,
porphyritic. Phenocrysts of olivine to ¢ mm. Locally froctured.
Froctures filled with clay.
7
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DRILL HOLE NO. MF-{I8 Drilled by: Kelmine Expioration
Elevation: 6077 teet Logged by: Charies H. Robinson
Beoring: 243.8° Inclingtion: B9.5°

MINER FLAT

DRILL HOLE NO. MF-1I9
Elevation: 6094 feet
Bearning: 231.9°

MINER FLAT

Dritled by:
L.ogged by: Charles H. Robinson
inclination: 89.9°

Kelmine Exploration

o]
E
]

Date Started: 4/18/86

Drilled by: Keimine Exploration
Logged by: Charies H. Robinson

Iinclination: 89.5°
Dats Complsted: 4/21/86

MINER

RILL HOLE NO. MF-120A

levation: 6082 feet
saring' 246°

MINER FLAT

Drilled by: Kalmine Explorgtion
Logged by: Charies H. Robinson

inclingtion: 89.8°
Date Completed: 2/28/86

DRILL HOLE NO. MF-I21
Elevation: 6090 feet
Bearing: 271°¢

Date Started: 2/10/86

210

Bosait, massive, medium gray ond dork brownish gray, very fine groined,
porphyritic, phenccrysts of alivine. Locally fractured, fractures cocted

with cigy.

Basalt,

Paleo-ciluvium, boulders, cobbies ond gravel in siity sand. Cobblas of
basalt, gramtic rocks, chert, quartzite, sandstone ond Iimestone.
Boulders 101.35 faet,

Sandstone, reddish ond yetlowish oronge, fine grained, siightly camented
with CaCoy. generally pooriy consoiidated. Locally dixenetic breccia.

Bosalt, massive, medium gray, vary fine grained to onphanitic,
porphyrihic, phenociasts of ohivine. Local clay filled froctures

Basait, flow breccia, fragments of basalt in clay matrix.

Poteo-cotuvum talus, reddish brown to reddish orange and light gray
sandstone fragments 1o 0.5 fooi in siify sand mainix

Polec-aituvium, reddish orange, cobbles and gravel of bosait, quarinite
ana sondstone in siity and clayey sand matrix.

Limestone, quartzite ond sondstone pebbies, stightly calcareous

Sandstone, light lowish groy, fine grainad, frioble to stightly
calcareous cement, slty and clayey locally.
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Date Storted: 1/11/86 Date Complated: 1/15/86 Dote Started: 4/8/86 Date Compieted: 4/16/86
Depth| tithalogic Ceprh | Lirpoiogic Deprn § Lsrnolo Deprn | Lithoiogs
cription g/c e
(teet) Log Dascrsption (feer) Log Descrip (feet) Log Descrigtion {ront )] Log Description
. [
Colluvium, silty clay Cofluvium Fil and coiluviym
o1 i oy S 0 M”_“w:__.:coa‘. nw“.ﬂ M...:. yellomsh brown, 10 Bosalt, vesrcular, medium gray, aphanitic, porphyritic, 0
L salt, vesicuiar, dork groy, aphanitic, porphyritic, olivine s rizt olivine phenocrysts. N
phenocrysts, vesicuies up o O.15 fest. Clay on fractures. ¥ Colluvium, hight gray to reddish crange. Sand and sandstone
5 Basait, massive, very fine grained to aphanmitic, porphyritic. S Basolt, vesicuior, medium gray, shightly weathered o
T8 e " '
30 fows o 30-4—  TIEWH Bascit, mossive, medium gray, fine grained, porphyritic, olivine pnanocrysts, 30 M”M“m <“.uu_n=nhwuﬁ-.a_~:w._aamw.*wnwad“_nmvﬂqun“ﬁ ﬁ.un, ﬂ.::_i
N i I SICU ed wi cla
vnw-no_“w.(-uuﬁ.wﬁﬂ_o._‘ur<MM<u:>Mwn3:.._-a-Mo .n””““_sﬂ_u_n.c.u«nn::« (..9:-..9 slightly weathered. Basalt, massive, medium gray, very fine grained to aphonitic, v v
o @ o Y ures vasicules. et - porphyritic, phenocrysts of olivine,
"o A
,m\”“_on.,.h <Quhﬂ:ﬂf nw”:_:.n.o”ﬂuﬁ::n, olivine phenocrysts, moderats gray. Bosait, massive, medium gray, very fine fo aphamtic, porphyritic,
A b ed wrth cloy sihca ohvine phenocrysts. Q.3 ft paleosol at 38.)
50 ¥ S50 -l « 50 50
w.nw.w__““:ﬂaﬂu_.mﬂ.rﬂ.(n-_”..ﬂc_cnﬂgcu“_nm:w.-% A nonuot”wnﬁﬂu.n, phenocrysts 7 b 8osait, massive, medium gray, very fine grained fo aphamitic, porphyritic, Bescit, vesicuiar, medium gray, gpnanitic, porphyritic, olivine
N . Y- . ohvine phenocrysts, fractures filled with silica and clay. phenacrysts, vesicules filled with siica  Paoleosol ot 55.0-552
D <, Basaif, vesicuior, medium gray and reddish gray, aphanitic, porphyritic
o Basalt, vesicui lica filled vesicules. N ’ " ] M £
70 70 i * vesicuior, s ! bl 70 phyenocrysts of olivine. Vesicutes and froctures filled wiih silica and clay,
Basalt, mossive, slightly weathered /_ua.oo cotluvium, reddish gray, sondstone n sty sand matrin
)
i Basalt, vesiculor, scorocecus
, il Bosalt, massive
n oy
20 of Flow boundary with (.3 feet paleosol 90 Basoit, massive, readish gray, ohivine phenocrysts.
. Ty Basait, vesicular, reddish gray, weatherad
ey il Basait, vesicular, reddish gray, aphanitic, porphyritic,
Basolt, vesiculor, medium to dork gray, aphanthic, porphyritic, phenocrysts = : mnw%::.a“..aa:..%.“.:ﬂ-nw__uﬂo%-ana‘.w very fine grained, aphanuic, olbivioe phenocrysts
of e. Vesicuies fiiled with clay or siica. Paisosol ot 903, 104 poreny . ysis. Sanastane, (ight gray to reddish brown, very fine grained, silty, friable
T U Ity thin e 1 sand t
1o and 112. Frocturas filled or stawned with clay. Slightiy weathersd. L o Locally thin lenses of sandy siifstare
ik g . Basalt vesicular, reddish groy, aphanitic, sdica and clay
filted vesicuies
P : aen " P " Paleosol, medium gray to reddish gray basalt cobbies, gravel and
olecso redadish gray, siity and clayey silt wi
130 ; : , cobbles .oq gravel of basait 30 sond (n a dense clay matrix. Interflow aliuviai deposit
Basait, vesiculor, medium groy and grayish red, aphanitic,
’ Y - ropey flow bdanding.
Y L)
150 e 3 150 Sosoit, vesiculor, medium gray, aphanitic, parphyritic.

250

330

310-4;

Basolt, massive, medum gray, very fina graned 10 ophamitic,
porphyritic, ofivine phenccrysts. Clay stain on fractures.

Basalt, vesicular, aphomtic, scoraceous ond ropy, cobbles ot basatt,
ctay ond sand matrix

Poleosol alluvium. Cobbles and grovel of sondstone, basait, quartz,
quartzite ond chert in reddish orange silty sand matrix.

Basalt, vesicuiar, medium groy, ophanthc, porphyritic, ohivine
phenacrysts. Basalt dreccia 275.2-276, 276.7-276.9, 278-278.5

Clay matrix. vesicules fiied with cloy or silica.

Bosalt, massive, medum graoy vary fine grained to aphamtic,
porphyritic. At bose basolt dreccia

Paleo-ailuvium, grayssh orange, bouiders, cobbles and gravel of
sgndstone, basalt, gramtc rocks, metamarphic rocks, quortzite,
limestons and chert wn siity ond cloyey sand matriz.

350-]
351

EO.M
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Sondstone, fight reddish brown, fine groined, siity. Locally cross
bedded with singie loyer of course grain to medium grain sand along
cross beds. Friable
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E
DRILL HOLE NO. MF-122 Drillad by: Kelmine Expioration DRILL HOLE NO, MF-123 Drilled by : Kaimine Exploration ORILL HOLE NO. MF-i24 Drilled by' Keimine Exploration DRILL HOLE NO. MF-i25A Dritied by* Kelmine Exploration
Elsvation: 6064 fes! Logged by: Charies H. Robinson Elevation: 6113 feet Logged by: Charles H. Robinson Elevation: 608! feet Logged by: Charles H. Robinson Elevation: Logged by: Charles H. Robinson
Bearing: 278.5° Inclination : 89.9° Bearing: Inctination: 90* Bearing® Inciination: 90° Baoring: 189.9° Inclination: 89.9° 2
Date Storted: 2/%5/86 Date Compisted: 2/8/86 Date Started: 3/13/86 Date Completed: 3/25/86 Date Storted: 3/1/86 Date Completed: 3/ 4/86 Date Started: 3/5/86 Date Completed: 3/7/86 m
>
%ﬂﬂw«\ T\M‘w\%ﬁn Oescription \wmﬂﬁ T\Mwmeﬁn Description %wnww\ »:MM\%QR Description xb\m-m.\\.\ h:mw\caﬁ < Descriprion &
Colluvium, ciayey sang Quaterncry -~ Tertiary grovel
b .
104 . ¥} Basolt, vesicular, medium gray, aphanitic, parphyritic, olivine 10 10 Quaternary - Tertiary Gravel. Cobbies, gravel, sand and silt. 10 48} Bosalt, vesicular, medium gray, aphanitic, porphycitic,
Y phenocrysts. Silico and clay tilled vesicuies ond froctures. ol chvine phenocrysts m
Speculor hematite? 'l Busgit, massive, medium gray, very fina grained, perphyritic &
AL Basalt, mossive, medium gray, very fina grainad, porphyritic, Bosait, vesicuior, medium graoy, very fine groined to aphonitic,
30 . 7] olivine phenocrysts. 0] Quaternary - Tertiory Gravel. Cobbles and gravel in cloyey, sty sond. Basalt, vesicular, medwm gray, aphanitic, porphyritic, olivine 30 porohyritic, olivine phenocrysis, sirgntiy magnetic. Clay filled vesicuias
- At 4311, 2-3 11 darn carbonacecus sandstone. From 51 {t., cobbies, phanocrysts. Vesicules filled with silty clay. and fractures.

N gravel ond sand of white, fine grained sandstone.

Basolt, vesicular, madium gray, wegthars reddish brown, aphanttic, vesicular, cioy filled tlow boundary

porphyritic, olivine phenocrysts. Vesicuies and veins filled with
coarse basalt sand and cilay.
50

Besalt, massive, medium gray, very fine grained to aphamitic, porphyritic,
divina phenocrysts, shghtly magnetc. Fractures vertical, stained

with clay,

Basait, massive, medium gray, very fine grained, porphyritic, olivine 8
phenocrysts. Vertical froctures, clay filling. e \IIIII'J

9 Basait, massive, madium gray, very fine grained, porphyritic, olivine
- phenocrysts. Vesicules fiiled with clay at 65 ft wwm
7 s Basalt, vesicular, very fine groined to ophamitic, porphorttic . mw mmmmm
. Sandstone, light gray to pinkish gray, light pinkish orange, Vesicules filled with clay. C nm 3143%
fine grained, siity, moderately indurated. Sandstone N wm mmmww
Basait, vesicular, medium gray, ophanitic, porphyritic, slivine breceio ot 74-76 13, e 4
) f phenocrysts. Slightly wecothered. Clay and sitica filling vesicuies . B
s Basait, vesicular, medium gray, aphonitic, porphyritic, olivine 9 ) .
i e phenocrysts. Vesicules clay. Basalt, massive, medium gray, very fine groined to ophamtic, porphyritic, -
oive phenocrysts, siightly magnenc. E
b ~
; ‘ o F
Basalt, massive, medium gray, very fine grained to aphaniti -
110 - i porphyritic m_ut .So.:cino v, very 9 phanitic, Sondstone, light gray fo hght pinkish groy, fine groined, silty, poorty Ho Lty Wm
. . ; z
- -:ain.-n Below 11311 interbedded regdish brown siity and clayey Basoll, vesicutar, medium gray, gonanitic T Z 2
e =4 fine graned sandsfone. A g M.VM
b e ]
. b T e M %) Wm
T T e B Sandstone, (ight reddish orange, very fine grained, vary fricbie. : z <%
Basalt, vesicuiar and scoracecus, medium n.nﬂnuv:n::hn. porohyritic, _uo.x...n!.llhm‘lﬂll. 304 == —v——1] 99.4 - 1O1.3 only 2 pieces of sanstone recovered. Paleo-colluvium ? 130§ N m MW
olivine phenocrysts. Sand size rock fragmants between blocks of [ — T d " reddish brown, fine to medium grained. i X . A =
scoraceous basait up ta $.5ft jong. m Sy ome ¢ig ! ool :&cE:_A ' ° grained, siity, , Sondstone, pinkish gray fo reddish orange, fine to very fine groined, O = MM
= Y, poorly . sity, thinly bedded, poorly indurated N S oH
| = = b =X
e 4 = —_—
T Ly g o,
150 s f—rs e ey
o ] 170 fre = 54
T e . £.0 K. O
Sandstons, light raddish brown to medium brown, fine grained. P
) L~ T —~. ~ -Flow boundar i ~ v e v~~~ Flow DOuNdar i
Contact of bosalt ond sandstons sharp 6t 150.3 ft.. Less than 0.03 ft, [ e e - hev y Mineral Systems, Inc. w ou y Mineral Systems, Inc. M
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H.QIQ..!.II.... Sandstona, light reddish to hght yellowish brown, tine grgined \. 4
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1.0 INTRODUCTION

Golder Associates has been retained by Morrison—Maierle Inc. of
Helena, Montana to carry out a preliminary foundation stability analysis
for the proposed Miner Flat Dam on the White Mountain Apache Reservation
in Arizona. Authorization to proceed was received in a letter from
Morrison—-Maierle Inc. dated November 24, 1986. The project is in the
preliminary engineering design phase and the foundation analysis is
needed to complement similar studies on the dam structure being carried

out by Morrison—Maierle Inc.

The proposed dam is located on the North Fork of the White River at
Miner Flat, east of State Highway 73, about eight miles south of McNary,
to the northeast of Pheonix, Arizona (Figure 1). The river valley at
this location 1is steep—sided and formed by near vertically jointed
columnar basalt. The proposed dam will consist of a 160 foot high
Roller Compacted Concrete (RCC) gravity structure founded on the basalt.
The basalt is separated from the underlying sandstone of the Supai
Formation by up to 40 feet of paleo—soil which lies some 30 to 100 feet

below the base of the valley at the dam site.

This report describes analyses carried out. Potential foundation
stability problems are outlined, the basis of the geomechanical model is
presented, and the selection of input parameters is discussed. The
methods of analyses, the results and recommendations for further
investigation, testing, and analyses to refine or clarify the

conclusions of this study are also included.

2.0 STATEMENT OF PROBLEM

The proposed Miner Flat Dam is to be located in a steep canyon in

the North Fork River. The walls and floor of the canyon consist of a

Golder Associates
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series of basalt flows. Site investigations have identified that
between the basalts and the underlying sandstones is a paleo-soil layer.

This layer is a mixture of boulders, gravels, sands and silts.

Review of this basic geologic model of the dam site has indicated
that two potential foundation problems exist, as illustrated in
Figure 2. These are sliding or shear failure along various planes of
weakness within the foundation rocks or abutment slopes and excessive
settlements along the base of the dam due to consolidation of the under-

lying paleo—soil.

2.1 Foundation Stability Against Sliding

Available geologic information indicated that three potential

sliding surfaces might exist in the dam foundation, these being:
) sliding along the dam/basalt contact;
0 sliding through a zone of low quality basalt, identified from
the drillhole logs, that may contain adversely oriented joints

or planes; and

o sliding through the paleo-soil layer with breakout through the
basalt.

2.2 Foundation Stresses and Deformations

The paleo-soil layer varies in thickness in both the upstream/
downstream direction and along the dam axis. Due to this variation,
uneven consolidation and compaction of the paleo—soil under dam loads
may occur leading to differential settlement both between the toe and
heel of the dam and from one abutment to the other along the dam axis.
Depending on the magnitude, such differential settlements could lead to
the development of excessive stress in the dam, the underlying basalt

and the paleo-soil.

Golder Associates
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2.3 Stability of Cut Slopes

The proposed construction methods indicate that relatively steep
slopes will be excavated to prepare both dam abutments. Some of these
slopes will be open only during construction, while others will be
permanent. The presence of any adversely oriented planes of weakness
and the development of high water pressures in these slopes after

reservoir filling may cause slope instability.
2.4 Objectives
The objectives of the study have therefore been to assess the

likely occurrance of the specific stability problems outlined above;

that is to assess;

o the potential for sliding or shear failure in the foundation
rocks;
o} the deformation of the foundation rocks under dam and

reservoir loading; and

o} the stability of the proposed abutment excavations.

At this stage no consideration has been given to stability aspects of
canyon walls either upstream or downstream of the dam, nor has consider-—
ation been given to other aspects of dam stability, such as resistance

to overturning. These are addressed elsewhere.
3.0 DATA BASE

The engineering geology of the Miner Flat Dam site was previously
investigated by Mineral Systems Inc. (MSI) who also carried out explora—

tory drilling, geologic mapping and preliminary field testing. The

results of their work has been documented in various reports, as

Golder Associates
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discussed below. Subsequently, laboratory testing on selected core
samples from the drilling program was undertaken by Morrison-Maierle

Inc. (MMI).

Details of the topography, dam layout and proposed construction
were provided to Golder Associates by MSI and MMI. Golder Associates
assembled, reviewed and evaluated this data, and then constructed a
geomechanical model of the site. Because some of the geotechnical para-
meters required as input to the analyses were poorly defined, it was
necessary to use a range of values and assess the sensitivity of the dam

stability to variations in those parameters.

3.1 Dam Layout and Loading

Details of the site topography and dam layout as summarized in

Figure 3, were produced by MMI. A list of drawings supplied is given in

Table 1.

Golder Associates
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TABLE 1

LIST OF MORRISON-MAIERLE INC. DRAWINGS OF PROPOSED
MINER FLAT DAM SITE LAYOUT

TITLE SCALE NUMBER DATE
1. Plam - R.C.C. Gravity Dam 1" to 20 Unnumbered Undated
2. Section - R.C.C. Gravity Dam 1" to 20°' Unnumbered Undated

3. Upstream Elevation -

R.C.C. Gravity Dam - 1" to 20 Unnumbered Undated
4. General Map "B" 1" to 400 A2 12-10-86
5. Surface Data - Topographic

Map ""B" 1" to 400 Cc2 12-10-86
6. Surface Data — Topographic

Map "C" 1" to 400 C3 12-10-86
7. PFoundation Data "B"

(Section A'-A) 1" to 30 Unnumbered Undated

a. Untitled SECTION A 1" to 30°' Unnumbered Undated

b. Untitled SECTION B 1" to 30! Unnumbered Undated

c. Untitled SECTION C 1" to 30' Unnumbered Undated

The details of external loads on the dam, shown in Figure 4, were

provided in a memorandum from Morrison-Maierle dated 10 December, 1986.

3.2 Previous Reports

The results of the engineering geology investigation carried out by

MSI are documented in the reports listed in Table 2.

These reports contain descriptions of general site conditions,
geology and structure. The results of geologic mapping, line surveys,
geophysical investigations and drilling and field testing programs are
also provided. Preliminary assessments of engineering rock mass para-

meters to be used in analysis were discussed. Appendices attached to
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these reports provided both the descriptive borehole logs and the

engineering geology logs.

TABLE 2

LIST OF REPORTS BY MINERAL SYSTEMS INC. ON
ENGINEERING GEOLOGY OF MINER FLAT DAM SITE

Title ( Date

1. Preliminary Report Engineering Geology July, 1982
Miner Flat Damsite and Reservoir White
Mountain Apache Reservation Arizona.

2. Preliminary Report Engineering Geology November, 1983
Miner Flat Dam Site White Mountain
Apache Indian Reservation Arizona.

3. Preliminary Report Engineering Geology July, 1986
Miner Flat Dam Site White Mountain
Apache Reservation Navajo County,
Arizona Volume I and Volume II

No core photographs were available from the original core logging

program carried out by MSI.
In December, 1986 MMI undertook selective relogging of the core and
obtained core photographs. These photographs were forwarded to Golder

Associates in a memorandum dated 8 January, 1987.

3.3 Geologic Profiles

Data from the engineering geology logs provided by MSI were used to
construct a series of engineering geologic sections along the dam centre

line, showing histograms of:

o core recovery
0 rock quality designation (RQD)

Golder Associates
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fracture index

clay filled fracture occurrence
uniaxial compressive strength
permeability

© O 0 ©

These sections are given in Figures 5a through 5f, respectively.

Three typical foundation profiles showing geologic conditions
beneath the dam were prepared by MSI. These profiles, oriented perpen—
dicular to the dam axis, are referenced in plan on Figure 6 and are

given in Figures 7a, 7b and 7c.
Geologic fabric of the basalt in the vicinity of the dam as deter-—
mined from data collected from detailed 1line surveys is shown in

Figure 8.

3.4 Field Testing

Preliminary field testing carried out by MSI consisted of point
load testing on intact core specimens, in situ packer testing, and down-

hole Goodman Jack testing. The results of this testing were given in

the MSI reports listed in Table 3.

