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Rocky Point Borrow Site 

Geotechnical and Engineering Geology Report 

Plumas County, California 

CA Mine I.D. No. 91-32-0010 

Introduction 

The Rocky Point Borrow Site is owned and operated by the Plumas County Department of Public Works 

(PCDPW) and is located between State Route 70 and Rocky Point Road near Portola in Plumas County, 

California.  A Reclamation Plan and Permit to Mine were approved by the Plumas County Zoning 

Administrator on August 1, 1990.  Annual mine inspections by the Plumas County Planning Department 

have indicated that operations have not proceeded in accordance with the approved Reclamation Plan and 

the Plan requires amending to reflect current and proposed future conditions.  In addition, the crest of the 

highwall cut slope has encroached into the state highway right of way.  The PCDPW wishes to explore 

alternatives for expanding the project limit into the state right of way in order to "correct" the overly-

steepened slope at the back of the existing borrow site to a finished slope angle that can be supported by the 

findings of this Geotechnical and Engineering Geology Report.  An engineering geologic site 

characterization and slope stability analyses are required to determine appropriate intermediate and final 

slope configurations.  This report has been prepared to fulfill that requirement as described in Task 2 of the 

April 21, 2010 Professional Services Agreement between the County and Steven C. Devin, P.E., G.E.   

Site Location and Description 

The Rocky Point Borrow Site is an open pit hard rock quarry located in the north ½ of Section 29, 

Township 23 North, Range 14 East, M.D.M. about 2 miles (3.2 km) northeast of Portola and 3 miles (4.8 

km) west of Beckwourth.  The quarry is bounded by Rocky Point Road to the south, east, and west, and the 

right of way (ROW) of State Route 70 to the north.  The Middle Fork of the Feather River (MFFR) flows 

westward through the canyon that is traversed by Rocky Point Road and shared with the Union Pacific 

Railroad.  Rocky Point creates a narrows at the head of the canyon where the MFFR outlets from Sierra 

Valley to the east.  The quarry site is located within the MFFR Wild and Scenic River corridor but pre-

dates the federal legislation that created the corridor and is therefore not affected by the existence of the 

corridor designation.  The site location is shown in Figure 1. 

Site topography was mapped by photogrammetric means using aerial photos taken on December 21, 2004.  

The site has not been active since that time.  GPS elevations (i.e. orthometric heights) were derived from 

the GEOID 1999 model and were not tied into the NGVD 1929 or NAVD 1988 datum.  Site elevations 

vary from approximately 4920 feet along Rocky Point Road to 5060 feet near the crest of the highwall.  

The quarry is accessed via a ramp climbing from Rocky Point Road to the south.  Large (4+ foot) boulders 

have been placed near the bottom of the ramp to prevent vehicle access while still allowing passage on foot.  

The ramp rises about 20 vertical feet (6.1 m) at a grade of approximately 25 percent and then reaches the  
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lower bench area of the quarry.  To the north and west of the ramp lies a cut area on the lower bench where 

the rockmass is exposed while an uncontrolled fill area, which drains northeasterly towards the access 

ramp, lies to the south.  The western limit of the lower bench is defined by a north-northeasterly trending 

30 to 40 foot (9.1 to 12.2 m) high cut slope varying from about 1 Horizontal to 1 Vertical (i.e. 1H:1V) to 

½H:1V and locally steeper.  Significant quantities of talus have accumulated along the base of much of this 

slope.  This cut slope then wraps easterly to define the northerly limit of the lower bench.  The access ramp 

continues on and skirts the eastern edge of the lower bench at a gentler grade of about 13 percent while 

turning northeasterly and then back to the west in a steep hairpin turn.  The ramp flattens beyond the turn 

and continues on at a grade of about 13 percent while skirting the base of a cut slope to the north and the 

crest of the lower bench slope to the south.  Further west the access ramp has been obscured by slide debris 

(i.e. scree or colluvium) emanating from surficial instability of the cut slope to the north.  Immediately to 

the west of the colluvium, the access ramp reaches the upper bench; a broad cut area that narrows as it 

slopes gently upward to the northwest.  A number of southeasterly trending parallel swales have been 

excavated on the surface of the upper bench where loose rock and numerous boulders lie at the surface as 

well as precariously along the crest of the lower bench slope.  The upper bench is bounded by the 50 to 58 

foot (15 to 17.7 m) high upper bench slope to the north and the crest of the lower bench cut slope to the 

east.  The slope gradient varies from about 1H:1V to ½H:1V or steeper.  The crest of this upper slope lies 

about 140 feet (42.7 m) above the elevation of Rocky Point Road.  Talus has also accumulated along the 

base of this slope. 