3.4.1 Point Load Testing

Selected pieces of core from the drilling investigation were broken
using point load testing equipment. Using the point load strength
indices obtained, equivalent uniaxial compressive strengths were calcu-
lated. The results are summarized in Table 3 and plotted as a series of

borehole histograms in Figure 5e.
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3.4.2 Packer Testing

Packer tests were carried out to determine the hydraulic conducti-
vity or permeability of the rock and paleo-soil formations. These tests
were carried out at a constant head. Flow was measured at 5, 10 and 15

or 20 minute intervals.

The results. of packer testing are plotted as histograms in

Figure 5f and summarized in Table 4.
3.4.3 Goodman Jack Testing

A Goodman Jack was used to measure borehole wall deformation as a
function of applied load. These measurements were used to calculate the
in situ elastic deformation moduli (Young's Modulus, E) of both the
basalt and paleo-soil.

The results of Goodman Jack testing are reproduced Table 5.

3.5 Laboratory Testing

Data from the results of the laboratory testing undertaken by MMI

was reported to Golder Associates by memorandum. This data included:

o} the results of wuniaxial cowmpressive strength testing
(memorandum dated 17 December 1986); and

o the results of direct shear testing on saw cut samples of the

basalt core and on a sample of flow boundary material
(memorandum dated 16 January 1987).

Data on the strength and deformation properties of the Roller

Compacted Concrete dam construction material were provided through MMI

Golder Associates
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TABLE 5

[ RESULTS OF GOODMAN JACK TEST FROM
{ MINERAL SYSTEMS INC. INVESTIGATION OF MINER FLAT DAM SITE

-
! Top of Young Modulus
' Interval (psi x 109)
- Hole Rock Tested Extend Refract
}j Number Type (Feet) E(near) E(far) E(near) E(far)
MF-102 Basalt 40.5 0.68 0.59 1.02 0.81
}; MF-102 Basalt 80.5 0.42 0.34 0.85 0.70
fw MF-102 Basalt 160.5 1.32 1.31 2.06 1.96
- MF-105 Basalt 18.8 0.45 0.29 - -
(] MF-105 Basalt 39.1 0.87 0.58 1.51 1.29
B |
MF-105 Basalt 59.6 0.78 0.036 - -
b MF-113 Basalt 80.8 2.46 1.66 2.21 1.48
§1= MF-113 Basalt 101.5 2.58 2.22 2.76 2.46
L MF-113 Paleo-
, alluvium 121.5 0.16 0.07 0.46 ERR
21 MF-113 Paleo-
alluvium 130.6 53.91 15.58 i -
EE MF-113 Paleo-
‘ alluvium 133.0 0.03 0.35 - --
MF-117 Basalt 10.0 0.94 0.57 0.93 0.87
MF-117 Basalt 30.0 1.49 0.72 1.51 1.06
MF-117 Basalt 50.0 0.99 1.02 1.39 1.12

- MF-117 Basalt 90.2 1.13 0.74 1.62 1.86

{

?,[

|
1

i
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by an independent consultant, E.K. Schrader, in a note dated Nov.

5/6/7, 1986.
3.5.1 Uniaxial Compressive Testing

The uniaxial compressive testing program was undertaken by the
University of Arizona on behalf of MMI. This testing program was used
to determine uniaxial compressive strength, density, elastic moduli and
Poisson's ratio, for each of the samples tested. The test data are
reproduced in Table 6. The uniaxial compressive strength data are also

plotted as points on the dam axis section in Figure 5e.
3.5.2 Direct Shear Testing

A number of direct shear tests were done on saw cut surfaces from
NX core samples of the basalt. 1In addition, a direct shear test was
carried out on a composite sample of clay and basalt flow boundary
material recovered from a number of drill holes. Each of the samples
were tested at normal stresses of 50, 100, 150 and 200 psi. The saw cut
tests were used to determine the base friction angle of the basalt. The
composite sample was used to determine the residual friction angle of

the flow boundary material.

The results of Direct Shear Testing are reproduced in Table 7.

Golder Associates
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TABLE 7

RESULTS OF DIRECT SHEAR TESTS FROM
TESTING PROGRAM UNDERTAKEN BY MORRISON-MAIERLE INC.

SAMPLE FRICTION ANGLE (degrees)

S1B - Saw Cut Basalt 36%

SZ2A - Saw Cut Basalt 35

S2B - Saw Cut Basalt 38%*

S3A - Saw Cut Basalt 40

S3B - Saw Cut Basalt 33

S4A - Saw Cut Basalt 40%

S4B - Saw Cut Basalt 28

Upper Basalt 39.5%%

Flow Boundary 23

* Base Friction Angle
*% Residual Friction Angle

As part of the direct shear test program, Atterberg Limits were
determined from small sample of clay joint infilling from the Upper

Basalt flow boundaries. The results of this testing were,

liquid limit 65%
plastic limit 297%

3.5.3 RCC Dam Material

The strength and deformation properties of the RCC dam material

provided by MMI, are reproduced in Table 8.
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TABLE 8

PROPERTIES OF RCC DAM MATERIAL PROVIDED BY MORRISON-MAIERLE INC.

Friction Deformation
PROPERTY Cohesion Angle Density Modulus
(psi) (degrees) | 1b/ft3 (psi)
usual - 6 month 100 45 - -
usual - 1 year .- - 153 2.0 x 106
unusual — 1 year 115 50 - -
extreme ~ 1 year 155 55 - -

4.0 MATERIAL PROPERTIES

To develop a model of the dam foundation it was necessary to assign
realistic geotechnical properties to each of the rock wnits and to the
paleo-soil. Of particular importance was the determination of rock and
paleo-soil strength and deformation parameters. The necessary para—
meters have been inférred from available geologic data, laboratory test

results and from published data.

4.1 Summary of Geologic Conditions

The available data, indicates that for purposes of engineering
analysis the foundation of the proposed Miner Flat Dam can be divided
into three geologic units, a surface basalt layer, an underlying paleo-
soil layer, and a basement consisting of sandstone and gypsiferous sand-
stone. The distribution of these units is shown on geologic cross-—

sections, Figure 7a) to 7c¢).

The ancestral valley of the North Fork of the White River was
carved into sandstones of the Permian Age Supai Formation. These sand-
stones are pale reddish brown to yellowish brown, fine grained and well

sorted. Beds within the sandstone range in thickness from less than an

Golder Associates
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inch to 15 feet. The thickest beds are massive and conspicuously cross
bedded. The beds of the Supai Formation strike northeast to northwest
and dip about 3 to 7 degrees to the east. Joints are spaced at inter-
vals of 0.5 to 3 feet and typically strike at right angles or parallel
to the strike of the beds. The sandstone joints dip at 60 to 90
degrees. At depth the sandstone becomes gypsiferous. The gypsiferous
member and the sandstone above are considered as one unit for analysis

purposes.

Along the walls of the ancestral valley, weathering products of the
sandstones accumulated as colluvium, and flooding in the valley bottom
deposited alluvium derived from erosion upstream. Subsequently basalt
flowed down the ancestral wvalley pushing the colluvium and alluvium
aside or sandwiching it against the surface of the underlying sandstone.
The result of the basalt flow was the development of a paleo-soil which,
in

the vicinity of the dam foundation

than an inch to as much as 40 feet.

The paleo—-colluvium is thought to consist of weathered angular
blocks of talus sandstone, or pieces of sandstone bound in matrix of
silt and clay derived from slope wash deposits. The paleo—alluvium is
thought to consist of clay, silt and sand, and gravel cobbles and
boulders composed of igneous metamorphic or sedimentary rock. Since
core recovery was very low in this material and the range of material
types and possible grain size distribution may be variable, the paleo-
colluvium and paleo-alluvium have been considered as one unit for
analysis purposes. Observations of the paleo-soil in limited outcrop
indicates that the material may stand in vertical cuts up to 30 feet
high. The paleo-soil is believed to be dense. Hydraulic conductivities

of 1074 to 1079 cm/sec were measured in packer tests.
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The basalt, which will form the immediate foundation and both abut-
ments of the dam, consists of a series of flows and is very dark grey to
black, weathering medium to dark grey. It is fine grained to aphanitic
and locally porphoritic and contains vesicules of less than 0.05 in
to 0.15 in. The vesicules occur in bands of 1 inch to 1 foot wide.
Individual flows range from about ‘20 to 80 feet in thickness and there

is typically a thin clay seam of 0.1 to 4 inches between flows.

Discontinuities in the basalt are related to flow banding and
joints are the result of basalt cooling. These joints have an average
spacing of 1.8 feet and an average length of 3.9 feet. The jointing
pattern is columnar, as shown in Figure 8, with predominantly horizontal
and near vertical orientation. Generally the basalt is considered to be

of good to very good quality.

4.2 General Approach to Parameter Selection

4.2.1 Parameters for Stability Analysis

The necessary input parameters for the analysis of the foundation
stability against sliding are % , the material unit weight, ¢, the
cohesion and §, the friction angle. Laboratory results were available
from which base frictional strength of the basalts and the residual
strength of the flow boundaries could be estimated. No direct data was
available on the in situ strength of the basalt or sandstone rock
masses. The paleo—-soils were particularly difficult to describe in
geotechnical terms. This was a result of poor recoveries and diffi-
culties experienced in sampling. No paleo-soil material was therefore

available for testing.
To estimate the in situ strength of the rock it was necessary to

utilize the geologic data to rate the rock mass according to its quality

and from this rating assess a range of rock mass strength parameters.
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For the paleo-soils it was necessary to rely on available published
data, and this resulted in selection of lower bound strength envelopes
for analyéis. For the RCC dam material, both the data supplied by MMI
and data published in the proceedings of the the ASCE Symposium on

Roller Compacted Concrete (Denver, Colorado, May, 1985) were utilized.
4.2.2 Parameters for Stress and Deformation Analysis

The necessary input parameters for the analysis of foundation
stresses and deformations are Young's modulus of deformation, E, Poisson
Ratio, { , as well the ¢, @, and %, the strength and density parameters

discussed in the previous subsection.

Some laboratory data for E and A, for the intact basalt and sand—
stone were provided as were typical data for the RCC dam material.

Little data however was available to determine the deformation para—

meters of the paleo—-soil.

In order to arrive at values of deformation parameters for the rock
mass, a rock mass classification method was used in conjunction with the

results of the laboratory and in situ Goodman Jack testing.
Deformation parameters for the paleo soil were determined primarily
from published data. This resulted in a wide range of values being

considered.

4.3 Rock Mass Classification

4.3.1 Classification Systems
In recent years rock mass classification systems have been
developed to make use of measurable parameters in an attempt to minimize

judgemental bias and to permit a quantifiable rock mass rating. Two
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widely used rock mass classification systems are the Q System (Barton et
al, 1974) and the Rock Mass Rating System (Bieniawski, 1974, 1976).
Bieniawski's CSIR RMR method was used for this study. The parameters

required for input to determine an RMR value are;

strength of the intact rock material
drill core quality (RQD)

spacing of joints

condition of joints

groundwater condition

© O 0 0 ©

Each of these five input parameters is assigned a rating based on
the descriptions given in Table 9. The RMR value is determined by

sumning these assigned ratings.

4.3.2 Classification of Rock Units

The RMR classification values for the rock mass in the vicinity of
the dam are plotted as histograms on the Geologic Section in Figure 9.
These values were determined by assigning ratings from Table 9, to each
of the core run intervals. The RQD, uniaxial compressive strength and
fracture index parameters were obtained from the data plotted on Figures
5a to 5c. Generalized factors were assigned for joint and ground water

conditions.

o} Basalt

Based on the description of the joints provided in the MSI reports
a joint condition rating of 20 and a ground water rating of 7 was
assumed. The resulting RMR value for the basalt rock mass ranged from
50 to 90, though most values fell in the range 55 to 75. An average

value of 65 was selected for analysis purposes.
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ROCK MASS RATING CHART

TABLE 9

CSIR  GEOMECHANICS CLASSIFICATION OF JOINTED ROCK MASSES
CLASSIFICATION PARAMETERS AND THEIR RATINGS

PARAMETER RANGES OF VALUES
RI
Rock strength Fe i
Strength r_qtingq RS R4 R3 R2 —Sﬁé?a’& ‘cgtwnp:zs"qe
of sive test is preferred
intact rock Uniaxial |
material corr;greSﬂ\ve >29ksi 145 ~ 29 ksi 7.25- 14.5 ksi 3.6 - 7.25ksi "i;?'s 8;‘? ' <e's?
strenqg ’
Rating 15 12 7 4 2 { ¢}
Drill core quality RQD 90% - lbO% 75% -90% 50%~75% 25%~50% (25%
Rating 20 7 13 8 3
Fracture rde <0.l 0.1-03 03-1.0 1.0 - 6.0 >6.0
Rating 30 25 20 10 5
>10 6 - 10 2-6 Siickenaiged Surfaces
Very rough surfaces | _ . . u Soft gouge YSmm thick
Not continuous Slightly rough surfaces {Slightly rough surfaces Goge (5 mm thick or

Condition of joints

No separation

Separation ({ mm
Hard joint wall rock

Separation (I mm
Soft joint wall rock

a -
Joints open {-5mm

Joints open ) Smm

Hard joint wall rock Continuous _joints Continuous joints

Rating 25 20 12 6 : 0
M :)nc::Z:olze?elr?gTh None (25 litres/min. 25125 litres/mun > 125 litres/min
E; joint water OR OR m
{ o . Ground . pressure ’
. _ i Ratio = 0] 00-02 02-05 Y05
: :) wuiet "‘J)‘;'"?‘l:t.wul
" OR OR - OR OR
: : General conditions Completely dry 4 Mo:‘st‘ only Water under moderate Severe
O (interstitial water) pressure water  problems
: Rating 10 7 4 0
Lw’
J
<
[
o ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
! E Rating 00— 81 80— 6! 60— 4l 40— 21 €20
'Y
'3 Cioss No. | 11 11 Y v
HRIY]
jm: Description Very good rock Good rock Fair rock Poor rock Very poor rock

Modified from Bieniaski.

DRA
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o Sandstone

Based on the description of joints provided, a joint condition
rating of 12 and a ground water rating of 7 was assumed. The resulting
RMR values for the sandstone rock mass ranged between 40 and 70, though
most values fell between 45 and 65. An average value of 55 was selected

for analysis purposes.

4.4 Strength Parameters

The dam and foundation can be regarded as a discontinuum consisting
of a series of blocks of intact rock and roller compacted concrete
separated by various planes of wéékness. The behaviour of this system
will be controlled by both the strength of the intact materials‘and the
strength along planes of weakness (e.g. joints, flow boundaries, and

contacts).

4.4.1 Rock Mass

An empirical rock mass failure criterion, developed by Hoek and
Brown (1980), has been used to predict rock mass strength of the basalt
and sandstone. The criterion consists of a number of empirical equa-
tions which allow strength envelopes to be constructed for different
rock types and qualities. The empirical failure criterion, illustrated
on Figure 10, is defined using the constants m and s according to the

equation:

: , /2
Gi'= G5 +(m G, G5/ + s G2)”

7 /
where (Y; and (Yé are major and minor principal effective stress and

62 is the uniaxial compresive strength of the rock.
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The constants m and s can be determined using the equation

exp (RMR-100)/14
exp (RMR-100)/6

m/mi

5

where RMR is the rock mass rating and mi is the value of m for intact

rock as described in Figure 10.

The basalt at the Miner Flats has been classified as a "good
quality mass” of "fine grained polyminerallic igneous crystalline rock."
The sandstone at the site has been classified as a "fair to good quality
mass” of "arenaceous rock with strong crystals and poorly developed

crystal cleavage.”

Estimated strength envelopes for the basalt and sandstone are shown
on Figure 11 for a range of RMR and UCS wvalues. These envelopes
represent peak strength conditions of in-place rock masses and assume
that the rock mass is homogeneous and isotropic. Mid range values of ¢
and @, selected for analysis from these envelopes, are c¢ = 140 psi,
§ = 55° for the basalt, and ¢ = 70 psi, § = 40° for the sandstone.
Field experience has shown that rock mass strengths calculated using

m and s parameters defined by this failure criterion are conservative.

4.4.2 Paleo—-Soil

Poor core recovery in the paleo-soil and the difficulty associated
with sampling and testing materials of this type resulted in very little
field data, and no laboratory data. The shear strength of the paleo-
soil was therefore determined primarily from published data on the
strength of compacted rockfill. As the paleo-soil consists of a broad
range of particle sizes from boulders and cobbles to silt and clay, the

rockfill analogy is considered a reasonable approximation.
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It has been assumed that the paleo-soil consists predominantly of
detrital material from the sandstone rock which existed at the surface
prior to the basalt flows. The shear strength of compacted sandstone
rockfill has been measured by Charles and Watt (1980). Their findings
are reproduced in Figure 1l2a. From this graph an average value of § =
35° and ¢ = 14 psi is indicated for the range of stresses likely to
develop within the paleo-soil zones. Other laboratory test data on the
shear strength of rockfill has been published by Barton and Kjaernsli
(1981). This data relates the effects of particle size, compressive
strength of the intact rockfili‘material ( 62,), the in situ confining
pressure ( C;h/ ) and the particle roughness (R) to the friction angle ]

using the formula:

/S
¢=Rlog(6n)+¢b

The factor s is an empirically determined equivalent strength para-
meter and is a function of average particle size and the unconfined
compressive strength of the particle. Based on data presented by Barton
and Kjaermnsli for rockfill under confinement a value of = 0.25 was

selected.

Using a base friction angle of 30° for sandstone, and a uniaxial
compressive strengths ranging between 1000 and 2500 psi and, an equiva-
lent roughness of about 8 (which corresponds to rough, subangular to
angular colluvium material), a friction angle of approximately 35° is
indicated within the range of normal stresses likely to develop within
the sandstone. A probable range of friction angles for the paleo-soil,

predicted by the above criterion, is plotted in Figure 12b.
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4.4.3 Discontinuities and Flow Boundaries

The shear strength of uncemented discontinuities in rock is a
result of two components. The first of these is termed the base
friction angle, ¢b and refers to the frictional strength of a
smooth surface. The base friction angle is inherent to the rock type
and represents the minimum or residual strength for a discontinuity in
that rock. The value of @ is not dependent on the scale of the
test sample and the stress level in the direction normal to the

surface.

The second component of the shear strength is the roughness caused
by asperities along the discontinuity surface. At low normal stresses
the effect of roughuness is to cause dilation of the discontinuity during
shear displacement, thereby increasing the angle of friction. At higher

ormal stresses,

1 shear changes from dilation to shear—
ing through the asperities. The failure envelope is curved and the
total frictional strength is dependent on a third parameter, the stress

level.
Barton and Choubey (1977) have proposed the following empirical
relationship between the above three parameters and peak friction angle

(fp along a discontinuity):

Pp = JRC.Loglo(Jcs/ Gy') + By,

where,
Cyﬁ/ = the normal stress acting across the joint
Oy = the base friction angle for rock
JRC = the joint roughness coefficient
JCS = the uniaxial strength of the joint wall
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From the results of laboratory -testing, core logging and detailed

line surveys, the following values were selected:

Base friction of basalt (@) 35° (see results of direct

shear tests, Figure 9)

[
~

Joint roughness coefficient (JRC)
Joint compressive strength = 15000 psi

At a normal stress across the joint of 50 psi, the estimate peak
friction angle would be 52°; at 100 psi the peak friction angle would be
50°. Since the discontinuities are uncemented, a conservative value of
¢ =0, Pp = 50° was used for analyses. These strength parametersrignore
any intact ridges which may occur along any potential failure surface or

hat surface.

Peak shear strength along flow boundaries was estimated at c¢c = O,
§ = 40° based on the results of direct shear testing given in Table 7
and observed asperities and undulations along these surfaces.

4.4.4 Dam/Bedrock Contact

Shear strength along the dam/bedrock contact is a result of three

components,

- rock/concrete friction properties
~ rock/concrete adhesion value
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=~ roughness and size of asperities along the rock surface

The first of these can be expressed as the base rock/concrete
friction angle @y, which is similar to the base friction angle for

uncemented discontinuities described in the previous subsection.

The second component of shear strength, the rock/concrete adhesion,
can only be considered if cementing develops between the concrete and
the rock. Since no test data is available to assign such a value, a

conservative approach was taken and a value of zero was assumed.

The third component of the shear strength can be expressed as the
roughness and asperity angle (i). Patton (1966) has demonstrated that
the roughness and asperity angle (i) can be combined with the base
friction angle (Pp.) of the dam/bedrock contact to obtain an

estimate of the peak frictional strength available along the contact.

Observations of the drill core, at the dam alignment and in the
channel of the river made by MSI indicate that at least three orders of
roughness and asperities exist. The first order asperites are on the
scale of the drill core and have been termed the joint roughness effect.
The second and third order asperities are of a scale greater than the
drill core diameter and are inferred from observations in the river
channel and on the erosion surface of the basalt flows. The second
order asperites have been termed the waviness effect and the third

asperites have been termed the step effect.

For failure to occur along the dam/bedrock interface the frictional
properties between the concrete and rock must be exceeded and there must
be shear through, or dilation over, the first order asperities (joint

roughness), second order asperities (waviness) and third order asperi-
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ties (steps) The roughness angle along the contact (i) is therefore a

function of:

i= fn (¢j) ¢w, ¢S)

where ¢j is the effect of joint roughness, ¢W is the effect of

waviness and ¢s is the effect of the steps.

The base friction angle ¢bc for the dam/bedrock contact has
been estimated at 35° based on previous work by Robinson et al (1986).
This work indicated that the value of ¢bc was approximately equal

to the base friction angle ¢b of saw cut samples.

As discussed in the previous section, the joint roughness effect
¢j can be evaluated wusing the empirical relationship prepared by

Barton and Choubey (1977 where

¢; = JRC loglo (Jcs/ 0 )

As discussed previously the JRC is considered to be approximately 7
based on the reported results of detailed line survey and core logging
data. The average uniaxial compressive strength of dintact basalt is

reportéd as 15,000 psi and the strength of the roller compacted concrete
is estimated at 1,700 psi. Using a normal stress range of 50 to 100 psi
and a JCS value of 1,700 psi, the joint roughness effect ¢j calcu-

lated from the above equation is approximately 9° to 11°.

The waviness and step effects have been estimated from MSI's field
observations of the dam/bedrock contact angle. The reported observa-
tions indicate that the contact angle varies from horizontal to at least
80°. Since the proposed foundation excavation profile slopes downstream

the step effect has been significantly reduced. A conservative estimate

of the mean contact angle based on the MSI observations and the proposed
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excavation profile, is 10°. Together these figures (Qj + Py
+ @g) give a roughness angle (i) of about 20° and result in a

probable peak friction angle, #p, of 55°.

During excavation, an evaluation of the size of joint blocks along
the foundation should be carried out. Since any potential slip surface
must either pass through the rock mass or dilate over the ridges formed
by intact blocks, the step effect of intact joint blocks will, signifi-
cantly increase the peak friction angle over the conservative estimate

used here.

4.5 Deformation Parameters

4.5.1 Rock Mass

Rock mass deformation 1is influenced by both the deformation

i 1 £ e an Al Pagrs | + 1. A
aracteristics of 1intact rocx and tLhe aqe

discontinuities within the rock mass. The approach used to determine
the modulus of deformation for the sandstone and basalt rock masses

involved combining data from three separate sources. These were:

o] measurement of deformation moduli from laboratory testing of
intact rock samples;

o measurements of in-situ moduli using borehole Goodman Jack
tests; and

o} evaluation of in-situ moduli from empirical relationships
between rock mass quality and published deformation moduli
data.

Laboratory measurements of Young's Modulus and Poisson's Ratio have
been carried out. The results of these measurements were given in
Table 6. The measured deformation moduli for the basalt samples ranged
between 2.55 x 100 psi and 8.71 x 106 psi and the measured Poisson

Ratios ranged between 0.19 and 0.40. The average values for the basalt
samples were 5.44 x 106 psi and 0.29 for the deformation modulus and

Golder Associates



e

[P

[

February, 1987 24 862-1622

Poisson's Ratio respectively. The measured deformation modulus for the
sandstone samples ranged between 0.52 x 106 psi and 3.04 x 106 psi with
an average value of 1.34 x 106 psi, and the measured Poisson Ratio

ranged between 0.07 and 0.27 with an average value of 0.17.

The results of borehole Goodman Jack Testing were reproduced in
Table 5. The Goodman Jack Tests gave two sets of moduli, a loading
stage (Extend) moduli and a rebound (Retract) moduli. A wide range of
values were measured in the Basalt. Loading moduli ranging from
0.29 x 106 psi up to 2.58 x 106 psi were measured, while rebound moduli
ranged from 0.7 x 106 psi up to 2.76 106 psi. The average moduli values
for loading was l.44 x 106 psi, and for rebound was 1.47 x 106 psi.

Goodman Jack tests were not carried out in the sandstone.

The results of Goodman Jack testing in the basalt indicate values

consistently lower than the laboratory test values. The construction of

C
nl

the Goodman Jack is such that when in a very hard material, such as the
basalt, the stiff cylinders of the jack tend to generate line loads
rather than full circumference loading which would occur in softer
materials. This effect is difficult to quantify and therefore the jack

results must be considered, at the least, to be approximate.

Empirical relationships between rock mass rating and in situ
modulus for deformation have been presented by Bieniawski, (1978) and
Serafim and Pereira (1983). These relationships are shown in Figure 13.
The two charts shown, indicate that based on the RMR values calculated
in Section 3, the in situ deformation modulus for the sandstone could
range between 0.74 x 106 psi and 2 x 106 psi, while the in situ deforma-

tion modulus for the basalt could range between 2.9 x 106 psi and 4.35 x

100 psi.
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The value of deformation modulus selected for the sandstone rock
mass was 0.7 x 100 psi, which is the lower bound of the empirical range
and approximately half the average laboratory measured value for intact
specimens. A Poisson ratio of 0.25 was selected, corresponding approxi-

mately with the measured ratio in the laboratory.

The value of deformation modulus selected for the basalt rock mass
was 3.6 x 100 psi which is about mid range for values determined empiri-
cally, slightly more than half the average laboratory measured value,
and is slightly more than twice the values measured in situ with the
Goodman Jack. A Poisson ratio of 0.25 was selected which corresponds

approximately with measured ratios in the laboratory.

4.5.2 Paleo—-Soil

Deformation of a material such as the paleo—-soil is influenced by
the in situ density of the material, the distribution of particle sizes
within the material, the shape of those particles, and the deformation
characteristics of the material constituting the larger particles. The
amount of data available on these fundamental properties for the paleo-
soil was very limited. For this reason it was necessary to rely almost
entirely on published data on the deformability of rock fill. Con-
sequently a wide range of possible deformation wmoduli values were

considered.

Some of the most extensive testing of the deformability of soils of
this type 1is that reported by Marsal (1973). Though the materials
Marsal was working with may not be the same as those of which the paleo-
soil consists, the values indicate a lower range of possible moduli for
use in a sensitivity analysis. Marsal's data indicates that under
initial loading conditions a reasonable lower bound deformation moduli

for rockfill may be in the range of 7000 psi. This could be considered
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[

an absolute lower bound value for the paleo-soil since it has subjected
to a considerable initial load (pre-load) from the weight of overlying
basalt. Marsal's data indicates that under reloading conditions a
reasonable deformation moduli for rockfill may be in the range of
35,000 psi. 1In order to arrive at an absolute upper bound value for
deformation moduli for the paleo—-soil, the material could be considered
as a very poor quality rock mass. Based on the work by Serafim and
Pereira illustrated on Figure 13, a deformation modulus in the order of

0.8 x 100 psi would be reasonable for such a material.

The resulting values of deformation moduli used for the paleo—-soil

in the analyses are:

7,000 psi ~ lower bound

35,000 psi - mid range
800,000 psi - upper bound

3,600,000 psi -~ equivalent to basalt
A Poisson ratio value of 0.35 was selected for the paleo—-soil.

A limited number of in situ borehole Goodman Jack tests were
carried out in the paleo—soil as recorded in Table 6. Values of
deformation modulus ranged widely from 0.07 x 106 psi to 53.9 x 106 psi.
The limited number of these tests and the scattered results are incon-
clusive. Due to the lack of homogenity in the paleo—soil, uniform
deformation of the borehole during a test and, test repeatability is
unlikely. The deformation moduli interpreted from these tests have

therefore not been used in selecting representative values.
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4.6 Summary

Table 10 summarizes the estimated range of values for material

properties.

5.0 ANALYSIS

Construction of the Miner Flats dam together with the impounding of

.

the associated reservoir will result in a change in the state of stress
within the foundation. Depending on the strength and deformation
characteristics of the various foundation materials, these stress

changes could result in a number of problems, including:

o excessive shear stresses along adversely oriented disconti-
nuties; such as joint surfaces or geologic contacts and;

It has been assumed that due to the high strength of basalts on

L which the dam will be founded that bearing capacity failure in the soil
mechanics sense is not a problem. Specific analyses to calculate the

I3 factor of safety against such a mechanism have therefore not been
carried out. In addition excavation of rock to develop the abutment

éé walls could potentially give rise to slope stability problems.

The following methods have been used to evaluate these potential

problems:

o limit equilibrium solutions based on rigid block mechanics;
%f o analytical solutions based on elastic theory; and
.

o] numerical solutions based on elastic theory.
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j”i TABLE 10

RANGE OF MATERIAL PROPERTIES

Sandstone Basalt RC Concrete

PPN

Rockmass Rockmass Dam Paleo—-Soil
P c high 100 200 175 14
= (Cohesion) mid 70 140 100 0
psi low 20 70 35 0
-
{ ] ¢ high 45 65 55 38
(Friction) mid 40 55 45 35
¢ degrees low 35 45 40 32
{
- high 150 175 -~ 145
o (Unit Weight) mid 145 165 153 140
. pef low 140 160 - 135
Lo
E high 2.1E6 4.5E6 2 .0E6 80.0E4
(T (Modulus) mid 0.7E6 3.6E6 0.8E6 3.4E4
}5 psi low 0.5E6 2.8E6 0.5E6 0.7E4
- high 0.30 0.30 - 0.50
gg (Poisson mid 0.25 0.25 0.20 0.35
o Ratio) low 0.20 0.20 - 0.20
LJ
0
L
-
Lo
i

Golder Associates



e —

[PE—

February, 1987 28 862-1622

5.1 Methods

5.1.1 Limit Equilibrium Solutions

This type of analysis is based on rigid block mechanics and is
ideally suited for evaluating the stability of rock slopes and the dam

foundation against potential sliding failure.

The method of analysis used for both the dam foundation and the
rock slopes was a two—~dimensional, general failure surface, non-vertical
slice technique developed by Sarma (1979). 1In this method the geometry
of the sliding mass is defined by the co—ordinates of the corners of a
number of three- or four-sided elements, while the phreatic surface is
defined by the co—ordinates of its intersections with the slice sides.
A closed form solution is then used to calculate the critical horizontal
acceleration K. required to induce a state of limiting equilibrium in
the slope. The static factor of safety of the slope is then found by
reducing the values of Tan § and c, the cohesion to Tan #/F and c/F

(where F is the factor of safety) until K.=0.

In order to determine whether the analysis is acceptable, a final
check is carried out to assess whether all the effective normal stresses
acting across the bases and sides of the slices are positive. If nega-
tive stresses are found, the slice geometry must be varied until these

negative stresses are eliminated.

The Sarma analysis allows different shear strengths (defined by
cohesion and angle of friction) to be specified for each slice base and
side. In the analyses carried out at Miner Fiats the interslice bound-
aries were assigned zero shear strength. These conditions were chosen
to coincide with the standard method of analysis used by the U.S. Army
Corps of Engineers (CEM 1110-2-2200, Gravity Dam Design). Water

pressures acting on the sides and base of each slice were included in

Golder Associates



-
i’x
{
b

{
L

February, 1987 29 862-1622

the analysis. External forces due to water pressure in tension cracks

or behind the dam were also incorporated.
5.1.2 Numerical Modelling

To model more precisely the foundation behaviour and, in particular
the response of the paleo-soil horizon, finite element modelling has
been used. In recent years, this method has become an increasingly
powerful technique used in investigations of soil and rock mechanics
problens. Its importance lies in its ability to solve statically
indeterminate problems, principally the redistribution of stress in rock
or soil mass, arising from deformations that take place due to excava-—

tion, or application of load.

Though it is realized that behaviour of the dam and foundation

1

rocks is a three dimensional problem it was considered that for pre-—

liminary design purposes the problem could be simplified to two dimen-—
sions based on the assumption of plane strain. The plane strain
condition specifies that strain in the Z-direction, 52 , 1is zero.
It foliows from this assumption that the shear stress components

/Z"Z)/ and Z/X), are also zero. From Hooke's Law:

e -L{0- ¥ (G+ )}

since 5Z =0

0% =¥ (0% + Gy)

where E is the Young's Modulus and /\/is the Poisson's Ratio.

The stress field, therefore, comprises the independent stress

components @ , 6\}/ and Z/X_)/
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It is considered that the above assumption is valid for preliminary
modelling the Miner Flats Dam and its underlying foundations. The
z—-axis of the model, equivalent to the length of the dam is greater than
the x—axis or y-axis. The x~—axis, equivalent to dam width, and the

y—axis, equivalent to dam height, are approximately equal.

For the purposes of computation, the dam cross section is divided
into a number of discrete elements. These elements are tied together at
their corners and are constrained in deformation such that the joint
between any two elements remains closed without contact stresses

actually developing between them.

It can be shown that the force/displacement response of this mosaic
of elements is identical to that of an elastic continum provided that
the elements are small relative to the stress gradient across them. It
follows that the size of element is immaterial in a uniformly stressed
region. Large elements are sufficient where the variation in stress and
displacement are gradual, that is, in locations remote from the excava—
tion boundaries. In regions where the stress gradients are steep, the
elements should be sufficiently small for the stress or displacement

differences across them to be negligible.

Each element is subjected at its nodes to forces and displacements
that are related to each other by the stress-strain characteristics of
the element. At any one node, the sum of the individual element forces
is equal to the external forces applied to the node, as a result of
which the nodal displacements may be expressed in terms of the external

nodal forces.

Since the nodal displacements and the external nodal forces can
each be divided into two independent components, two such expressions

can be found for each node. A set of simultaneous equations equal to
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double the number of nodes and containing the same number of unknown

components of displacement can, therefore, be set up.

Three of these equations are dependent, which correspond to the
three rigid body degrees of freedom. Consequently, three components of
displacement at selected nodes are to be equated to zero and the number
of equations reduced by three. A solution of the remaining set of
equations will yield the unknown components of nodal displacement whence

the corresponding forces and stresses can be calculated.

5.1.3 Analytical Solutions

This type of analysis is based on closed form standard analytical
elastic solutions such as those developed by Boussinesq and presented by
Poulos and Davis (1978). The analysis procedure was used as a first
approximation of potential foundation problems and as a check of the

results from the finite element analyses.

5.2 Limit Equilibrium Analysis

5.2.1 Dam Foundation Stability

As discussed previously, three possible slip surfaces have been
identified in the dam foundation. These slip surfaces are shown on

Figure 14 and are identified as follows:

o) slip surface 1 - along the dam/bedrock contact, from the heel
to the toe of the dam;

o} slip surface 2 - along a vertical tension crack at the up-
stream heel of the dam through a zone of potentially fractured
basalt (defined by measured low RQDs) beneath the dam;

o slip surface 3 - through the paleo—soil layer which outcrops

upstream of the dam, with breakout through intact basalt down-
stream of the dam toe.
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Loading conditions for each slip surface are shown in Figure 14 and

ranges for strength parameters used in the analyses of each slip surface

are summarized in Table 11. Each analyses was carried out wusing a
F.S.L. water elevation of 6082 feet, horizontal ice load of 5000 1lbs per
lineal foot and an effective horizontal silt load. Two different foun-—

dation drainage conditions were analyzed:

1. a uplift pressure varying linearly from F.S.L. at the heel of
the dam to tailwater level at the toe of the dam, for the case
where foundation drainage is inoperative.

2. an uplift pressure varying linearly from a value at the heel
of the dam equal to 1/3 of the head difference (reservoir head
minus tailwater head) to the tailwater value, for the case
where a grout curtain and drainage system near the upstream
heel of the dam is fully operative.

Each failure surface was also analyzed under a pseudo-static earth-
quake loading of 0.1 g horizontal and 0.05 g vertical. The hydro—
dynamic effect of the reservoir was modelled by increasin
density. The earthquake loading analysis assumed that the foundation

drainage and grouting measures were fully operative.

The results of the various analyses are given on Table 11. These
results indicate that along the dam/foundation contact (slip surface 1,
using estimated mid range values for strength (expected condition) along
the contact of ¢ = 0 psi and ¢ = 55°, the factor of safety against slid-
ing failure is 2.20 for the condition with drains operable; 1.50 for the
condition with drain inoperable; and, 1.65 under earthquake loading,
assuming operable drains. The results also indicate that the factor of
safety can be rapidly increased by increasing cohesion along the slip
surface. This could be achieved by physically constructing a shear
key or making due allowance for a cohesive bond between the dam and the

foundation rocks.
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Analyses of slip through a potentially fractured zone below the dam
(slip surface 2), using estimated lower bound strength values (expected
worst case) of ¢ = o and § = 40°, indicate that the structure could be
marginally stable under conditions where the drains became inoperative,
or under earthquake loading. Using mid range strength values (expected
condition) for the basalt of § = 55°, ¢ = 140 psi, the factor of safety
against failure is 4.98 under the conditions where drainage is opera-
tive, 4.32 under condition of inoperative drains and approximately 3.72

under earthquake loading.

An analysis of a potental slip surface through the paleo—soil zone,
with breakout through intact basalt (slip surface 3), was done using
lower bound strength values (expected worst case) for the paleo—soil of
zero cohesion and $ = 35° and estimated average strength values
(expected condition) for the basalt of $ = 55°, ¢ = 140 psi. The calcu-
6 for the coundition
with fully operative drains, to 2.62 for the condition with inoperative
drains, down to 2.25 under earthquake loading condition. The introduc—
tion of some cohesion and an increase in the friction angle of the
paleo—~soil will increase factors of safety; however additional sampling
and testing of the paleosoil will be required to justify dincreasing

these strength parameters.

5.2.2 Stability of Excavated Slopes

The left and right abutments of the dam will be excavated prior to
construction of the dam. The proposed excavation line will result in
the development of faces as steep as 80°. The basalts in the existing
valley wall stand near vertical along the right abutment but are much

flatter on the left abutment.
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A study of the kinematics of failure of the left and right abutment
slopes was carried out with the aid of the stereoplot shown on Figure 8.
Though it was found that the majority of joints mapped dipped at angles
steeper than the proposed slope angles, a number of potential failure
geometries were identified. These included planar, wedge and toppling
modes. Due to the steep dips, however, and the expected size of joints,

such failures are anticipated to be of limited size.

In order to examine a possible worst case condition it was assumed
that potential slip surfaces might develop from the crest of the abut-
ments along steeply dipping cooling joints, through intact basalt to
daylight along the zone of flow boundary material, identified during the
drilling investigation. The geometry of these surfaces are shown in

Figure 15.

Each abutment was analyzed using a range of strength parameters.

Two different ground water conditions were assumed, namely:

o a fully drained condition with the piezometric surface at, or
near, the elevation indicated during the field investigation.

o a condition of moderate water pressure under an artificially
high piezometric surface.

The results of the limit equilibrium analyses of the excavated
slopes are similar for both the right and left abutments and are given
in Table 12. These results indicate that with the use of mid range
strength parameters (expected condition) along the potential slip
surface (§ flow boundary = 40°, zero cohesion; @ cooling joint = 40°,
zero cohesion, and § intact basalt = 55°, cohesion = 140 psi) the factor
of safety is approximately 2.0 under fully drained conditions. An

increase in piezometric level reduces the factor of safety to 1.40.
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Minor slope stability problems such as individual block toppling or
sliding may occur during slope excavation. The blocks of ground
involved are expected to be small and are best stabilized during

construction on an as need basis by measures such as rock bolting and

meshing.

5.3 Finite Element Modelling

5.3.1 Description of Model
o Geometry and Mesh

The dam and foundation was modelled with the aid of a two dimen-
sional finite element computer program (FES2D). This program used
linear elastic plane strain quadralateral and triangular elements. The

finite element mesh consisted of 687 nodal points and 743 elements.

Boundary conditions, external loadings, and the general layout of
the mesh are shown in the inset of Figure 16. A detailed mesh "window”
showing the dam and the foundation in the immediate vicinity of the dam
is included on the figure with node and element numbers. The table in
the top right hand corner of Figure 16 identifies nodes and elements
which are referenced in the discussion of results. The mesh was drawn
to allow for the analysis of three different sets of geologic foundation
conditions, corresponding with those shown in profiles AA-AA', BB-BB'

and CC-CC' on Figures 7a, 7b and /c, respectively.

Within this overall mwmodel a number of different cases were
examined. Changes were made in applied loads, and paleo—soil proper-
ties. Table 13 summarizes the parameters investigated in the individual
cases. With one exception, all analyses were carried out on what was

considered to be the most critical foundation geometry, that 1is a
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- TABLE 13

SUMMARY OF FINITE ELEMENT ANALYSIS RUNS

- Loads Young's

3 Modulus

L Case Paleo—-Soil Remarks
Gravity | Water Silt Ice (psi)

Full reservoir loads with
1 X X X X 3.6 x 100 paleo—-soil Layer A at stiffness
same as basalt.

I
L i
)

Full reservoir loads with
2 X X X X 8.0 x 10° paleo—-soil Layer A at upperbound
stiffness.

Full reservoir loads with
(j 3 X X X X 3.5 x 104 paleo—soil Layer A at mid range
| stiffness.

r Full reservoir loads with
b 4 X X X X 7.0 x 103 paleo-soil Layer A at lower
L . bound stiffness.

fw? End of construction condition
| 3 X - - - 3.5 x 104 with paleo—-soil Layer A at
mid range stiffness.

n é End of construction condition
6 X - - - 7.0 x 103 with paleo—-soil Layer A at
lower bound stiffness.

,,,,,wm,w

Full reservoir loads with
7 X X X X 3.5 x 104 paleo—soil Layer B at mid range
stiffness.

[
g
¢
b

£
!
L .
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shallow, thick paleo—soil profile as represented by Profile A,

Figure 16.

A single anlaysis was done using Profile B, Figure 16, in which the
paleo-soil was both thinner and deeper. This profile is considered to

represent the typical geologic conditions beneath the dam.

o Loading and Boundary Conditions

The loading and boundary conditions applied to the dam and rock
mass are illustrated in Figure 16. Water loads were applied to the
ground surface, upstream of the dam and to the upstream face of the dam.
The elevation heads for these loads were 6082 ft for cases 1, 2, 3, 4
and 7. For cases 5 and 6 no water loads were incorporated, representing
conditions at end of construction. In addition to water loads, an ice
and an

4
gaain

ng of 5000

P

effective silt loading was applied vertically to the ground surface, and

horizontally against the dam.