The upper bench daylights onto the slopes which lie to the south and west of the site where a berm prevents 

the uncontrolled runoff of surface water onto adjacent undisturbed areas.  Nearly the entire site currently 

drains to a low spot located within the cut area of the lower bench while only small areas drain directly 

onto Rocky Point Road from the lower access ramp and the south fill slope of the lower bench.  The 

disturbed area currently encompasses a total of 1.75 acres (0.708 hectares).       

The undisturbed portions of the quarry site are forested with Jeffery Pine (Pinus Jefferyi), sagebrush, and 

rabbit-brush, as well as other shrubs and grasses.  Forest cover is essentially absent on the western portion 

of the site with only scattered trees and significant sagebrush and grass cover.  Some vegetation is 

becoming re-established in the disturbed areas of the quarry including both Jeffery Pine and sagebrush. 

Geology 

Setting 

The quarry site lies near the edge of the Sierra Nevada geologic province which in the vicinity of the site 

consists of Cretaceous age granitic rocks overlain by much younger Miocene volcanics.  Northwesterly 

trending meta-sedimentary and ultra-mafic belts (e.g. the Shoo-Fly Complex and the Feather River 

Serpentinite, respectively) are not present in this vicinity but rather lie further to the west.  The Cretaceous 
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DESCRIPTION OF GEOLOGIC UNITS

QUATERNARY

Alluvium - Occurs widely in Clover Valley and locally in small valleys.

Colluvium - Occurs in Portola, and Dixie Valley areas and locally on
valley sides elsewhere.

Alluvium and colluvium undifferentiated - Underlies floor of Grizzly Valley.

Alluvial fan deposits - Occurs one mile north of Beckwourth.

Lake deposits - Clay, silt, and sand of pluvial Sierra Valley Lake; occurs
throughout the floor of Sierra Valley with highest strandline at 5000
foot elevation.

Pebble conglomerate - Gray to tan, rounded to subrounded clasts of local
rocks in sandy matrix, semiconsolidated to consolidated, massive to
faintly bedded; occurs along Frenchman Creek east of Dixie Mountain.

TERTIARY

Mt. Ingalls Volcano

Andesite, gray, aphyric, intergranular to pilotaxitic, with mostly andesine;
occurs in Squaw Valley as valley-filling flows probably derived from
Mt. Ingalls about 10 miles due west.

Dixie Mountain Volcano

Andesite flows and flow breccias, light to dark gray, aphyric to abundantly
finely porphyritic with varying amounts of augite, hypersthene, and
hornblende (0-10% each), intergranular to hyalo-ophitic; occurs with
lesser andesitic pyroclastic interbeds all dipping 5-10 degrees radially
away from Dixie Mountain volcanic center; youngest preserved
eruptives of Dixie Mountain volcano.

Andesitic tuff breccia, flow breccia, flows, and dikes, light to dark gray
variously pyroclastic to intergranular flow, aphyric to porphyritic with
plagioclase, pyroxene, and hornblende phenocrysts; occurs with radial
dips away from Dixie Mountain volcanic center and with steep dips
locally in dike swarms; in irregular and gradational contact with
overlying flows of Tdaf; distal and partly correlative units may be Tbp
and Tbtp. K-Ar date of 9.95 ± 0.1 Ma at location 3.

Rhyodacitic to andesitic flow domes, flows, and tuff, white to light gray,
intergranular to hyalo-ophitic and finely vitroclastic, with plagioclase,
sanidine, hornblende, and rare biotite and quartz; occurs as a slightly
altered deep mass central to radial dikes and flanking dips of the Dixie
volcano edifice. A somewhat similar, though mostly covered, mass
occurs about 6 miles north.