It was assumed that residual tectonic forces existed within the
foundation rock, a result of the depositional and erosional history of
the area. Tectonic forces were therefore applied to the model in a
horizontal direction and were assumed to be equivalent to the overburden

load. 1In terms of stress that is:

Gu=Gy=/.g-h

where CTH is the horizontal stress, CY; is the vertical stress, g is
the acceleration applied to the rock mass due to gravity, the density

of the rock and h the depth below ground surface.
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The depth h was measured from the dam base. No account was there-
fore taken of the horizontal toe stresses that exist due to the
proximity of the steep valley walls. This assumption is considered to

give conservative results

No uplift water pressures were modelled beneath the dam. All the
finite element analyses considered total, and not effective stresses.
The influence of pore water pressure was incorporated in a subsequent
manual calculations and analysis of the stress results in Section

5.3.3.

Boundary conditions imposed in the model, see Figure 16, are

summarized as follows:

o} no vertical movement along the horizontal boundary at the base
of the model was permitted. The bottom corners of the model
were rigidly fixed;

o] no horizontal movement along the vertical boundaries at the
upstream and downstream sides of the model were permitted;
and

o nodes and elements within the rest of the model were permitted

freedom to move in any direction under response to stress
conditions.

The application of external 1loads on the foundation in each
analysis (water, silt, ice, and the dam) occurred simultaneously and
instantaneoulsy. It is observed in the results that the dam material
undergoes deformation due to self weight. These deformations would
occur during construction as a matter of course but for purposes of

simplifying the analysis this method was considered acceptable.
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5.3.2 Deformation

Displacements along the base of the dam are largely dependent on
the thickness, depth, and modulus of deformation selected for the paleo-
soil layer. Plots showing the deformed shape of the dam as predicted by
the modelling are provided in Figures 17a through 17g. These figures
also give the calculated displacements for each of the cases analyzed.
Table 14 provides a summary of displacement at the heel and toe of the
dam. Shown on this table are total and differential settlements deter-—
mined for the end of construction conditions, Layer A geometry; the full
reservolr conditions using four different values of the deformation
modulus in paleo-soil Layer A; and, for full reservoir conditions, Layer

B.

The modelling results indicate that the construction of the dam
over a soft paleo-soil layer of variable thickness (lower bound
E =7 x 103 psi) could result in end of construction settlements at the
base of the dam approaching one inch and end of construction differ—
ential settlements along the base of the dam approaching 1/2 inch. The
effect of water, silt and ice loads (reservoir full condition) could
cause an additional settlement at the heel of the dam of up to 3/4 inch
and additional differential settlement along the base of the dam

approaching 1/2 inch. The result is a net settlement of more than 2

inches and a differential settlement of more than 1 inch.

5.3.3 Stresses

The dam and reservoir system will impose stresses on the foundation
rock and the paleo-soil layer. The distribution of stresses within the
foundation will depend on the relative stiffness of the foundation
materials and the magnitudes of the external loads imposed. The finite

element analyses were carried out as total stress analyses and the
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TABLE 14

SUMMARY OF CALCULATED VERTICAL DISPLACEMENTS
ALONG BASE OF DAM

CASE

Modulus of Deformation of:

paleosoil A
3.0x109 psi

paleosoil A
8 x 10° psi

paleosoil A
3.5%10% psi

paleosoil A
7 x 103 psi

paleosoil B
3.5x10% psi

Inches

Inches

Inches

Inches

Inches

Settlement

during con-
struction at
heel of dam.

Settlement
during con-
struction at
toe of dam.

Differential
settlement
due to con-—
struction.

0.15 (est)

0.09 (est)

0.06

0.19 (est)

0.09 (est)

0.10

0.48

0.17

0.31

1.41

0.89

0.23 (est)

0.15 (est)

0.07

Settlement
due to water
loading heel
of dam.

Settlement
due to water
loading toe
of dam.

Differential
settlement
due to water
loading.

0.16

0.10

0.19

0.09

0.57

0.14

0.43

0.70

0.29

0.41

0.20

0.13

Net settle-
ment at heel
of dam.

Net settle-
ment at toe
of dam.

Net differ-
ential
settlement.

0.31

0.19

0.13

0.38

0.20

1.05

0.74

2.12

0.81

1.31

0.43

0.15
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magnitude and orientation of maximum total principal stresses for each
of the cases analyzed are shown on Figures 18a to 18g. The total
principal stresses for each of the references elements are also shown on

the figures.

The main reason for evaluating stresses distributions within the
foundation was to assess the effects of the dam and reservoir loadings
on the paleo-soil layer. A review of the stress tensors shown on
Figures 18a through 18g indicate that the paleo-soil is well confined
and that the magnitude of shear stresses developed within the paleo-soil

are small.

The total stresses calculated in the finite element analysis have
been used to determine factors of safety against failure of the paleo—

soil. For the seven cases analyzed, the calculated factor of safety was

dam.

Evaluation of effective stresses in the paleo-soil requires know-
ledge of the pore pressure distribution within the paleo—soil. Since
data on anticipated pore pressure distributions after reservoir filling
were not available, conservative estimates were made. It was assumed
that at the end of construction the pore pressure in the paleo—soil
Layer A would therefore be approximately 25 psi at element 495 beneath
the heel of the dam, and that the pore pressure would drop to 20 psi at
element 470 beneath the toe of the dam. Under reservoir full conditions
it was estimated that the pore pressure in the paleo-soil layer would be
approximately 60 psi at element 495 beneath the heel of the dam and that
the pore pressure would drop to 45 psi at element 470 beneath the toe of

the dam.
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In Figure 19, Mohr circles, showing total and effective stresses
for elements 495 and 470 beneath the heel and toe of the dam respect-
ively, are plotted for both end of construction and reservoir full
conditions. The circles lie well below the estimated strength envelope
tor the paleo—soil (see Section 4.4.2). Since it is anticipated that
pore pressures in the paleo—-soil will be lower than the values discussed
above, the margin of safety against shear failure in the paleo—soil will

be higher than shown on Figure 19.

5.4 Analytical Solutions

As a first approximation of possible stress distributions beneath
the dam, a number of closed form analytical solutions were used. These

assume that the foundation behaves as an isotropic homogenous mass.

-
}

I
ii

+
[

first case analyzed was at the end of construction condition
with full dam weight on the foundation, but without reservoir loading
(analagous to finite element cases 5 and 6). The dam was modelled as an
infinite strip subjected to triangular loading. The resulting distri-

bution of vertical stresses at the depth of the paleo—soil layer was

very similar to that calculated by the finite element analyses.

The second case analyzed was also at the end of construction condi-
tion but this time the dam was modelled as a rectangular area subjected
to triangular loading. At the center of the dam the elastic total
vertical stress distribution was little changed from the case of the
infinite strip. However, beneath the ends of the rectangle signifi-
cantly lower total vertical stresses were calculated. At the depth of
the paleo-soil layer total vertical stresses were approximately half
those determined in the case of the infinite strip. End effects, which
are not taken into account in the two—-dimensional finite element

anlaysis, are therefore significant.
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The third case analyzed was intended to estimate the magnitude of
stresses locked into the dam foundation as the result of downcutting of
the river valley. The dam site was modelled as a homogeneous isotropic
infinite mass subjected to a uniform geostatic load beneath a ground
surface level coincident with the tops of the present valley walls.
Downcutting of the valley and the resulting stress relief was modelled
by removing a rectangularly loaded infinite strip from the valley floor.
The results of the analysis indicate that for the steep walled, narrow
valley modelled, stressed locked in beneath the edges of the valley
floor are of similar magnitude to the anticipated stresses to be imposed

by the proposed dam.

The results of these analytical solutions indicate that the
assumptions made for the finite element analyses concerning geostatic
stress level in the dam foundation and the assumed triangular loaded

infinite strip configurations are conservative.

The three-dimensional effects of the river valley at the site will
result in reduced stresses in the paleo-soil and consequently deforma-

tions of the paleo-soil and dam foundation will also be reduced.

6.0 DESIGN
6.1 Dam Stability

The various site investigation studies carried out at Miner Flats
Dam have identified two zones in the foundation along which sliding or

shear failure may be kinematically possible. These are:

1) a zone of low measured RQD within the basalt

2) the paleo—-soil
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- In addition a third potential plane of weakness is respresented by

the contact between the foundation rocks and the dam itself.

6.1.1 Zone of Low RQD

A number of holes drilled on the right abutment and at the dam mid
point encountered low values of RQD. When the results obtained were
plotted on a geologic section (see Figure 5b) it was possible to
correlate the occurrance of these low RQD values between holes. This
correlation was only possible however between holes on the right
abutment and those at mid point. No correlation could be extended to

the left abutment.

Downstream only a single borehole was available for correlation.
Unfortunately due to the natural fall in rockhead, extrapolation
regulted in

the low RQD zon

(¢

Several explanations exist for the low RQD's these include:

o poor drilling practice resulting in drilling induced
fractures;

o the low RQD values are a result of near vertical fractures and
threfore should not be correlated laterally; and

o] the presence of a low angle fracture zone.

A conservative approach has been adopted. It was assumed that that
the low RQD's were due to the presence of low angle fracture zone. In
addition it was assumed that this fracture zone extended over the entire
footprint area of the dam and that a vertical release surface was

available upstream. The resulting geometry was then analyzed.
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The results (presented in Section 5.2.1) indicated that only under
the most severe assumptions, of lower bound values for strength and a
non-functioning drain system or earthquake loading, did the calculated
factor of safety approach unity. On the basis of a more detailed
examination of drill core carried by MMI subsequent to the analysis it
would appear that the low RQD's were a result of poor drilling practice
(as evidenced by grinding of core) and the presence of near vertical
fractures. It would therefore appear that the lateral correlation of

the low RQD's may not be justified.

Based therefore, on the results of a 'worst case' analysis and the
findings of detailed core logging it is concluded that sliding or shear
failure through a low RQD zone in the basalt has a sufficiently high

factor of safety.

6.1.2 Paleo-Soil

The paleo-soil extends from sub-crop immediately upstream of the
dam heel, and under the entire dam footprint. It is extremely variable,
both in its depth beneath foundation level, its thickness and its
consistency. Towards the left abutment the paleo-soil is approximately
35 ft thick and is some 40 ft below foundation level; 80 ft below
foundation level and approximately 10 ft thick at dam mid point; and
60 ft below foundation level and approximately 20 ft thick toward the

right abutment.

The soil profile found toward the left abutment was used for
analysis; again, adopting a 'worse case' approach. In order to make a
slip surface through the paleo—soil kinematically feasible, a downstream

"break-out' surface thorugh the basalts had to be assumed. From an

examination fo rock fabric (see Figure 8) no joint surfaces with the
required orientation have been encountered. The assumed "break-through'’

surface will therefore be stepped, partially along existing joints and
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partially through intact rock. This results in a high shear strength

zone which will resist any down dip movement in the paleo—-soil.

The results of the limit equilibrium analyses (see Section 5.2.1)
and the finite element modelling (see Section 5.3) indicate that, even
under extreme loading conditions, the calculated factor of safety is
approximately 2 or greater. It is believed that this represents an
adequate factor of safety, particularly as it is a result of analyzing

'worse case' geometry.
6.1.3 Dam-Foundation Contact

The contact between the dam and the rock foundation represents a
surface along which sliding or shear failure may occur. Factors of
safety were calculated using a range of strengths for the dam—foundation
interface and using different loading conditions. The results indicate
that based on the estimated strength along this contact the calculated
factor of safety is in excess of 1.4 under extreme loading conditions
(i.e. drains inoperative or earthquake loading) and in excess of 2.2
under normal operating conditions. It should be noted that the strength
estimates were based on the assumption that the dam base had a rela-
tively smooth profile and that no cohesion was developed. 1If the pro-
file was more stepped, thus allowing for a greater degree of interlock-
ing, the calculated factors of safety would be substantially increased.
Similarly, if cohesion was developed along the contact, as has been
demonstrated in recent testing carried by the U.S. Corps of Engineers at
Willowdale Dam, the calculated factors of safety would be substantially

increased.
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6.2 Dam Settlement

The prediction of settlement along the base of the dam has been
carried out with the aid of results obtained from two dimensional finite
element modelling. Two foundation geometries were modelled. The first
geometry (based on the geologic section given in Figure 7c¢) considered a
paleo—soil layer approximately 10 ft thick and located some 80 ft below
foundation level and is believed to represent the average or typical
foundation geology. The second geometry modelled was based on the geo—
logic section given in Figure 7a. It comprised a paleo-soil layer
approximately 40 ft thick and was located some 35 ft beneath foundation
level. This second profile is considered to represent a 'worse case'
foundation geometry. Based on the results of the modelling (see Table
17) the predicted differential settlement between the toe and heel of
the dam ranged between approximately 0.l3 inches and 1.3 inches. The
magnitude of the predicted settlement is substantially a function of the

value assumed for the deformation modulus of the paleo—soil.

As a base case it was assumed that the paleo—soil had a deformation
modulus equivalent to that of the basalt. Under this assumption the net
differential settlement predicted was 0.13 inches. This value was simi-
lar to the predicated settlement for the deep thin paleo-soil geometry.
It can be implied from this similarily that over the majority of the dam
base where the paleo-soil is relatively deep and thin that differential
settlements will be largely controlled by the dam geometry and the pro-
perties of the overlying basalt and should therefore be relatively
small. Towards the left abutment, where the paleo—-soil layer is thick
and shallow, the properties of the layer will be the major influence on
settlement. Under assumed 'worse case' conditions, that the paleo-soil
is very soft, the predicted differential settlement between the heel and

toe of the dam 1is approximately 1.3 inches. Under, however, the
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assumed expected condition, the predicted differential settlements are

approximately 0.75 inches.

To assist in planning construction procedures and to delineate
areas that may require more investigation during detailed engineering,
the area beneath the dam has been zoned, Figure 20. Each zone repre-
sents a particular settlement pattern and, as such, offers an approxi-
mate guide to the distribution of differential settlements across the
dam base. Zone boundaries are based on the estimated depth to the

paleo-soil from foundation level; while, settlement patterns within the

zones are based on the results of the 2-D numerical modelling.

Settlements within Zones 1 and 2 (see Figure 20), where the paleo-
soil is at depth, will be largely controlled by the properties of the
basalt founding rocks. By contrast, settlement in Zone 4, where the
paleo~-soil is shallow, will be strongly influenced by the properties of
the paleo-soil itself. Zone 3 represents a transition between Zone 2

and Zone 4.

Zone 1 coincides with the left and right abutments where the paleo-
soil is generally in excess of 100 ft. below the dam/rock contact.

Differential settlements are expected to be small (~ 0.1 inch).

Within Zone 2, the modelling results indicate that total settle—
ments of up to 0.45 inch may occur along the dam heel, while up to 0.30
inch may occur along the dam toe; thus indicating a differential settle-—
ments of up to 0.15 inch between the heel and toe. Though, as yet, no
modelling has been carried out parallel to the dam axis, little lateral
differential settlement is expected within Zone 2 or between Zone 1 and

Zone 2.
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Calculated total settlements in Zone 4, (using expected values for
paleo-soil properties) were 1.05 inch along the dam heel and 0.30 inch
along the dam toe; resulting in a possible differential gettlement
between heel and toe of 0.75 inch. Zone 4 is located immediately adja-
cent to the left abutment. As settlement within Zone 4 takes place, it
is believed that some stress transfer will take place from the "softer"
Zone 4 foundation to the "stiffer" abutment foundation. Such a stress
transfer will result in reduced total settlements and hence a decrease
in differential settlement. However, as a result of the juxtaposition
of "softer” and “stiffer" zones lateral differential settlements is
expected to occur. Using the results of the numerical modelling (which
because of 2-D nature are believed to represent a "worst” case) lateral
differential settlements of up to 0.6 inch may occur between Zone 2 and

Zone 4.

To enable more accurate predictions of differential settlements
between the heels and toe of the dam and laterally more information is
required on the geometry and properties of the paleo-soil underlying
Zone 4. This should be addressed during the final detailed engineering

studies.

It is believed that the very nature of the two-dimensional model-—

ling has resulted in conservative predictions of values for settlement.

This conservativeness is a result of the following:

o] stress transfer along the contact between the dam and its
abutments. This will reduce the load on the dam foundation;

o the effect of horizontal stress concentration (notch effect)
at the base of the valley. This results in an additional
clamping force across the dam foundation; and

o the assumption that the dam and the foundation rock are inti-—

mately connected (i.e. the assumption that the dam and founda-—
tion are a continuum).
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These three factors would all tend to reduce the amount of settlement
and hence the differential settlements that will occur over the dam

base.

6.3 Slope Stability

The rocks that will be exposed during the excavation of left and
right abutment slopes exhibit brittle rock characteristics. The stabil-
ity in these rocks will therefore be controlled, by and large, by the
orientation, spacing and size of discontinuities that exist within the

rock mass.

The stability analyses has indicated that the calculated factors of
safety against overall slope failure is adequate. However minor stabil-
ity problems comprising sliding or toppling of small blocks are expected
to occur on both abutment slopes. Due to the height of the slopes dis—
lodgement of such blocks present a substantial hazard to men and equip~
ment working below. Remedial measures must, therefore, be considered.
These may include rock or cable bolting, mesh or the provision of catch
benches. The use of smooth wall blasting techniques such as pre-split
or cushion blasting will greatly assist in the control of local stabil-

ity problems.
It is believed that the design of appropriate remedial measures is
best accomplished during construction when the exposed rock mass can be

fully inspected.

7.0 CONCLUSIONS AND RECOMMENATIONS

7.1 Conclusions

Aspects of foundation and abutment stability of the proposed Miner

Flats Dam have been investigated with the aid of limit equilibrium
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analyses and numerical modelling. Prior, however, to conducting these

analyses appropriate input parameters had to be selected based on the

=

B results of the various site investigations and of laboratory testing.

[ ? The paleo-soil wunit presented a particular problen. Due to
sampling and testing difficulties little direct information was avail-

able for this unit. Published data had to be relied upon. Uncertain-—

SN

ties associated with this approach therefore required that sensitivity
analyses be conducted in order that the range of probable values for the
input be investigated. Based on the results of these analyses the fol-

- lowing conclusions were reached;
™ A) Sliding or Shear Failure

(7 o} Along Dam—Foundation Contact: Using mid range wvalues for
i-é strength (the expected case) and normal loading conditions,
- the calculated factor of safety was 2.20; under assumed
ké 'worst' case loading conditions the calculated factor of

7 safety was 1.50. It is believed that these calculated factors
z} of safety could be greatly increased by ensuring that a cohe~
sive bond between the dam and the foundation rocks is devel~—-
@3 oped;or}by providing a more irregular foundation profile, thus

allowing substantial interlocking between the dam and the

éi‘ foundation rocks.

%,,
ij
Lot

o} Along Low RQD Zone: Based upon the results of a 'worst' case
analysis and the findings of detailed core logging it is
believed that a sufficient strength can be mobilized through

the low RQD to essentially preclude a slip type of failure.

0 Along/Through Paleo-soil: Based upon 'worst' case analyses,

in terms of both assumed strength values and possible failure
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B)

c)

geometries, it is believed that sufficient strength can be
mobilized through the paleo-soil and the basalt to essentially
preclude a slip type of failure. Inherent in this conclusion,
however, is the assumption that the potential slip surface
passes through the basalt mass and not along an existing plane

of weakness.

Abutment Slopes

Planar, wedge, and toppling style failures are kinematically
possible in both abutment slopes. Due to the attitude and
size of joint surfaces, individual failures are expected to be
of limited extent. Remedial measures will be necessary to
ensure the safety of men and equipment working below these

slopes.

Deformation of Dam Foundation

The results of the finite element modelling indicate the following

foundation behaviour:

The deformation of the dam foundation is sensitive to the
depth, thickness and deformation wmodulus of the paleo-soil
layer.

The weight of the dam at end of construction causes settle-
ment at the upstream heel of the dam, and rotation in the
upstream direction.

The weight of water within the reservoir depresses the base of
the reservoir but the water pressure also causes rotation of
the dam in the downstream direction.

The paleo-soil is confined and is not subject to the develop-

ment of excessive stress at either the end of the construction
condition or their reservoir full condition.
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Predicted differential settlements along the dam base ranged
from approximately 0.1 inch to 1.3 inches, depending on load-
ing conditions and the assumed value for the deformation modu—
lus for the paleo-soil. It is believed that these predictions
are conservative due to the inherent limitations of the two-
dimensional model used.

Settlements are a function of dam geometry and paleo-soil
thickness, depth and modulus. From available data these would
appear to change gradually and therefore no sudden change in
settlement is expected.

7.2 Recommendations

In deriving the above conclusions a number of assumptions were

made, particularly with regard to paleo-soil properties and to founda-

tion and abutment geology. The following recommendations therefore
follow:
o little geologic information is available in the vicinity of

the dam toe. Before construction at least three exploratory
drill holes should be put down in this area to confirm or
otherwise the predicted geology;

the assumed deformation modulus for the paleo—-soil is based on
published data. An attempt should be made to more fully
characterize this material in order to obtain better estimates
of its properties;

Smooth wall blasting methods should be used to excavate the
abutment slopes in order to minimize vibration damage. As
localized wedge and block failures are anticipated some form
of remedial measure should be implemented; and
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Z{ o As more detailed information becomes available the present
v geomechanical model should be up-dated and review analysis
conducted.

Yours very truly,
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APPROXIMATE RELATIONSHIP BETWEEN ROCK MASS QUALITY AND MATERIAL CONSTANTS

Disturbed rock mass m & s values

undisturbed rock mass m & s values

Emprircal failure criterion
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INTACT ROCK SAMPLES
: m = 7.00 m = 10.00 m = 1500 m = 17.00 m = 25.00
Laboratory size specimens free
from discontinuities. s = 1.00 s = 1.00 s = 1.00 s = 1.00 s = 1.00
CSIR rating RMR = 100 m = 7.00 m = 10.00 m = 1500 m = 17.00 m = 2500
NGt rating Q = 500
s = 1.00 s = 1.00 s = 1.00 s = 1.00 s = 1.00
VERY GOOD QUALITY ROCK MASS
m = 2.40 m = 343 m = 514 m = 582 m = 856
Tightly interlocking undisturbed )
rock with unweathered joints at s = 0.082 s = 0.082 s = 0.082 s = 0.082 s = 0.082
1 to 3m.
m =410 m = 585 m = 878 m = 9.95 m = 14.63
CSIR rating RMR = 85
NGI rating Q = 100 s = 0.189 s = 0.189 s = 0.189 s = 0.189 s = 0.189
GOOD QUALITY ROCK MASS
m = 0.575 m = 0.821 m = 1.231 m = 1395 m = 2.052
Fresh to slightly weathered tock,
slightly disturbed with joints at s = 0.00293 |s = 0.00293 | s = 0.00293 | s = 0.00293 | s = 0.00293
1to 3 m.
m = 2.006 m = 2.865 m = 4298 m = 4871 m = 7.163
CSIR rating RMR = 65 .
NGI  rating Q=10 s = 0.0205 s = 0.0205 s = 0.0205 s = 0.0205 s = 0.0205
FAIR QUALITY ROCK MASS
m = 0.128 m = 0.183 m = 0275 m = 0311 m = 0458
Several sets of mederately
weathered joints spaced at 0.3 s = 0.00009 [s = 000009 | s = 0.00009 | s = 0.00003 | s = 0.00009
to 1 m.
m = 0.947 m = 1.353 m = 2030 m = 2.301 m = 3383
CSIR rating RMR = 44
NGI rating Q=1 s = 000188 |s = 000198 | s = 0.00198 | s = 0.00198 | s = 0.00198
POOR QUALITY ROCK MASS
m = 0.029 m = 0.041 m = 0.061 m = 0.069 m = 0.102
Numerous weathered joints at 30
to 500mm with some gouge. 5s=0.000003 s=0.000003 5=0.000003 s=0.000003 s=0.000003
Clean compacted waste rock.
m = 0447 m = 0.639 m = 0.959 m = 1.087 m = 1598
CSIR rating RMR = 23
NGI  rating Q=01 5 = 000019 |s = 0.00019 | s = 000019 | s = 0.00019 | s = 0.00019
VERY POOR QUALITY ROCK MASS
m = 0.007 m = 0.010 m = 0.015 m = 0017 m = 0.024
Numerous heavily weathered joints
spaced at less than 50mm with s=0.0000001 s=0.0000001 5=0.0000001 5s=0.0000001 s=0.0000001
gouge. Waste rock with fines.
m = 0.219 m = 0.313 m = 0.469 m = 0532 m = 0.782
CSIR rating RMR = 3
NGl rating Q = 0.01 s = 0.00002 |s = 000002 | s = 0.00002 | s = 0.00002 ) s = 0.00002
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SARMA ANALYSIS OF DAM Figure 14
FOUNDATION STABILITY g
load (ondifiorzs (e Fforce —
Slip Surrace ! vservos Blg  rorthoma
—— ervolr =0
.\.w Darrz water Force }0.054 QM.Q\WMD “
6100
vk o M
Slice 4 St Force %
i e IIL
) i . .
50|
...... Mﬂ 60 _ \ EE R = S— UpltH Force (dratred)
N . N Upler? Foree (r1o gravizage)
,ﬂ B Slrice 5 .
6000 Slece 3 . Load Condtions
» NFEC am | Slgp Surface | Glip Surface Z
// Slp Surface 2 lee Force —
\J.A/ 5950 b WWNN W\WWN: ( H -~ 0/g ot onl.
N A\ Slp Surface 3 arthguate
N V' / 0.0%, Foree
N ~_ 25 \ oy }a0ss
m \ .| l | N /./ Slice Slice
N 59001 \ X . z / .
/d / . —~ y ..-..-.l-l.! N ATV a s S o e e Srtt Force
S N : i ] P o
N \ ) _ Basall | L T
M E s . E\H\\u\\u\\%\\\ N\\Q\\\.\ Force \Q\\Q\.\NNQ\b
; 5850 | / S .
g S~ Faleo - sot - i \ E Upli#t Force (ro dracizage.)
e — lpad (brzartions
Slep surface 3
5800 ST
. Supal Saridsiore } lce Force~ Sy
Reservorr 7 Larttgucée
] Water Force. h J5g Force
57501 ! Watert
A W Force
y Gupsiierpus Sandstore 7t
.\\h .\\\ st h 2:«1_4 Ww\.n\\.
FLvce
wNQQ B LY A/
/[/—\—\ Lple## Force (Grared)
Scale: /et 7o 60 f2et
NMoles: Upli#t Foree (no draizage)
- Horizoriial stlt and rce load
7z - Vertical water anda s/t load
- Vertical water ana silf load Note : Force piagrarms
mo_amq Associates Not #0 Bcale.




H
1
()]
3 1924 09 o Lorl]  5jDIg
2
P BpLI10g
M _
SLIO 102000 s wm\\ e S S —— 0065
PZLIIDLD J243) \ P B
0220227/~~~ MWMW\ MMNN\\\_V“ \
a,
5 ; V\ = - HOsDG s
—— o2
- T n &
all // N 4
(12} y O
< DILI1DLDLIT Wf ®
w = - Ja43; o9y <
@, | 7oz 2IQUONDIXS JO J1240)7 p Mw\%s\u N
/ N O
> W BT 7S . o A N
| e G
<® 78 13/07 PLNaIO jDLI167/)
nfm
=
b= cod 25 /Y
€ o /7 zZ7 €7
<3 s He T 225 @5 D)8 009
D«
m QU311 gL 12/615 FHILUTIG 7157
W
w
o

T g1va a3M31A3y T NMvua "ON 19300¥d

1




iy

e

R

Elevation (Feort)

LINEAR FINITE ELEMENT MESH

646
[sp] “n
= y tgure
v S AND BOUNDARY LOAD CONDITIONS 9 16
& lce Loaairt . As
7 . ; 6g3
6100 - . — -
ravizy « o & Gravity =
6000 - loading Wwater [oading \_Loadi72g A
si/t [oadirz RLLN 638 REFERENCE NODES
w o~ [e9] .
5900 g 2 2 9 Upstrearr Dowrisireasr
% // “ M — Basalt ) Spdliway Crest 686
e N 6 g Base of Darr: 604 57 |
~, NN NS S = 5 ;
5800 T R e . N I Top of fileo-soil A 507 470 |
Mesh area Faleosoi 4 o o e o " Base of Paleo-soil 4 354 384
are “aleosor! B 2 7op of Faleo-sol 8 732 74z |
showr (it Palepsoll C ~ op of Faleo-sor. !
5700 - Frgure A A ) Base of Aaleo -sor! B (82 /22
.  Sandstone 648 . No“m
5600 Zectorue loading & 8 I J o
i Ty =G5 = £.9.4 ~ m U,/m = : = REFERENCE ELEMENTS
s = .0 :
ﬁ @ o s o o Upstrearn Dowrrsirearr?
5500\ ) Spiliway Crest 743
X % o' _ B A oy Cres.
200 1000 1780 2 = 8 N & g8 - Base of Darrt 679 £39
. : : § : : ; - o
lrzsel Scale lirelh fo Z40 4 N Top of Basalt 62?7 >
Paleo-sorl A 495 470
Nole : Localiprr of paleosor! layers ABand C correspond 693 546 647 848 GEL 64 Paleo -sotl z37 z46
/v trose s/wowrr o1 e Lypesdl FoUrnaRliior profiles, 2 = N 2 = & 2 .
Frpures 7a, 76 and 7c respeclively . 2
gl N o 847 _ eds . ef9 . 890 o &1 o
s R | &8 1&g | 8 & 8|8
¥ I M ay A o mv .b ax 4 ZIX 2
843 © EE o~ €45 q:m,m %“ o 638 U 84 m:/) 1 ~ mmmmm \ 691 o - - 5 . i i - 5 6t
8 & e S\ © & Y © @ @ 5 8 2 &8 2 2 2 2 3
543 594 595 s BaN o598 g 598X mfei\\ = el i 605 g 6L & ) Sheda 0 605 z 8d9 , s{0 el 613
~ o - S AW @ & ,/ At ,HMJ/C %) ) @ @ o 8 = D ! w ~ ® Ty
2 i z AVE il 5 oK o BnEh i 54 T - ¢ & & e 27
\ - 3V 5 505 85N 5 519 2 590 = sg1 o o = 1 565 g B 9
© S 3 3 m\ mw b2 o b & & o = mmﬂ.\ © 615 S8 594
s 24 A 7 2y A 2 Zhs pasquae Ess vt s 32! .
uds g7 493 yds 50N/ 50 542 50N 598 54 51 i 565 566 567 568 3 570 5791 SION_D )
o ) - i 7 o) o 3 s = 0 w o~ @ @ ) —t o ™ — 1 ©
=~ =3 = = = = [T i 1y} ol o e oy % W o W wn @ 7] - A
in i = i s i, w [p] :20 i i jind V] 73 1ol n [T jrel [¥8 3} Ire n 43 54y
i& i § 1
! / / alt - .
yis (s 450 41 it o 2@“3 3 7 o 518 . 519 o 590 o 541 o 54N ®
o > (o] o o o o] v —
mw mm mw — b % pa } = _..D). e e i i m
=t = = W... 3] — 2 - = H =F £2 ) £ 33 oy 23
o Y o uds us\g@gs /. s —oufy S ouds g uft o~ uds © ugs
\ & 5 \|/% Q iz R o 0 o
e S b A 2 0N = - - = = o 77 S ——Ar A
4gs = uge wooufo o oujr Uz LIRS L L\ —d- \c A5 Dltqmm 5 £ uis
= = = @ b =418 3 4ay 4ae S & fydo =
= m ) . Hu - 2\ fap) = ¥ - / £ .h.~ A W )]
38 p ¢ = U - & S o ; = B u\ & udy o uis n udd N 30
5 # P8 e~ | - N7 / e Lo L ] o VI T
3z - o 3 ~ 3 o g2 o sE 0w 3 42 0 |, PgEr—e-sda @2 389 © 30 1 31 @ I
o 3 - w » © ® A3 o = Z e T R © " >
2 4 A NG : : R I £ @ 385 7 3 w@l%/ y
25 o 26 T3k 9 3 o~ 37 o« 8 Y . 4. 4 A 4 A A AT 4 ® SLAT313 34
g g 27 ) » A X, | o293 ., g - - o 288 283 290 o291 o2 293 ., o2du _ 295 _, 296 w o
- ~ R T R W AR A s s d 88888 1
223 B v S 218 = 280 = 1 3 |r¢\\L 302
5 @ A5 L o ;o Py E s o 7 o3 > : b T sy e R/ - IS @ Jatn
Y 8 g 2k o 207 = B o 9 o 23N(BagL | 2R 23 23 /237 298 /239 At S a2/ als B/odr A28 /3
N B 9 o S 8 & b o~ o) o o e oy n o W & = MSmsde/ @ \ <
= ~ ) 3 T = = = = =y = = = = RY] 247
A 4 A A A = b IaY N N Y N N & N N N ) - 3]
193 174 115 176 197 178 ) 140 leo-g0i \ \ \ Lo s o o2ds K
0 © ~ o @ o - oy L 162 : 1 166 187 148 199 191 192 143 14 145 196
o s & a: n L »
S ;amﬁo:W. )
5 137 3 145 10 i RGN 15 7 s _, 41 i 145 157 199

Scale . [uic/z 1o 30 /et

Associates




m., | RESULTS OF FINITE ELEMENT ANALYSIS . 17
SHOWING DEFORMATIONS - CASE 6 Figure 171
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STRESS CONDITIONS IN PALEO-SOIL LAYER A
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APPROXIMATE DISTRIBUTION OF SETTLEMENT Figure 20
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The damsite 1s located on bedrock in an area of low seisnmic
activity and 1is not considered to be subject to significant
seismic loading. The detailed site mapping indicates that faults
are not present in the mapped area. The minimum seismic
accelerations of 0.10g horizontal and 0.05g vertical as
recommended by the U.S. Bureau of Reclamation are considered
appropriate.

The geologic units involved in the dam foundation analysis and
identifiable as having differing physical and engineering
properties are:

Upper Basalt =~ A series of relatively thin (about 10 to 40 feet
thick), subhorizontal, vesicular to massive, coalescing basalt
flows form the abutments of the dam beginning at an elevation
approximately 25 feet above foundation grade and extending to the

top of the abutments. The flows exhibit typical, pervasive,
subvertical thermal jointing and interflow boundaries with 0.1-4
inches of fine-grained, granular infilling. The Upper Basalt

flows are relatively fresh with no indication of significant
strength loss from weathering processes.

The Upper Basalt flows will not be significantly loaded by the
dam but will form the abutments on either side of the structure.
As such, their shear strength and permeability properties are
required parameters for evaluation of abutment stability whereas
the deformation properties are of 1lesser importance. Direct
shear testing of sawn surfaces in the NX core was used to measure
the shear strength of clean basalt discontinuities. Interflow
boundaries were subjected to separate testing procedures. Ten
uniaxial tests (including four with elastic properties) were used
to provide information on intact rock strength and intact defor-
mation characteristics in the Upper Basalt flows. Density values
were obtained from the uniaxial samples for assessment of intact
rock density. Five Goodman Jack tests were completed in the
Upper Basalt and were compared to the uniaxial modulus data to
help assess rock mass deformation characteristics.

Packer testing in the vertical and subvertical drill holes indi-
cated generally low in-situ formation permeability. Occasional
zones of circulation loss were encountered during drilling. The
major one of these zones was interpreted as a lava tube encoun-
tered within the right abutment. Packer testing of the lava tube
zone resulted in a minor "blow out" of water from the nearby
cliff face before establishing any other significant flow. The
lava tube is interpreted to be a blind cavity and is not consi-
dered indicative of a significant "plumbing system" within the
Upper Basalt.

Abutment grouting or additional excavation may be required if
significant open Jjointing and flow boundaries are encountered
during foundation excavation. Present planning is for a minimum
20 feet of basalt to be excavated from the abutments. The 20
feet of rock removal is considered to be an appropriate depth of
excavation to remove basalt significantly effected by weathering,
by stress relief opening of columnar jointing, or by erosion
along flow boundaries.

Abutment stability analysis assumes full reservoir head with
linear pressure drop. The fracture orientation and fracture
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spacing in the Upper Basalt flows indicates that subhorizontal
gravity relief drains can be used successfully to control seepage
pore pressures in the basalt abutments.

Other engineering and construction considerations presented by
the abutment rocks include preparation of the abutment slopes.

Controlled blasting will be essential to construction of the
unbenched cut slopes of the foundation excavation in .order to
reduce blast damage to the abutment rock and to mitigate rockfall
potential. Blasting will be evaluated on a performance basis
with 85-90% of presplit barrels visible on the finished slope.
Mltlgatlon procedures to reduce rockfall hazard during construc-
tion include scaling, spot bolting and chain-link mesh.

Flow Boundaries - The flow boundaries between the basalt flows in
the Upper Basalt present discontinuities important to the analy-
sis of block sliding in the abutments and to the potential for
piping of fines from the contact zones. Typically, the flow
boundaries contain 0.1-4 inches of flne—gralned granular infill-
ing. Although flow boundaries were detected in the Upper Basalt
flows at some locatlons, flow boundary interbeds between the
flows were not detected in the foundation and abutment area of
the proposed dam.

The NX core drilling did not recover samples of interflow boun-
daries materials suitable for direct shear testlng of intact
core, Accordingly, a composite bulk sample of fines and basalt
recovered from the flow boundaries in drill holes MF-102, MF-105,

and MF-106 was remolded and consolidated in a shear box where 1t
was subjected to direct shear testing in a saturated condition.

The results of the direct shear tests of the bulk sample were
used to conservatively approximate the shear strength along the

interflow boundaries.

Atterberg Limits tests were performed on a composite sample of
clay 1infilling recovered in NX core from flow boundaries. The
results were used in the evaluation of the potential influence of
thlS material on shear strength and its general susceptibility to
piping. The location of the flow boundaries above the dam's
foundation grade, the minimal thickness of the flow boundarles,
and the lack of spatial contlnulty of the boundaries indicates
that the potential for piping of interflow material is not a
significant threat to the structural integrity of either the
gravity dam or the abutments.

Lower Basalt - A single, subhorizontal, massive basalt flow forms
the 1immediate foundation of the dam from approx1mately 25 feet
above upstream foundation grade to a range of approximately 40 to
100 feet below the upstream foundation grade. The Lower Basalt
is quite variable in thickness with a subhorizontal upper contact
and a lower contact that follows the ancestral pre-basalt valley.
The lower contact is characterized by a vesicular to scoriacious
flow breccla zone generally less than 10 feet thick.

The Lower Basalt is a single flow without significant subhorizon-
tal discontinuities or evidence of weathering induced strength
reduction. Structurally, it is dominated by the typical subver-
tical thermal jointing common to basalt flows. Packer testing,
core logging and outcrop inspection indicate the subvertical
joints are typically clean and tight at depth. The Lower Basalt
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forms the immediate foundation of the dam. The compressive
strength and deformation characteristics of the Lower Basalt are
provided by point load and RQD data in conjunction with 21 uni-
axial tests (13 with elastic properties), seven direct shear
tests on saw cut surfaces, and seven in-situ Goodman Jack tests.
Rock density values were obtained from the uniaxial test samples.

An anomalous zone of low RQD values with highly variable core
recovery and high intact rock strength was encountered at a depth
of approximately 20 feet immediately below the upstream founda-
tion grade. As indicated on the engineering geologic 1logs of
holes penetrating the zone, (Mineral Systems Inc., 1983; Mineral
Systems 1Inc., 1986) the rock reportedly exhibits increased
jointing subparallel to the core axis and joints contain "clay
£filling" & Yclay staining".

Detailed re-examination of the rock core samples from the zone of
low RQD's revealed the low RQD's are the result of the rock

coring practices. Evidence of the effects of the coring proce-
dures include grinding of the core samples, breakage of the core,
and slipped samples. The core samples further indicate that the

presence of subvertical fractures aligned generally parallel to
the core significantly aggravated the difficulties of obtaining
intact rock core. The effects of the drilling and coring in
conjunction with the near vertical fractures clearly induced
considerable fracturing and breakage of the core with the result
that core recovery was variable and low RQD's were observed.

Accordingly, the low RQD's and variable core recovery observed in
the zone are attributed to a combination of stress relieved
vertical columnar joints and drilling induced fractures.
Although the zone of low RQD in the lower basalt cannot be corre-
lated 1laterally into the left abutment, the evidence suggests
that the zone may be laterally continuous across the width of the
valley floor cut into the stratified basalt sequence at the site.
This conclusion is consistent with the interpretation that the
fact the vertical fractures interfered with the coring process
indicates stress release and enlargement of the fractures due to
unloading caused by entrenchment of the valley into the basalts.
Accordingly, the stability analysis presented in the following
section of this design memorandum assumes a conservatively worst
case for the zone of low RQD's in which it is analyzed as a low
angle fracture zone extending over the entire footprint area of
the dam. Under this worst case analysis it is demonstrated that
an adequate factor of safety exists for sliding or shear failure
through a 1low angle fracture zone of low RQD in the basalt
foundation.

Paleo Colluvium/Alluvium =~ A layer of unconsolidated material is
present between the Lower Basalt flow and the wunderlying Supai
Formation bedrocks. The thickness of the basalt overlying the
unconsolidated material ranges from about 40 feet near the left
abutment to 80 feet near the dam mid point and about 60 feet near
the right abutment. The thickness of the unconsolidated material
ranges from about 35 feet near the left abutment to 10 feet at
the dam mid point and 20 feet thick near the right abutment.

The unconsolidated material represents the surficial deposits
which were present in the ancestral valley of the North Fork of
the White River at the time basalt flows began to fill the ances-
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tral valley. Accordingly, the unconsolidated materials buried by
the basalts which filled the ancestral river valley include
fluvially deposited silty sand and gravel deposited along the
ancestral river channel and flood plain, fine-grained silt and
sand deposits emplaced as colluvial foot slope deposits along the
valley margins, and sandstone rock rubble in a fine-grained silty
sand matrix deposited as talus at the base of c¢liffs on the
ancestral valley walls. The unconsolidated deposits buried by
the basalts are collectively referred to herein as Paleo
Colluvium/Alluviumn.

The NX core barrels used in the coring program did not recover
intact samples of the Paleo Colluvium/Alluvium materials. The
partial samples recovered and the response of the equipment
during coring of the Paleo Colluvium/Alluvium interval indicate
that the Paleo Colluvium/Alluvium consists of coarse gravel,

cobbles, and boulders in a dense matrix of silty sand. Exam-
ination of outcrops of the Paleo Colluvium/Alluvium downstream
from the proposed damsite support this interpretation. The only

field data developed regarding the strength parameters of the
Paleo Colluvium/Alluvium was completion of three Goodman Jack
tests in drill hole MF-113. The results of the tests are not
considered to be representative or reliable. Laboratory data
regarding the materials properties of the Paleo Colluvium/Allu-
vium was not obtained due to the lack of samples for analysis.

Core holes reamed through the Paleo Colluvium/Alluvium indicated
that although the materials are essentially unindurated, they
stand well in the borehole walls, are slowly permeable, and are
relatively dense and compact. The geologic conditions at the
site indicate that the Paleo Colluvium/Alluvium was subjected to
considerable preloading by from the weight of the basalt before
the contemporary river valley was entrenched into the basalt.
Thus the Paleo Colluvium/Alluvium materials under the dam founda-
tion are anticipated to be preconsolidated. The in-situ permea-
bility tests and the recovered material indicates the Paleo
Colluvium/Alluvium is sandy in nature and apparently without
significant clay or open work gravel components. As such, and
considering it has already carried a load greater or equal to.
that from the dam, significant time-dependent settlement problems
are considered highly unlikely. Compression of the unit is
expected to occur during construction under elastic conditions
rather than due to permeability controlled consolidation by
release of pore pressure.