Extrusives of the Blairsden Area

Mafic andesite flows with minor pyroclastics, medium gray, aphyric,
intergranular to pilotaxitic, with andesine, augite, minor hypersthene,
and rare olivine; locally strongly platy; occurs as subhorizontal flows
at summit of Beckwourth Peak. K-Ar date is 9.23 ± 0.08 Ma at location 6.

Andesitic tuff breccias and flows. Tuff breccias: white to dark gray,
variously pyroclastic, mostly autol ith ic andesite fragments, vitrophyric
to intergranular with hornblende and plagioclase phenocrysts. Andesite
flows: light to dark gray subophitic to intergranular, aphyric to finely
moderately porphyritic with hornblende, andesine, and minor pyroxene
phenocrysts, < 20% by volume. Tbp occurs in Beckwourth Peak area,
probably sourced from small centers in the Blairsden area to northwest;
generally equivalent to Ingalls, Bonta, and Penman formations of Durrell
(1959). K-Ar dates from the Blairsden area indicate range from 13.6
to 11.0 Ma.

Andesitic, latitic, and minor rhyolitic tuff breccias and associated flows of
Turner Ridge (just west of map), light to dark gray, aphyric to variously
porphyritic with plagioclase, hornblende, and pyroxene; complexly
interbedded lithologies usually with gradational contacts and little
lateral continuity; may be partially correlative with Tdb and Tbcp units.

Rhyodacitic to andesitic tuff breccias and flows of Coyote Hills, light gray,
vitroclastic, non-welded, with crystals of hornblende and minor biotite,
quartz, and K-feldspar; mostly massive, dense to finely vesicular;
underl ies Tdb unit and probably correlative with Tbtp unit.

Olivine basalt and mafic andesite flows, dark gray to black, intergranular,
hyalo-pelitic and sparsely microporphyritic with olivine phenocrysts,
locally blocky or platy; occurs as prom inent flows within lower part of
Tbp unit.

Breccias and Intrusives of the Beckwourth Area

Altered hornblende andesite flows and flow breccias, uniform gray to
multicolored with green, purple, pink, red, and brown angular
fragments strongly cemented in pyroclastic and flow matrix; lithic
fragments of aphyric to abundantly finely porphyritic with hornblende
and plagioclase phenocrysts; texture clouded by sausseritization with
disseminated and patchy calcite, epidote, and clay minerals; massive,
non-bedded; occurs in area of Grizzly Valley Fault Zone. K-Ar date of
12.14 ± 0.22 Ma at location 5.

Altered hornblende andesite intrusive, medium gray, intergranular and
locally sparsely microporphyritic with hornblende and plagioclase;
mildly sausseritized with epidote, calcite, and quartz disseminated
and in vein lets; massive, very dense, with rare 6 inch xenoliths of
granitic rocks. K-Ar date of 12.25 ± 0.20 Ma at location 4.

Intrusive Plugs of Sugarloaf Mountain

Hornblende andesite and dacite intrusive plugs, light gray, moderately
finely porphyritic with plagioclase and hornblende phenocrysts in

. subophitic matrix with minor biotite, K-feldspar, and quartz; massive,
dense, uniform; occurs as two topographically prominent intrusive
plugs on northwest margin of Sierra Valley; probably the same age as
similar intrusive masses, K-Ar age of 13.3 ± 0.5 MaJ on the east margin
of Sierra Valley east of Loyalton.

Siliceous Tuffs of Delleker

Altered silicic tuff, white, tan, reddish, fine grained, clouded by secondary
Quartz, epidote, clays, locally silicified and minutely veined; occurs
spatially associated with the Grizzly Valley Fault Zone and with other
altered unitsj undoubtedly correlative with the Trpu unit.

Rhyolite ash-flow tuff, white, tan, gray vitroclastic, with minor biotite and
sanidine crystals, locally moderately welded, deposited on granitic
rocks or basal gravels; occurs at Delleker, the type locality of the
Delleker tuff of Durrell (1959). Dates of 26.8 and 23.4 Ma at locations
1and 2 (Dalrymple, 1964 and Saucedo and others, 1992).