Based on the foregoing considerations plus the limited field data
from the boreholes and from the examination of the Paleo Collu-
vium/Alluvium outcrops downstream from the damsite, the Paleo
Colluvium/Alluvium 1is considered to be analogous to compacted
rockfill material. Accordingly, a range of values for shear
strength and deformation parameters was determined for the Paleo
Colluvium/Alluvium principally from published data for compacted
rockfill.

Because direct information for the materials properties of the
Paleo Colluvium/Alluvium was not available, a wide range of
presumptive values obtained from the published literature was
used in the stability analysis to provide predictions based on
the conservatively worst case conditions probable. The stability
analysis presented in the following section of this memorandum
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indicates a factor of safety of 2 or greater for a sliding or
shear failure through the Paleo Colluvium/Alluvium under worst
case conditions.

Analysis of total settlements using the range of published values
assigned to the Paleo Colluvium/Alluvium indicates that wunder
worst case conditions, lateral differential settlement related to
the Paleo Colluvium/Alluvium in the foundation will be a design
consideration. Clearly, more information on the geometry and
material properties of the Paleo Colluvium/Alluvium underlying
the foundation is required and will be obtained during the final
engineering studies. If the final engineering studies indicate
that a potential for excessive differential settlement actually
exists due to the properties of the Paleo Colluvium/Alluvium,
then remedial measures such as consolidation grouting or cast-in-
place piles will be evaluated.

The Paleo Alluvium/Colluvium presents a potential path for
seepage losses from the reservoir. The potential seepage paths
include seepage under the dam through the buried sediments of the
ancestral river valley as well as seepage through the left
abutment through the buried sediments on the ancestral valley
wall. Geologic relationships indicate that seepage through the
left abutment Paleo Colluvium/Alluvium could daylight on the
valley wall downstream from the dam whereas seepage through the
main paleo channel would daylight approximately one mile
downstream from the dam. The potential seepage losses and
seepage pressures associated with the Paleo Colluvium/Alluvium
are discussed in detail in Section D.3 herein. Finite difference
modeling of seepage through the abutments and buried paleo
channel under +the basalt as presented in Section D.3 indicates
that seepage losses will not be significant. :

The outcrop of the Paleo Colluvium/Alluvium has not been mapped
immediately downstream of the reservoir. However, it is presumed
the unit conforms to the base of the basalt and daylights along
the basal contact of the basalt. As such, the Paleo Alluvium/-
Colluvium is is confined beneath basalt in the left abutment for
at least 820 feet downstream from the dam where, buried beneath
Supai talus, a "window" through the basalt may occur (Figure 3,
Mineral Systems Inc., 1986). With the exception of the potential
"window", the main channel of the buried Paleo Colluvium/Alluvium
should not daylight for approximately a mile downstream from the
dam (Mineral Systems Inc., 1986, p. 43). The seepage analysis
presented 1in Section D.3 herein indicates that even if the Paleo
Colluvium/Alluvium material is susceptible to piping, the hydrau-
lic gradient of the phreatic seepage surfaces simulated by the
digital seepage model is considerably less than the gradient
generally associated with the onset of piping conditions. If
subsequent studies or experience indicate a significant potential
for piping, for example at the "window" through the basalt down-
stream from the 1left abutment, a series of filter protected
gravity drain holes through the basalt or a filter blanket drain
at the outcrop will mitigate the piping problem.

Supai Sandstone/Siltstone - The Supai Formation is the lowermost
geologic unit mapped or penetrated by drill holes at the proposed

damsite. The surface outcrops and uppermost part of the Supai
Formation penetrated by the drill holes consists of interbedded
fine-grained sandstone and siltstone. The sandstone and silt-
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stone forms the ridge behind the left abutment and comprises
approximately 30 to 90 feet of the thickness of the bedrocks
investigated by coring beneath the axis of the damsite. The
upper contact of the interbedded sandstone and siltstone is the
erosional surface formed by the ancestral river valley, approxi-
mately 80 to 135 feet below the heel of the dam.

The interbedded sandstone and siltstone of the Supai Formation
does not present any unusual or limiting design considerations
for the foundation performance. The depth of the unit below
foundation grade considered with the confined nature and history
of loading of the unit indicate it will not negatively impact the
project design or construction. Shear strength and deformation
parameters of the interbedded sandstone and siltstone were deter-
mined by five direct shear tests (two on saw cut surfaces and
three on intact samples), four uniaxial compressive tests (two
with elastic properties), and four Goodman Jack tests in the
sample intervals subjected to uniaxial testing.

Supai Gypsiferous Sandstone/Gypsum - The deepest unit investi-
gated beneath the dam 1s a facies of the Supai Formation composed
of fine-grained gypsiferous sandstone with lenses of gypsun.
This unit has a gradational, subhorizontal upper contact approxi-
mately 160 feet below the heel of the dam.

For the same reasons given for the interbedded sandstone and
siltstone facies above, the gypsum bearing facies is considered

to not significantly impact the foundation performance. A
general suite of tests consisting of seven uniaxial compression
tests (four with elastic properties), four direct shear on core,

and two direct shear tests on saw cut surfaces were completed on

samples from the gypsiferous sandstone facies in the Supai Forma-
tion. All o the Supai Formation beneath the dam foundation is
saturated and and in-situ permeability tests of the gypsiferous
sandstone facies indicate a low permeability (approximately 106
cm/sec) . As such, the potential for dissolution of gypsum is
considered to be insignificant.

Page D1 - 18



D.2 FOUNDATION STABILITY STUDIES

The present design is based on a preliminary engineering geologic
assessment of the site. The site geology does not present
exceedingly difficult or unusual foundation problems and is well
suited to a concrete gravity dam of either conventional concrete
or roller compacted concrete construction.

A simple foundation shape is maintained in order to eliminate
stress concentrations in the dam and allow efficient excavation.
For the conventional concrete option it avoids narrow monoliths
with small base areas, small areas of difficult concrete
placement and torsion on monoliths. For the joint-free, roller
compacted concrete option 1t avoids small areas of difficult
placement.

The amount of dental concrete required is expected to be small.
Controlled blasting procedures will be required to excavate the
foundation with dental concrete used for voids that will not be

filled during normal placement. For the roller compacted
concrete option a high slump, bedding mix will be used at all
interfaces between foundation rock and the dam. This technique,

using procedures tested and proven on other projects, results in
excellent dam to rock bonding.

Foundation and abutment stability studies were accomplished by
Golder Associates and are presented in the report titled, "Report
to Morrison-Maierle, Inc. on Stability Analysis of the Miner Flat
Dam Foundations, Navajo County, Arizona", which is presented
herein beginning on the following page. Data for the stability
studies were provided from the Mineral Systems, Inc. field
investigations and from independent laboratory tests of materials
properties provided to Golder Associates by Morrison-Maierle,
Inc. Summaries of the field and laboratory data are provided in
the Golder Associates report with a narrative description of the
stability problem, the analytical methods applied to the problemn,
and conclusions and recommendations.
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D.3 SEEPAGE MODELS

1.1. INTRODUCTION

Numerical simulation of seepage flows by means of digital
modeling was used to evaluate potential seepage conditions in the
foundation and abutments of the Miner Flat Dam site. The
potential seepage path evaluated in the foundation of the dam
was a buried paleoalluvial channel consisting of unconsolidated
deposits of alluvium of the ancestral pre-basalt North Fork of
the White River. Potential seepage paths evaluated 1in the
abutments of the dam included fractured basalt in the right
abutment; and basalt, paleocolluvium, and the Supai Formation in
the left abutment.
l1.2. MODELING METHODOLOGY

The modeling methodology selected to simulate seepage flows
and pore pressures in the foundation and abutment materials at
the Miner Flat Dam is a finite difference model. The model
employs conventional iterative alternating implicit solution of
simultaneous partial differential equations governing nonsteady
state, two-dimensional groundwater flow between model nodes. The
program code used for the Miner Flat Dam seepage simulations is a
widely available groundwater flow simulation program referred to
as the Prickett-Lonnquist Aquifer Simulation Model (PLASM). The
mathematical model was initially prepared by the Illinois State
Water Survey (Prickett and Lonngquist, 1971). The original PLASM
code of Prickett and Lonnguist (1971) was retained in the Miner
Flat Dam models and modified with a number of subroutines to
facilitate input and output data management.

Other modifications to the PLASM code were limited to provi-
sions to deal with dewatered nodes and nodes that were in an

initially dewatered or dry condition. Aquifer transmissivities
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in the model were based on the product of the permeability and
the differential head along the permeability vectors. Because
the differential head between dry nodes is zero, the transmis-
sivity between dry nodes will always remain at zero under the
original PLASM code. Consequently, dry nodes will always remain
dry Dbecause water cannot flow into an area of =zero transmis-
sivity. Accordingly, minor reprogramming of the original PLASM
code was required to revise this particular aspect of the
original model.

Selection of a finite difference model for numerical simula-
tion of seepage flow in the buried channel at the Miner Flat Dam
was based on consideration of several factors:

1. Digital modeling provided considerable advantages over
steady state and transient flow net analyses by respond-
ing to the complex three-dimensional distribution of
boundary conditions at the site.

2. Laborious construction of transient flow nets was

avoided by the application of digital modeling with:the
result that both transient and steady state seepage

conditions were determined rapidly for a wide range of
input parameters.

3. The model selected 1is well documented and easily
acquired.

4. The model is a valid numerical model of proven
credibility.

5. The model is easily adapted to most computers.

6. The model output may be modified to a number of easily
used formats.

7. 1Input parameters required for the model are based on
information that is normally provided by conventional
field investigations and which does not require unusual
or difficult field tests and measurements.

8. Input parameters may be readily modified over a range of
values to test the sensitivity of the seepage analysis
to the accuracy of the field measurements of aquifer
permeability and to assumptions in extrapoclation of data
from drill hole locations to the rest of the model.
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1.2.1. Input/Output Parameters
Input parameters for the Miner Flat Dam seepage models
included 11 variables as follows:

1. X and Y coordinates defining the node positions and
dimensions.

2. Permeability (hydraulic conductivity) in the X and Y
direction (anisotropic as appropriate) based on packer
tests of permeability conducted in boreholes in the
field.

3. Transmissivity vectors in the X and Y directions to
provide anisotropic transmissivity as required.

4. An unconfined aquifer storage coefficient.
5. A confined aquifer storage coefficient.
6. Initial head (pore pressure) in the aquifer.

7. The elevation of the bottom of the aquifer (bottom of
the seepage zone).

8. The elevation of the top of the aquifer (top of the
seepage zone, 1.e., elevation of the base of the
confining bed, if any).

Model output parameters consisted of pore pressure (head), rate
of seepage flow, change in pore pressure, and an index map of
node conditions (i.e., confined, unconfined, dry, sink, boundary,
etc.).

The input variables for the seepage model of the buried
paleoalluvial channel were based on a 12 by 24 or 288 node array
for a total of 3,168 discrete input values. The overall grid
dimensions were 2,018.75 feet wide by 16,477.35 feet long. Input
variables defining the coordinates of the nodes in the model were
based on a nonuniform grid spacing designed to include a reser-
voir area, the dam, and the area downstream from the dam. The
nonuniform grid was designed specifically to provide reasonable
definition of the controlling boundary conditions in the founda-

tion, abutments, and downstream areas. Values for the input

variables were defined by superimposing the model grid over the
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geologic maps and cross sections prepared by Mineral Systemns,

Inc. as presented in "Preliminary Report - Engineering Geology

Miner Flat Dam Site, White Mountain Apache Reservation".

The model of seepage through the abutments of the dam site
utilized an 18 by 17 array consisting of 306 nodes for a total of
3,366 discrete input values. The overall dimensions of the
abutment seepage model were 4,280 feet parallel to the axis of
the proposed dam and 3,580 feet perpendicular the the alignment
of the proposed dam axis. The arrays used to define the model
nodes and boundary conditions for the model of the paleocalluvial
channel are shown on Figure 1-1 and those for the model of seep-
age through the abutment rocks are shown on Figure 1-16.
Geologic information provided by Mineral Systems Inc. was used in
defining the input variables to the abutments seepage model.
1.2.2. Boundary Conditions

Geologic conditions identified by the geotechnical investi-
gations of the site and presented in the Mineral Systems, Inc.
report which were regarded as significant controlling factors in
designing the modeling grids and establishing the boundary condi-
tions in the two seepage models included geologic contacts be-
tween different materials, thicknesses of the various materials,
elevations of geologic contacts, and field measurements of hy-
draulic conductivities of the wvarious geologic materials.
Terrain data provided by the 1 inch to 200 feet topographic maps
with b5-foot contour intervals provided additional definition of
boundary conditions influencing seepage paths and hydraulic
gradients.

The thickness of the palecalluvium penetrated by drill holes
on a cross section along the dam axis was used to define the the

seepage 2zone or aquifer thickness of the paleocalluvial buried
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channel. Basalt overlying the buried channel and bedrocks bound-
ing the bottom and sides of the buried channel were assumed to be
impermeable boundaries to groundwater movement. Both the buried
channel seepage model and the abutments seepage model included a
vertical zone of unconfined permeable paleocolluvium in the left
abutment of the damsite.

The unconfined paleocolluvium zone in the left abutment
provided direct hydraulic communication between the reservoir
area upstream from the dam and the river valley downstream from
the dam so that a seepage path was present in the left abutment
from the reservoir to the downstream area in the left abutment in
both models. The seepage path was assumed to have a minimun
thickness of 10 feet normal to the geologic contacts and was
assigned the same permeability as the paleocolluvium in the
buried channel model. In the abutments seepage model the paleo-
colluvial seepage path in the left abutment was assumed to be the
entire width and thickness of the nodes defining the seepage path
and therefore ranged in width from 150 to 270 feet or substan-
tially thicker and wider than the actual field conditions. The
paleocolluvial channel representations in the two seepage models
was unconfined just as is the paleocolluvial interface between
the basalt and Supai Formation in the left abutment shown on the
Mineral Systems, Inc. cross sections.

In the buried channel seepage model, a wedge paleocolluvial
material, assumed to be 10 feet thick normal to the geologic
contacts, was projected into the Miner Flat Dam reservoir area
from the buried paleoalluvial channel beneath the basalt. The
paleocolluvial wedge provided a direct seepage path from the
surface water reservoir into the buried paleocolluvial channel

under the basalt foundation at the dam site. The buried channel
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seepage model carried the buried paleocalluvial channel downstream
from the Miner Flat Dam to a location identified by Mineral
Systems, Inc. where the paleocalluvial channel daylights into the
river wvalley and would therefore discharge seepage at the 1land
surface downstream from the dam.

The wedge of paleocolluvial material, 10 feet thick normal
to the geologic contacts, was used to provide hydraulic communi-
cation in the buried channel seepage model between the buried
paleoalluvial channel and the wall or floor of the river channel
downstream from the dam. Therefore, 1f the pore pressure head
elevation in the palecalluvium downstream from the dam increased
above the elevation of the interface between the basalt and the
underlying Supail Formation exposed in the valley wall downstreanm
from the dam, the model allowed seepage water to flow from the
buried channel into the North Fork of the White River.

1l.3. BURIED PALEOALLUVIAL CHANNEL SEEPAGE MODEL

Design of the nonuniform grid for the buried channel seepage
model was based on consideration of the previously described
hydrogeologic boundary conditions that determine the potential
gradients of seepage paths in the paleocolluvium and palecallu-
vium at the Miner Flat Dam site, assuming that the stratified
basalt and bedrocks act as essentially impervious strata confin-
ing significant seepage flows to the wunconsolidated prebasalt
colluvium and alluvium. Field measurements of average hydraulic
conductivities in the materials indicated an average wvalue of
5.11 x 10~5 cm/sec for the basalt, or an order of magnitude less
permeability than the average value of 1.76 x 10™4 for the
palecalluvium. Grid spacings were selected to provide reasonable
definition of the geohydrologic boundary conditions indicated by

the Mineral Systens, Inc. geotechnical investigations and
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resulted in the following coordinate spacings for the buried
channel seepage model:

X Coordinate Y Coocrdinate

Coordinate Spacings Spacings
Interval (feet) (feet)
1l -2 506.25 3,844.34
2 - 3 337.50 3,844.34
3 - 4 225.00 2,562.89
4 - 5 150.00 1,708.59
5 - 6 100.00 1,139.06
6 - 7 100.00 759.38
7 - 8 100.00 506.25
8 - 9 100.00 337.50
9 -10 100.00 225.00
10 -11 100.00 150.00
11 ~-12 100.00 100.00
12 -13 (x-Bndy) 100.00 100.00
13 =14 Total 2,018.75 100.00
14 =15 100.00
15 -16 100.00
16 -17 100.00
17 -18 100.00
18 ~-19 100.00
19 -20 100.00
20 =21 . 100.00
21 =22 100.00
22 =23 100.00
23 -24 100.00
24 - y-Bndy o 100.00

Total 16,477.35

1.3.1. Input Variables

Transmissivity values used in the buried channel seepage
flow simulations were based on the field measurements of an
average value of hydraulic conductivity of 1.76x10"% cm/sec as
reported in the geotechnical report by Mineral Systems, Inc. The
actual wvalues of hydraulic conductivity used in the seepage flow
simulations for the paleocalluvium ranged from 1.00x107% cm/sec to
1.00%x1072 cm/sec, i.e., the order of magnitude of the field
measurements in one simulation and 100 times the order of magni-
tude of the field measurements in the second seepage flow simula-
tion. The range of hydraulic conductivities used was employed to
test the sensitivity of the model to the accuracy of the field
measurements of hydraulic conductivity.

Transmissivity in the model is the product of the saturated
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thickness times the permeability. The model automatically recal-
culated a new transmissivity for each node as water levels in the
seepage zone changed. Thus, transmissivity values were contin-
uously adijusted during the seepage flow simulations to reflect
the ongoing changes in the pore pressure in the seepage 2zone.

An unconfined aquifer storage coefficient of 0.01 was used
for the paleocalluvial material in the buried channel seepage
model based on the assumption that the unconfined storativity of
the seepage zone in the paleocalluvium was approximately equal to
an assumed value of effective porosity of 1.0 percent in the
paleocalluvial materials. Field measurements of the paleocalluvial
material porosity were not available, however, sensitivity test-
ing of the porosity assumption indicated that the assumption had
little effect on the final seepage flows and pressures indicated

by the model. Similar assumptions and sensitivity testing were

S W el d TR e e Vo

used +o arrive at a presumpntive value of 102 for storativity for
T N Nt L St e . 2 o Y r-l-v-— bl Sem ke ¥ S Y e b S L Nt s N ey e Nt

[

confined seepage flow conditions in the seepage zone. The model
compared the pore pressure elevation to the elevation of the base
of the confining layer for each node in order to assign an uncon-
fined or confined storage coefficient value as appropriate during
the seepage flow simulations.
1.3.2. Simulation Concepts

Initiél pore pressures'in the palecalluvium seepage 2zone
were established by setting the head elevations in the aquifer
equal to the gradient of the North Fork of the White River. A
series of transient flow simulations were then conducted to
arrive at a simulation of steady state flow in the paleocalluvial
aquifer without the presence of the dam and reservoir. The dam
and reservoir were then superimposed instantaneously ﬁpon the

steady state flow condition, with a full reservoir, and subse-
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quent transient flow simulations were accomplished until seepage
flow from the full reservoir reached steady state flow conditions
as 1indicated by the absence of significant head change at nodes
in the model. Steady state seepage flow from the full reservoir
was used as a measure of potential seepage pore pressures.

The elevations of the top and bottom of the palecalluvial
seepage zone materials were obtained by superimposing the model
grid over a series of geologic cross sections and profiles pre-
pared from the Mineral Systems, Inc. geologic maps and cross
section data combined with the topographic map contour elevation
data for the study site. The top and bottom elevations define
the thickness of the seepage flow path. Moreover, the relation-
ship between the pore pressure head elevation and the elevation
at the base of the confining layer, 1if any, determines if the
model uses an unconfined or a confined aquifer storage coeffi—v
cient. The topographic elevation of the surface outcro
paleocolluvial wedge in the left abutment and in the river valley
downstream from the dam is the threshold elevation at which
seepage pore pressure in the paleocalluvial seepage =zone will
cause seepage discharge from the valley walls into the White
River downstream from the dam.

Figure 1-1 is a schematic of the seepage flow model at the
end of one year of seepage flow simulation. The following desig-
nations are used on Figure 1-1 to show agquifer and boundary
conditions 1in the model after one year of seepage flow from a
full reservoir behind the Miner Flat Dam:

1. C = confined aquifer node - This symbol indicates that
the pore pressure in the paleocalluvium/paleocolluvium is
at an elevation head in excess of the basal elevation of
the overlying basalt and seepage flow is occuring as

confined groundwater flow which is exerting an uplift
pressure on the overlying basalt and/or the dam.
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2.

U = unconfined aquifer node -~ This symbol indicates that
seepage flow is taking place in the paleocalluvium/paleo-
colluvium, however, the pore pressure has not caused the
phreatic surface (potentiometric surface) to rise to the
basal elevation of the overlying basalt and seepage flow
is occuring without exerting an uplift pressure on the
basalt and/or dam.

DRY = dewatered aquifer node - This symbol indicates a
node in which the palecalluvial/paleococlluvial material
is entirely drained. This condition exists in the model
only as an initial condition in the wedge of paleocollu-
vium bewteen the buried palecalluvium and the river
valley and dissappears during the flow simulations as
the seepage pressure elevation rises in the buried
palecalluvial channel seepage path and seepage flows
over the threshold through the paleocolluvium nodes and
into the row of sinks representing the river valley.

---~ = nonagquifer node - This symbol indicates a node
with zero permeability and zero transmissivity, i.e., a
no flow boundary within the model. No flow boundaries
are used to represent the right side of the paleocallu-
vial channel and to represent the portion of the 1left
reservoir bank and left abutment consisting of the Supai
Formation.

SOURCE = reservoir or source - This symbol indicates the
area within the model which supplies water to simulate
either the steady state source of recharge to the paleo-
alluvial seepage path from the river during pre-dam
conditions or the steady state source of recharge to the
paleocalluvial seepage path from the Miner Flat reser-
voir. These nodes are assigned essentially infinite
storativity values in the model.

SINK = discharge location - This symbol indicates the
location of a node which has been assigned essentially
infinite storativity in the model and which elevation is
set low enough that seepage always flows from adjacent
nodes into this type of node anytime there is water
available in the adjacent nodes. The sink nodes are
used to represent the White River valley downstream from
the proposed dam in order to provide a place for seepage
flow to discharge laterally from the paleocalluvial chan-
nel into the river valley when seepage pore pressures
become sufficient to support such discharge. The sink
nodes are also used across row 1 of the model to simu~
late the location at which the paleocalluvial channel is
intersected by the river valley downstream from the
damsite and to which confined or unconfined seepage flow
in the palecalluvial channel must discharge.

shown on Figure 1-1, the five nodes in the model 1located

within

(6,17),

the foundation area of the proposed Miner Flat Dam are

(6,18), (7,17), (7,18), and (8,18). The grid spacing in

the vicinity of the dam and reservoir is 100 by 100 feet, includ-
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ing the nodes within the foundation area.
1.3.3. Seepage Flow Simulations

The number of time increments and the duration of each time
increment required to reach steady state seepage flow from the
continuously full surface water reservoir condition was estab-
lished by trial and error transient seepage flow simulations.
The transient seepage flow simulations indicated that when the
order of magnitude of the average measured field hydraulic con-
ductivity of 1.00 x 10™%4 cm/sec was used as an input wvariable,
essentially steady state seepage flow was established by the end
of four years of seepage in the palecalluvial materials.

As shown on Figure 1-2, seepagé losses from the reservoir
through the palecalluvial materials were about seven gallons per
minute. Seven gallons per minute amounts to about 11.3 acre-feet
per year of seepage losses. The rate of seepage loss as deter-
mined by the model is related directly and linearly to the hy-
draulic conductivity of the seepage path materials. Accordingly,
if it 1is assumed for the sake of sensitivity testing that the
field measurement values of hydraulic conductivity for the
paleoalluvial materials were increased of two orders of magnitude
by a multiple of 100, the rate of seepage under steady state
conditions would be about 700 gpm or 1129 acre-feet per year as
shown on Figure 1-3. The estimated seepage losses shown on
Figures 1-2 and 1-3 represent only the steady state seepage
losses through the paleocalluvial materials and are not indicative
of bank 1loss or bank storage rates for the entire reservoir.

Surface water hydrology analysis for the watershed indicates
that an average of 50,000 to 60,000 acre-feet per year of water
will be spilled over the dam annually. In view of this fact, it

is concluded that annual seepage losses of 1,129 acre~feet to the

Page D3-12



JIoAISSSY JO uonisodw| souls (sApp) ewil] pesdp|3
0091 00t | 0021 00C1 008 009 010) 00¢ 0

r____~___~_________~_________~_____________._n_________________ N O O O Y O OO.N

¢

00°¢

00 ¥

010y obpdssg |suupy)y psung |p1o]

Paleoalluvial seepage losses at field permeability.

O
<
©

)

(wdb

\./\.V\)J\.»l@l@lmvl@\@v
@@CCC(\/

P WP o W 0. O e WG .
- 0056060

00°L
(SeNIDA AYlIgDa WIS PeinsDaly UO paspg SMO[4)
IIOnJBsay M [suuDy) palng ybnouy| ssessoT ebpdesg
D@ P[4 42Ul

Page D3-13

1-2:

Fig.




008

I O

001

Jloaesey Jo uoljisodw| souls (sApp) ewl] pasdp|l

1 O O Y T

002

0 O O O

00G

0 O O T O O

00+

I N S T R

00%

| 0 O T O

00<Z

|10 O I e O

001l

[N I8 O T T O O |

Q

g

L

Fan\ Fan'on

P W 20

FaWAWAW AW a WA,
BV A A AN

AW WorWou W WonWan |
TAN AN AW VAW AN

AW AWAWAWAWA WA
AN SO W g v g v

W oa WA o Wt Wt
AT UIUMOTY

fan Fon Wo W ¥
WA OOy

Py Fot
OOCC/\(f

coood

(00l x Ayjigpewiisd peinspsp UO pespg SMO|4)
JIOAIBSBY Yim ‘jeuupy) peling ybnouy|] sessoT ebpndesg
wod b4 42Ul

00¢

00¢

(wdb) sypy ebodeeg jsuupy) psung |PIOL

00L

Paleocalluvial seepage losses at 100 X permeability.

1=-3:

Fig.

Page D3-14



VVVVV

buried paleocalluvial channel will not be significant compared to
the reservoir storage and the available water supply.
1.3.4. Uplift Pressures

The finite difference model used to simulate seepage flow
through the paleocalluvial buried channel at the Miner Flat Dam
provides the same information as provided by conventional flow
net analysis. The model determines the pore pressure and seepage
rates at known locations as a product of the permeability and the
net head change from node to node in the model. Thus, the finite
difference model was used as a flow net in the seepage analysis.
However, whereas a conventional flow net analysis is conducted
along a single vertical slice of the seepage flow path, the
finite difference model provided an evaluation of the distribu-
tion of head and the associated seepage flow quantity on an areal
basis takeing into consideration the effects of boundary condi-
tions which would not appear on a simplistic line of section flow
net. Accordingly, the finite difference modeling methods used,
provided a better evaluation of uplift pressure distribution and
seepage flow quantities than would be obtained by conventional
flow net analysis.

Output from the Miner Flat Dam seepage flow model was uti-
lized as input for a series of computer generated contour maps of
pore pressure distribution and uplift pressure distribution re-
lated to steady state seepage in the paleocalluvial buried chan-
nel. The elevations on the surface of the buried paleocalluvium
(i.e., the elevation of the base of the overlying basalt layer
where present) as used in the seepage model are shown on Figure
1-4.

Computer generated maps on Figures 1-5 through 1-8 show the

phreatic surface (potentiometric surface) in the buried channel
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at one, two, three, and four years of simulation of continuous
seepage flow, respectively. Computer generated maps on Figures
1-9 through 1-12 show the distibution of uplift pressures in the
buried channel as calculated from the elevation difference be-
tween the top of the buried channel (base of the overlying ba-
salt) and the pore pressure head (potentiometric surface).

The uplift pressures indicated by the buried channel seepage
model were compared to structural pressure by looking at specific
nodes in the model that fall within the area of the foundation of
the dan. Uplift pressure under the basalt in the floor of the
river channel downstream from the dam was also compared to rock
overburden pressure exerted by the basalt underlying the river
channel at the downstream toe of the danm. The comparison of
uplift pressure from the buried palecalluvial channel and the
assoclated paleocolluvium to the pressure load of the proposed
concrete gravity dam and the basalt overlying the buried seepage
paths is shown on Table 1-1. A net pressure profile from the
upstream face of the dam to the downstream river channel is shown
on Figure 1-13.

The data presentated on Table 1-1 are from model nodes that
lie either under the dam or in the river channel downstream from
the dam. Node (7,18) is located at the upstream face of the dam
as are all of the foundation area nodes on model row 18. Several
nodes are presented as fractional locations between nodes in the
seepage model in order to conform to the locations of calculated
structural pressures for the concrete gravity dam. Pore pressure
data for the fractional locations are extrapolated from adjacent
nodes in the model. The node at (7,16) is defined on Table 1-1
as being in the "apron" of the dan. The apron as used on Table

1-1 is an area of rock excavation in the basalt at the toe of the
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dam and does not include a concrete structure to provide struc-
tural load or pressure. Structural pressure at the toe of the
dam 1is greater than at other locations under the dam due to the
rotational forces exerted on the dam under full hydrostatic and
hydrodynamic load. The structural pressures are based on an
assumed water elevation of 6,062 feet, no tailwater, and ice at
the crest of the dam and are the minimum structural pressures for
a full reservoir condition.

The rock density used on Table 1-1 represents the upper
limit of a range of rock density initially assumed for the lower
basalt layer at the dam site which forms the foundation of the
dam and provides the confining layer over the buried seepage path
and to which the seepage pressures are theoretically transmitted.
The assumed rock density of 200 pounds per cubic foot (PCF) used
on Table 1-1 was based on the office estimate of the density of a
solid core of hard, non-vesicular basalt from the foundation
area. The actual result of the approximate density measurement
of the core was 204.5 PCF. Subsequent laboratory analysis of 21
samples of the lower basalt indicated a range of rock density of
173 to 181 PCF and an average rock density of 177 PCF for the 21
samples. The samples analysed in the laboratory included discon-
tinuities 1in the rocks due to fractures and vesicles. The core
hole logs from the foundation of the dam as presented 1in the
series of geotechnical reports by Mineral Systems, Inc. indicate
that the basalt at and below the foundation elevation is rela-
tively massive and dense with no significant zones of vesiculari-
ty, contact scoria, or flow breccia to significantly decrease the
density of the rock mass or provide significant discontinuities
in the structural and hydraulic integrity of the mass. Accord-

ingly, the average rock density of 177 PCF for the lower basalt
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is a reasonable representation of the foundation rock density.

A separate analysis of the net pressure distribution at the
foundation area and in the downstream river channel is shown on
Table 1-2 and Figure 1-14. The purpose of the analysis shown on
Table 1-2 and Figure 1-14 is to determine the hypothetical basalt
density in the foundation area at which the combined basalt rock
overburden load and structural pressure would equal the seepage
uplift pressure at some location in the foundation area. As
shown on Table 1-2 and Figure 1-14, the hypothetical density of
the basalt 1in the foundation area must be reduced to 130 PCF
before the combined weight of the structure and underlying basalt
is diminished to the extent that the structural and overburden
pressures are decreased to equal the seepage uplift pressure.

The hypothetical basalt density of 130 PCF, as compared to
the measured density of 177 PCF, is required to decrease theore-
tical load pressure- enough to equal the uplift pressure shown by
the seepage model. This requires that the basalt density in the
foundation be reduced to 73 percent of the density of the mea-
sured core, that is, a 27 percent reduction in basalt density.
Inspection of the various core logs, inspection of the core, and
evaluation of the geologic and geotechnical information regarding
the massive basalt strata constituting the foundation rock at the
dam site indicates that it is totally improbable and unreasocnable
to anticipate that discontinuities of any kind might exist in the
foundation basalt to the extent that the rock density might be
reduced by 27 percent. Accordingly, the conclusion that 177 PCF
is a reasonable rock density for the foundation area includes a
large factor of safety in regards to seepage uplift pressures in
that the rock density of 177 PCF would have to be reduced to

something less than 130 PCF before seepage uplift pressure would
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exceed the load pressure exerted by the combination of the struc-
ture and the confining basalt.

A worst case assumption is shown on Table 1-3 and Figure 1-
15 where it is assumed that the confined seepage pressure is
transmitted directly to the base of the impermeable concrete
gravity dam without exerting any pressure against the basalt
overlying the buried paleocalluvium and paleocolluvium. This is,
of course, a very unrealistic assumption in that it reduces the
effective density of the rock in the foundation to =zero pounds
per cubic foot. The only way this could occur physically would
be for the basalt permeability to be such that it was not con-~
fining the seepage in the buried pre-basalt channel. If this
were the case, the pore pressures profile in the foundation would
have a steeper gradient and decrease more rapidly from the up-
stream face to the toe of the dam than in the present model. |

Accordingly, the worst case assumption presented on Table 1-
3 and Figure 1-15 represents unrealistically high seepage uplift
pressure conditions. Even so, when all of the seepage uplift
pressure is transmitted to the concrete gravity dam with no rock
overburden pressure, there is only a portion of the upstream to
downstream cross section of the dam where seepage pressures from
the model exceed the structural pressure of the damn. In other
words, the mass of the dam taken as a whole and expressed as
structural pressure, continues to exceed the seepage uplift pres-
sure even when the foundation rock density is equated to zero

density.
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1.3.5. Conclusions

The 288 node finite difference model used to simulate seep-
age quantities and pore pressure in the buried pre-basalt paleo-
alluvial channel at the proposed Miner Flat Dam site indicates
that seepage losses through a confined seepage path of the geome-
try indicated by the geotechnical field investigations would be
less than seven gallons per minute or 11.3 acre-feet per year at
the measured hydraulic conductivity of a magnitude of 1.00 x 10~%
cm/sec.

Seepage losses calculated by the model are directly propor-
tional +to the hydraulic conductivity measured in the field. If
the wvalues of hydraulic conductivity measured in the field were
erroneously 1low due to core hole wall damage, plugging of the
palecalluvial interstices by core hole fluid invasion, or other
factors adversely affecting the field tests, the seepage quantity
calculated by the seepage model would be reduced accordingly.
Simulation of seepage flow quantities using a presumed value of
hydraulic conductivity 100 times greater than the values measured
in the field results in seepage quantities approaching 700 gpm or
1,129 acre~feet per year.

The finite difference seepage model is essentially a three-
dimensional flow net analysis and provides the same type of
information as a conventional flow net analysis, i.é., distribu-
tion of uplift pressure and seepage flow gquantity based on
differences 1in head (net head) from one location to another.
Seepage uplift pressures determined by flow net analysis, whether
it be by conventional two-dimensional flow net construction along
a line of section or by finite difference digital modeling, are
dependent only upon the shape of the flow net and the distribu-

tion of equipotential lines. The permeability assigned to a flow

Page D3-35



net or digital model affects only the quantity of seepage flowing
through the model but does not affect the shape of the flow net
or the distribution of the pressures within the flow net.

Therefore, the uplift pressures generated by the seepage
flow model using the field measurements of hydraulic conductivity
at 1.00 x 104 cm/sec are identical to those using a presumed
hydraulic conductivity of any reasonable range of values desired.
The generation of calculated uplift pressures in the model is not
influenced by the selection of a value of hydraulic conductivity.

Uplift pressures due to seepage in the buried pre-basalt
paleocalluvial and paleocolluvial deposits as determined by appli-
cation of the seepage flow model do not exceed the reasonable
range of foundation overburden and structural pressures calcu-
lated for the foundation area and downstream river channel. The
analysis shows that if the overburden pressure of foﬁndation rock
confining the buried pre-basalt seepage path is reduced to zero,
there would be a localized zone of buoyancy under part of the
concrete gravity dam structure at full reservoir with no tail-
water, but that the overall mass of the structure would still
exert a positive net downward force in excess of the uplift
pressures. The analysis supports the conclusion that potential
seepage pressures in the buried pre-basalt materials do not
adversely affect the feasibility of the proposed dam site.
1l.4. ABUTMENTS SEEPAGE MODEL

Essentially the same finite difference modeling techniques
were used to simulate seepage flows through the abutments of the
Miner Flat Dam site as were used to simulate seepage flows
through the buried paleocalluvial channel. The nonuniform grid
delineating the node positions for the abutments seepage model is

shown on Figure 1-16. Dimensions for the node array as shown on
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Figure 1-16 are as follows:

X Coordinate Y Coordinate

Coordinate Spacings Spacings

Interval (feet) (feet)
1 -2 400 240
2 -3 300 200
3 - 4 240 170
4 - 5 200 130
5 -6 170 100
6 - 7 130 100
7 - 8 100 100
8 -9 100 130
9 -10 100 170
10 -11 130 200
11 -12 170 240
12 -13 200 300
13 -14 240 300
14 =15 300 300
15 -16 400 400
16 =17 500 500
17 =18 600 -
Totals 4,280 3,580

Initial water levels in the abutments seepage model were set
at the elevation of the water surface of the White River where
the river crossed each row of nodes except in the reservoir area
where a water surface elevation of 6,062 feet was used. Aguifer
bottom elevations were assumed to be 50 feet lower than the
initial water level. Water levels in the sink nodes used to
represent the river downstream from the dam were set two feet or
more deeper than the river elevation at each row of nodes.
Accordingly, flow in the model was always to the sinks represent-
ing the river.

No-flow boundary conditions were automatically established
by the program code for all exterior boundaries of the model.
Hydraulic conductivity values for the different geoclogic mater-
ials were the average values presented in the Mineral Systems
Inc. report. Although the program code for the model was written
to select confined or unconfined storativity values as appro-
priate, all of the seepage flow through the abutments took place

under unconfined flow conditions with the top of the seepage zone
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or aquifer being set equal to the land surface.

Values of hydraulic conductivity for the various types of
geologic materials present in the abutments were obtained from
the Mineral Systems Inc. report. Values of storativity for the
unconfined conditions were assumed. Values of hydraulic
conductivity and storativity used in the abutments seepage model
are summarized on Table 1-4.

Table 1-4: Abutments seepage model aquifer parameters.

Hydraulic Coefficient
Geologic Conductivity of
Material (gpd/ft2) Storage
Paleocalluvium 3.6050 0.15
Supai Formation 7.9734 0.10
Basalt 3.3930 0.05

Operation of the abutments seepage model from initial condi-
tions consisted of instantaneous impositioh of the full reservoir
upon the steady state conditions prevailing during pre-Miner Flat
Dam Conditions. The 1lessening of the rate of increase in the
seepage flows from the reservoir through the right abutment shown
on Figure 1-17 indicates that essentially steady state seepage
flows were in effect through the left abutment after 438 days of
a two-year long flow simulation of seepage from full reservoir
conditions. In view of the fact that it is not anticipated that
the reservoir will remain at full storage for continuous periods
of one year or more, a duration of 365 days of continuously full
storage in the reservoir was selected for modeling seepage

through the abutments.
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The rate of seepage for the right and left abutments is
shown on Table 1-5 in terms of 36.5-day increments. The
increasing rates of seepage shown on Table 1-5 correspond to the
seepage rate curves shown on Figure 1-17 and reflect the buildup
of seepage from the time of instantaneous imposition of the
reservoir onto the unsaturated reservoir site to sSeepage
conditions at the end of 365 days of continuously full reservoir
conditions.

Table 1-5: Abutment seepage rates.

Elapsed Right Abutment Left Abutment Combined Abutment
Time Seepage Rate Seepage Rate Seepage Rate
(days) (gpm) (gpm) (gpm)
36.5 14.83 44.73 59.56
73.0 15.12 130.50 145.62
109.5 15.69 202.38 218.07
146.0 16.38 257.64 274.02
182.5 17.07 287.31 : 304.38
219.0 17.72 317.78 335.50
255.5 18.32 327.45 345.78
292.0 18.87 337.07 355.94
328.5 - 19.36 344.03 363.39
365.0 19.81 349.02 368.83

As shown on Table 1-5, the combined seepage rate from the
left and right abutments of the dam site at the end of one ' year
is about 369 gpm or about 4,450 acre-feet per year, assuming a
full reservoir for the entire year. In view of the predicted
annual spills of 50,000 to 60,000 acre-feet over the spillway,
the simulated seepage loss of 4,450 acre-feet per year 1is
negligable.

A number of factors cause the simulation of seepage flows in
the abutments of the dam site to be conservatively large. One
factor is the fact that it was assumed that the reservoir was
full to the maximum storage elevation of 6,062 feet for the
entire year of seepage simulation. In reality, the storage pool

will be below an elevation of 6,062 feet much of the time. A
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second factor is the no-flow external boundary conditions in the
model. For example, seepage flowing from the reservoir towards
column 18 in the model (Figure 1-16) encounters a barrier to flow
before an equilibrium gradient is established. This forces the
water to flow towards row 17 in the model, thus creating higher
seepage surface elevations and more seepage discharge to the
river than would occur without the presence of the no-flow boun-
dary adjacent to column 18. Similar increases in seepage surface
elevations and seepage flow occur in the right abutment due to
the presence of no-flow boundaries at the top and left side of
the seepage model.

A final factor increasing the rate of seepage flow to the
river downstream from the dam is that the sink nodes representing
the river in the model are set at elevations much lower than the
actual river elevation 1in a number of instances to equalize
initial heads in the sinks and prevent internodal transfers  of
water between sink nodes. Consequently, the differential head
between the sink nodes and the adjacent abutment nodes is greater
in the model than the actual differential head would be between
the river and the abutment rocks in reality. The greater differ-
ential head in the model results in greater seepage flows to the
sinks representing the river. Accordingly, the rates of simu-
lated seepage flows through the abutments of the dam site are
conservatively large due to several factors.

l.5. SUMMARY

The seepage models demonstrate that uplift pressures
predicted in the buried paleoalluvial channel under the basalt
rock foundation of the dam will not exceed the overall structural
and rock overburden pressures exerted by the dam and basalt

overlying the channel. If it is conservatively assumed that all
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of the wuplift pressure from the buried channel is transmitted
directly to the dam without any confining pressure being exerted
by the rock overburden in the foundation, a small area is
identified in the footprint area of the dam where uplift
pressures exceed the structural pressure; however, the overall or
net structural pressure of the dam is still in excess of the net
uplift pressure, even when the weight of the rock in the
dam foundation is ignored.

Seepage flow losses through the buried paleocalluvial channel
were approximately 11.3 acre-feet per year in a four-year simula=-
tion of seepage flow assuming full reservoir conditions. Four-
years of seepage simulation were required to obtain steady-state
flow conditions in the buried channel starting from initial
steady state flow conditions related to the river elevation
without the reservoir. Accordingly, the assumption of a contin-
uously full reservoir for a period of four years provides a
conservatively high estimate of potential seepage losses in the
buried channel within the order of magnitude of hydraulic conduc-
tivities measured in the paleocalluvial materials in the field.

Field measured values of hydraulic conductivity in the
buried channel materials were arbitrarily assumed to be 100 times
more permeable than indicated by the field measurements. The
result of this assumtion was to increase the annual seepage
losses simulated by the model to 1,129 acre-feet per year.
Seepage uplift pressures in the buried channel did not change as
a result of the assumed increase in hydraulic conductivity.

Flow simulations of seepage through the rocks above river
level elevation in the abutments of the dam site were 1likewise
conservatively large and resulted in prediction of about 369 gpm

or 4,450 acre-feet per year of total seepage loss through the
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right and left abutments. Combined seepage losses predicted for
the buried channel and the abutments totaled 5,579 acre-feet per
year under the worst case assumptions wused in the seepage
simulations. In comparison, surface water hydrologic analysis of
the dam and reservoir site predicts that annual spills at the
site will average in the range of 50,000 to 60,000 acre-feet per
year. This means that the excess surface water supply which the
dam and reservoir do not have enough capacity to regulate will
far exceed the conservatively worst case seepage losses indicated
by the models.
REFERENCES
Prickett, T.A., and Lonnquist, C.G., 1971, Selected digital

computer techniques for groundwater resource evaluation:
Illinois State Water Survey Bulletin 55, 62 p.
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DESIGN MEMORANDUM

SECTION E

E.1 CONCRETE AGGREGATE

Adequate quantities of suitable concrete aggregate are available
at the dam site for the construction of the envisioned concrete
gravity dam. The potential aggregate sources are:

* Approximately 200,000 cubic yards of gravel deposits
immediately upstream from the dam

* Approximately 135,000 cubic yards of basalt excavated from
the dam foundation.

These guantities far exceed the total concrete volumes of 141,040
cubic yards for the conventional concrete dam and 127,645 cublc
yards for the rolled concrete dan. As indicated in Sectlcn J.4
for the roller compacted concrete option, 50-70% of the aggregate
will come from the basalt foundation excavation and 30-50% from
the gravel source.

The source area for the gravel is a river terrace deposit located
lmmedlately upstream of the dam on the west bank of the river and
is accessed by the existing drill access road from State Highway
73 as shown on the "General Map B", Sheet A2. The basalt
available from the foundation excavatlon is accessed from
upstream and will be processed, stockpiled and excess disposed in
the gravel borrow area indicated above.

Photographs of the gravel borrow and rock disposal area are
included in Section D, Figure D1.3. As visible 1in the
photographs, the area is timbered and will require clearing prior
to use.

Quantity assessment and preliminary material testing for the
aggregate is included in the following attached report and memos:

% "Prellmlnary Report, Engineering Geology, Miner Flat Dam
Site, White Mountain Apache Reservation'", Mineral Systemns,
Inc., November 1983

* Memorandum, Aggregate Test Pit & Petrographic Analysis for
E. Schrader, December 8, 1986.

* Memorandum, Results of Alkali Reactivity & L.A. Abrasion
Tests, MF-102, December 5, 1986,

At this point, because the decision between conventional mass

concrete and roller compacted concrete (RCC) has yet to be made
and the high degree of confidence in the adequacy of available
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aggregate for either technique, detailed mix designs for both
options have not been prepared. It is intended that the final
mix designs be prepared early in the project as indicated in
Section J.4.

E.2 COMMERCIAL CONCRETE PILANTS

The dam site is located in a rural setting. The availability of
existing commercial concrete plants is limited to the "Ready Mix"
variety used for residential and light commercial structures.

The four plants within a hauling distance of approximately 30
miles from the dam site were surveyed and the results are
presented below:

AGG.
FIXED ©PORT. OWN CRUSH/ AGG.

DIST BATCH BATCH NO. AGG. SCREEN WASH
OPERATOR (mi) PLANT PILANT TRUCKS SOURCE PLANT PLANT
Fort Apache Mat. 8 1 0 4 ves* ves* yes*
Whiteriver, AZ
Show Low Rd. Mx. 30 2 1 9 no no no
Show Low, AZ
A&A Ready Mix 30 1 1 5 no no no
Show Low, AZ
Pierce Const. 30 1 0 2 no yes no

Show Low, AZ
* Located 20 miles from batch plant & 12 miles from dam site.

Figure E.2.1 "Summary of Commercial Concrete Plants"

E.3 ACCESS ROADS

Site access is presently difficult with the existing exploration
drill roads affording the only vehicle and equipment access.
These roads are indicated on the "General Map B", Sheet A2. Good
access 1is available to the right abutment rim from the adjacent
State Highway 73. Access to the aggregate source area, upstreanm
diversion area and left abutment will require wupgrading the
existing drill road from the right abutment and constructing at
least one work bridge over the river.

Upgrading the access road from the right abutment rim to the
aggregate source area will require both alignment and width
alterations. The present road alignment is suitable for
exploration equipment and light vehicles but a tight, steep
corner included in the road at the top the first section above
the aggregate source area must be removed.
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The bridge will access the existing drill road from river grade
upstream of the dam to the rim of the left abutment. This road,
constructed primarily through Supai Formation sandstone, is
currently subject to sloughing of both cut and fill slopes and
must be upgraded for construction use. The alignment is suitable
for construction equipment but widening, drainage improvements
and slope stabilization will be required. Surfacing may be
required for all weather use.

Other crossings may be required to access the base of the
abutments from the upstream direction. At present, river fords
are used to cross to the left abutment rim access road, the base
of the left abutment and from the base of the left abutment to
the base of the right abutment.

There 1s no current access from downstream of the dam site to

either abutment rim or river grade. A permanent downstreanm
access road for daily use is designed as shown on "Access Road
Plan & Profile", Sheet J5. This road will be useful for

construction. A permanent service road intended for intermittent
use 1is designed to access the left abutment rim and is shown on
"East Side Access Road To Top Of Dam'", Sheets J6 & J7. This
road 1is for post-reservoir use and will not be directly useful
during construction.

The right abutment rim and the pasture area immediately to the
west across the highway are covered with a layer of soft clayey

soil. Drill access roads crossing these areas required repeated
applications of 1locally available cinder surfacing in order to
remain passable during wet weather. A drill access road was

successfully constructed across the pasture area through the use
of road stabilization fabric overlaid with 6 inches of cinder
surfacing. The road was subsequently reclaimed with the removal
of the cinders and stabilization fabric.

As these areas are designated as construction staging sites their
use under all weather conditions will require surfacing. A
source of volcanic cinder surfacing is located adjacent to State
Highway 73 approximately 8 miles north of the dam site.

E.4 TIMBER PRODUCT AVAILABILITY

The area supports a softwood timber industry producing yard and
structural lumber. Plywood and stress-graded lumber are not
locally produced. The timber products required for the
construction of the envisioned dam are available either from
local producers or suppliers.
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FILE: MINER FLAT DAM, JCB #1740-14-02-03(30)

FROM: DALE ORTMAN

SUBJECT: AGGREGATE TEST PIT & PETROGRAPHIC ANALYSIS FOR E. SCHRADER

DATE: DECEMBER 8, 1986

As requested by Ernie Schrader a single test pit was dug and
logged on November 7, 1986 at the proposed aggregrate source
site. The purpose of the pit was to obtaln a sample of material
for preliminary petrographic testing in order to supply Mr.
Schrader with data necessary to his initial concrete mix estimate
for the rolled concrete dam alternative.

The test pit was dug to the depth limit of the Case 580 back hoe
contracted for the work (Approximately 11 feet) and encountered
groundwater at approximately 10 feet. The materials encountered
are similar to those indicated in the previous test pits done by
Mineral Systems Inc. (Mineral Systems Inc, 1983). The test pit
was located adjacent to the earlier test pits as indicated on the
attached map.

An approximately 500 pound bulk sample of 6 inch minus material
was collected from the test pit. The sample was sieved at a
testing 1laboratory in Tucson and representative samples of the
1 1/2 minus fractions were shipped to the following laboratory
for petrographic analysis.

Construction Technology Laboratories
5420 01ld Orchard Road
Skokie, IL 60077

Attn: Don Campbell
The results of the gradation and petrographic analyses are

attached. It should be noted that material larger than 6 inch was
excluded from the sample.



Location: Miner Flat
Material: Aggregrate
Equip: Case 580

TEST PIT LOG

Dam Test Pit No: TP-1(86)
Date: 11/7/86
Logged by: Dale Ortman

Description

Depth Interval

0 - 0.5 feet

" - - —-— t— —

E.O0.H. 11.0 ft.

Topsoil, Dk. Brown, Fine Sand some Silt,
Roots & Organic material, moist

Sand trace Silt, med-fine, Lt. Brown, trace
roots, moist

Sand & Gravel, approx. 20% cobbles &
boulders 6"-2', damp (3-6 ft), moist (6-10
ft), groundwater encountered at 10 ft.
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1 S l SERGENT, HAUSK'NS& BECKW]TH CONSULTING GEOTECHNICAL ENGINEERS
——

L/ B ‘ APPLIED SOIL MECHANICS <+ ENGINEERING GEOLOGY * MATERIALS ENGINEERING +* HYDROLOGY
B. OWAINE SERGENT, P.E. JOHN B. HAUSKINS, P.E. GEORGE H. BECKWITH, P.E. ROBERT O. BOOTH, P.E.
LAWRENCE A. HANSEN, PH.D., P.E. DALE V. BEDENKOP, P.E. ROBERT W. CROSSLEY, P.E. NORMAN H. WETZ. P.E.

1 RALPH E. WEEKS, P.G. DONALD L. CURRAN, P E. DONALD G. MET2GER, P.G. ROBERT L. FREW

DARREL L. BUFFINGTON, P.E. J. DAVID DEATHERAGE, P E. JONATHAN A. CRYSTAL, P.E. ALLON C. OWEN, JR., P.E.
DONALD VAN BUSKIRK, P.G, MICHAEL R. RUCKER, P.E. PAULV. SMITH, P.G.

November 11, 1986

Morrison-Maierle, Inc.

910 Helena Avenue

P.0O. Box 6147

Helena, Montana 59604 SHB Job No. C86-6504

Project: Miner Flat Dam

Lab No. 1009 Bulk sample delivered to SHB on 11/10/86, by
Mr. Dale Ortman, P.E.

SIEVE ANALYSIS

Sleve Size Percent Passling
6.0 inch 1006
3.0 inch 84
2.0 inch 79
1.5 inch 71
1.0 inch 61
3/4 inch , 54
1/2 inch 46
3/8 inch 41
No. 4 32
No. 8 29
No. 10 28
No. 16 26
No. 30 23
No. 490 13
No. 50 14
No. 100 7
No. 200 3.2

Tl

Tom .. Romero
Lab & Field Supervisor

REPLY TO: 1687 W. GRANT ROAD, SUITE 1048, TUCSON, ARIZONA 85745

PHOENIX TUCSON ALBUQUERQUE ~SANTA FE SALT LAKE CITY EL. PASO
(602) 272-6848 (602) 792-2779 {50%5) 884-0950 (505) 471-7836 (BO1) 266-0720 (915)778-33269
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CONSTRUCTION TECHNOLOGY LABORATORIES
5420 01ld Orchard Road
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DECEMBER 10, 1986



@ D [L’ a Division of the PORTLAND CEMENT ASSOCIATION

| construction technology laborateries

5420 Old Orchard Road. Skokie. Hlinois 60077-4321 e Phone 312/965-7500

TECHNICAL SERVICES REPORT

Project No.: CR-M318 Date: December 10, 1986
Re: Petrographic Examination of.Fine and Coarse Aggregate
Samples, Miner Flat Dam Project
One sieved sample of c¢oarse aggregate and one unsieved
sample of fine aggregate were received November 13, 1986, from
Mr. D. Ortman, Morrison-Maierle, 1Inc., Helena, Montana. The

coarse aggregate sample was comprised of five sieved~fractions

jdentified, respectively, as l*~-retained, 3/4"-retained,
1/2"-retained, 3/8"-retained, and No. 4-retained. The fine
aggregate sand sample was identified as minus No. 4.

Mr. Schrader, Consultant, Wallawalla, Washington, requested
petrographic examination of both samples to determine the
aggregate constituents.. Results of the examination were

reported by telephone to Mr. Schrader.

FINDINGS AND CONCLUSIONS

f 1. The coarse aggregate sample 1s a natural gravel comprised
| mainly of basalt, orthoguartzite, and metaquartzite. Minor
amounts of sandstone, graywacke, siltstone, chert,
limestone, and mud lumps are evident. The fine aggregate
sample 1is a natural sand comprised mainly of basalt,

feldspar, gquartz, and mud lumps. The minor constituents




.

e
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construction technology laberaterics

include orthoquartzite, metaquartzite, sandstone,
graywacke, siltstone, chert, and magnetite. Mud lumps and
free particles of rock-forming minerals are more abundant
in the fine aggregate compared to the coarse aggregate.
Tables 1 and 2 1list aggregate constituents by number and
weight percent.

Mud lumps are soft, friable, poorly consolidated mixtures
of sand, silt and clay. Mud lumps are estimated to
comprise 5.0% by weight of the coarse aggregate sample and
9.1% by weight of the fine aggregate sample. Friable
coatings of similar material occur on some of the
non-friable constituents of the aggregates.

Aggregate partiéles are rounded - to subangular. The
majority of particles are hard to moderately hard and
dense; Particies of weathered rocks and minerals are
concentrated in the finest sieve fractions, passing the No.
100 sieve.

Material passing the No. .200 sieve (finer than 0.075 mm
diameter) consists mainly of'feldspar at various stages of
weathering, weathered rock fragments, quartz, mud lumps,
iron oxides (magnetite, hematite, and 1limonite), and

calcite.

DISCUSSION

Constituents of the aggregate samples are described in the

ensuing discussion. Basalt 1s dark gray, brown to reddish

brown, hard volcanic' rock of fine (grained piagioclase,



construction technology laboeraterias

pyroxene, and variable amounts of magnetite, brown glass and

olivine. In addition, basalt contains variable amounts of
secondary alteration minerals of hematite, limonite and
iddingsite. Massive, trachytic, vesicular, tuffaceous and
porphyritic varieties of basalt were observed. Dacite 1is a

light gray, hard volcanic rock of mainly fine-grained feldspar,
and comprises less than 5% by weight of the fine and coarse
aggregate samples.

Orthoquartzite and metaquartzite are light gray tan to red
roéks comprised of quartz and small amounts of feldspar,
magnetite, hematite, calcite and chert. Particles of these
rocks are generally hard and dense; hdwever, approximately 10
to 20% of orthoquartzite and metaquartzite particles are
moderately soft and porous. Orthoquartzite generally has
rounded to subangular, ‘sand—sized gquartz grains in  an
inﬁerstitial matrix of fine grained quartz or quartz plus iron
oxides. In contrast, metaquartzite generally has a mosaic of
interlocking irregular grains of quartz.

Chert 1is a haﬁd, dense rock with a waxy luster and ranges
from gray, tan, brown, blue to red. Chert 1is comprised of
microcrystalline quartz, chalcedony and minor amounts of other
minerals, namely hematite, magnetite and calcite. Veining,
laminations, and concretionary or concentric structures are
evident in many chert particles.

Sandstone and graywacke are gray, tan, brown to red
sedimentary rocks comprised of angular to rounded, mainly

sand-sized grains of minerals and rocks. The most common



construction technology laberatories

grains are quartz, feldspar, chert and iron oxides (magnetite
and hematite). Siltstone consists of similar grains which are
mainly silt-sized. Sandstone, graywacke and siltstone are hard
to moderately hard, dense rocks and component grains are set in
a fine-grained matrix comprised of various combinations of
quartz, iron oxides, calcite and clayey minerals.

Limestone is a 1light gray. moderately hard rock comprised
of fine- to coarse-grained calcite. Minor amounts of quartz,
chert and clayey minerals were observed with calcite.

Mud lumps are soft, friable, brown to tén mixtures of sand,
gilt and clay-sized grains of feldspar, quartz, chert, volcanic
roéks and other rock and mineral types. ~Mud lumps are poorly
consolidated and readily disintegrate upon exposure to water or
when rubbed between fingers.

The fine aggregate sahple also cohtains free particles of
the following minerals: quartz, feldspar at various stages of
weathering, calcite, magnetite and hematite. Small accessory
amounts of granitic rocks (granite and granodiorite) and
metamorphic rocks (schist, phyllite and hornfels) were observed

in the aggregate samples.

METHODS OF TESTS

The fine aggregate sample was sieved and weighed in
accordance with ASTM C 136-84a, "Standard Method for Sieve
Analysis of Fine and Coarse Aggregates.'

The sieved fine and coarse aggregate samples were exanmnined

in accordance with ASTM C 295-85, "standard Practice for



construction technelogy laboratoriers

Petrographic Examination of Aggregates for Concrete." Over 150
particles were examined and identified in each sieve fraction.
However, the l-inch sieve fraction of the coarse aggregate was
also examined and identified even though it contained less than
150 particles. Particles from the No. 8 and coarser sieves
were examined using a stereomicroscope at magnifications up to
45%. Particles from the No. 16 and finer sieves, as well as
representative rock-types of aggregates, were examined by thin-
section methods ﬁsing a polarized-light microscope at
magnifications wup to 250X. Material .retained. in the pan
fraction (passing the No. 200 sleve) was too fine to be
counted, and constituents by relative abundance were estimated.

F A Stided

P. A. Studemeister
Research Petrographer

Concrete Materials/

Technical Services Department

PAS/nmv
CR-M318
Attaéhments
Copy to--

D. C. Sikes
A. A. Alonzo
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(/\14\\ MORRISON-MAIERLE, INC.
)

PN
e | MEMO

Y FILE: MINER FLAT DAM, JOB # 1740-14-02-03(30)
FROM: DALE ORTMAN

SUBJECT: RESULTS OF BASALT ALKALI REACTIVITY & L.A. ABRASION
TESTS, MF-102

DATE: DECEMBER 5, 1986

In order to assess the preliminary suitability of basalt
excavated from the dam foundation for use as concrete aggregate a
sample has been submitted to a testing laboratory for Alkali
Reactivity testing (ASTM C-289) and L.A. Abrasion testing (ASTM
C-131). The attached results indicate the basalt is potentially
as good as the upstream gravel source and is considered suitable
as a source of concrete aggregate.

The sample is a composite of NX basalt core from drill hole
MF 102 in the left abutment. The drill hole is directly adjacent
to the proposed excavation and the sample was taken from the hole
interval corresponding to the foundation excavation.




{ 1‘. *—‘ SERGENT’ HAUSK’NS & BECKWITH CONSULTING GEOTECHNICAL ENG!NEERS

| APPLIED SOy MECHANICS e ENGINEERING GEOLOGY e MATER aLS ENGINEERING HMYDROLOGY
{ """ ! ———— B DWAINE sERGENT 8 ¢ JOHN B —ausKINg p ¢ CEORGE H. BECKWITH, p ¢ ROBERT D BooTH & ¢
; r LAWRENCE A MANSEN P p » € DALEV BEDENROP p ¢ ROBERT w crossiey. p g NORMaN v wETZ p g
RALPHE WEEKS PG DONALD L cUurRan P DONALD G METIGER. p g, ROBERT L Frgw
DARREL L BUFFINGTON » ¢ 7 DAVIC DEATHERAGE p ¢ JONATHAN A CRYSTAL, p g ALLONC OWEN R p g
DONALDVAN BUSKIRK PG
[5 December 4, 1956
[5 Morrison—Maierle,,Inc. SHB Job No. LT86-~3447
‘ P. 0. Box 6147 Report No. 1
Helena, Montana 59604
Attention: Dale Ortman, P.E.
-
fiid - .
e Re: Miner Flat Dam/Hole MF 102

L Gentlemen,

P

not hesitate to call.

Respectfully submitted,
Sergent, Halskins & Beckwith Fnginesys
! /-

By A= . -’:‘? !

Copies: Addressee (2)

REPLY TO:! 3940 w. CLARENDON, PHOENIX, ARIZONA 85019

PHOENIX ALBUQUEROQUE SANTA FE - SALT LAKE CiTy —



Arizona Testing Laboratories

817 West Madison Street O Phoenix,ﬁuﬂzona 85007 0 602/254-6181

For: Sergent, Hauskins & Beckwith Date: November 19, 198¢

3940 West Clarendon

Phoenix, Arizona 85019 Lab. No.: 0412

Sample; Aggregate Marked: LT 86-3447
W/0 #1, Lap. #1

Your P.o. HL=4745

REPORT(DFLABORATORY7ESTS
T2 AURY TESTS

Potential Reactivity C 289:

Received: 11/12/8¢

Subnﬂnedby: Same

Dissolved Silica, mm/L 49
Reduction in ALkaLinity, mm/L 35

Note: This material is not potentiaLLy reactive,

Respectfu“y submitted,
ARQONA7ESTMK§LABORATORES

N

| (i
/‘(E.kﬁcLﬁ\ﬂ\

Claude




‘bl SERGENT, HAUSK[NS & BECKWITH CONSULTING GEOTECHNICAL ENGINEERS

|

ENGINEERING ANALYSIS . PHYSICAL TESTING . QUALITY CONTROL . FIELD EXPLORATION

N\ o
AN

REPORT ON LABORATORY TESTS
DATE

JOB NO._LT86-3447

PROJECT Miner Flat Dam

LAB NO._6-3447-1

LOCATION _—

P. 0. Box 6147
Helena, MT 59604

Morrison-Maierle, Inc. ADDRESS

Hole MF 102

CLIENT

SOURCE OF SAMPLE
Vesicular Basalt

MATERIAL

ASTM C-131
LOS ANGELES ABRASION
Grading A
Rev. 500
Loss 27.6%