PRE-TERTIARY

Granitic and Metamorphic Rocks
Granodiorite, white to light gray, medium crystalline, with nearly

. ubiquitous biotite and hornblende, massive to weakly foliated, and
with dioritic inclusions, elongate several inches, angular to rounded.
Typical Sierra Nevadan granitic rock. K-Ar date of 108 Ma at location
7 (Saucedo and others, 1992).

Metavolcanic rocks with minor metasedimentary rocks undifferentiated,
light greenish gray to black, aphanitic to blastoporphyritic, locally
epidotized, massive to moderately foliated; protoliths were probably
mainly andesite flows and breccias; intruded by Kgd unit. Probably
Jurassic (pers. comm., D.5. Harwood, 1997).
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granodiorite (i.e. an intrusive igneous rock) exposed to the north of Portola, which is also present to the 

north, south, and west of the quarry, has been dated at 108 Ma (i.e. million years ago) while the volcanics 

in the vicinity date from approximately 13.6 to 9.23 Ma (Grose, 2000).  The volcanics include andesitic 

flows and pyroclastic tuff breccias as well as similar units of basaltic or rhyolitic composition.  In addition, 

minor andesitic intrusive bodies including plugs and dikes are present.  The quarry is located within one of 

these intrusive andesite bodies.  This is shown in Figure 2 which presents the southwest portion of the 

Geologic Map of the Portola 15 minute Quadrangle (Grose, 2000).  Map unit descriptions (Grose, 2000) are 

provided on Figure 2a.   

The quarry is located in map unit Tbei which consists of a body of intrusive andesite that is slightly to 

moderately weathered and moderately to intensely fractured.  Hornblende phenocrysts are abundant as are 

secondary alteration products such as pyrite, calcite, and epidote which were observed on some fracture 

surfaces.  A complete description of this unit follows (Grose, 2000) with unfamiliar terms defined 

parenthetically following their occurrence to assist the reader.  Words shown in bold are those used in his 

description. 

Altered hornblende andesite intrusive, medium gray, intergranular [holocrystalline 
(i.e. texture of an igneous rock composed entirely of crystals – i.e. having no glassy part) 
texture consisting of lath shaped plagioclase grains and interstitial granular pyroxene, 
olivine, and/or oxide minerals] and locally sparsely microporphyritic [said of a texture 
of a porphyritic igneous rock in which the phenocrysts are of microscopic size, i.e. their 
longest dimension does not exceed 0.2 mm] with hornblende and plagioclase; mildly 
sausseritized [the replacement – especially of plagioclase in basalts and gabbros – by a 
fine-grained aggregate of zoisite, epidote, albite, calcite, sericite, and zeolites.  It is a 
metamorphic or deuteric (referring to the reactions between primary magmatic minerals 
and water rich solutions that separate from the same magma body at a late stage in its 
cooling history) process and is frequently accompanied by chloritization of the 
ferromagnesium minerals] with epidote, calcite, and quartz disseminated and in 
veinlets; massive, very dense, with rare 6 inch xenoliths of granitic rocks. 

This unit has been dated at 12.25 ±0.20 Ma (Grose, 2000) at location 4 (i.e. see red triangle labeled “4” 

shown in Figure 2) which is less than ½ mile (0.8 km) from the project site. 

Faulting 

The Grizzly Valley Fault Zone lies about 0.6 to 0.7 miles (0.97 to 1.1 km) to the east of the quarry.  The 

fault zone trends northwesterly for a total distance of about 22 miles (35 km) terminating northwest of Lake 

Davis about 13½ miles (21.7 km) from the quarry.  Southeastward the fault zone terminates along the 

Mohawk Valley Fault Zone.  The fault zone is one to two miles (1.6 to 3.2 km) wide and is composed of 

down-to-the-west, left stepping, high angle normal faults (Grose, 2000).  The fault system likely also has a 

right-lateral strike-slip component (Grose, 2000).  Dip slip across the zone is estimated to be a few hundred 

feet (100 m) maximum (Grose, 2000).  While this fault zone is apparently not Holocene active, its presence 

helps explain many of the structural features found at the quarry site. 



Steven C. Devin, P.E., G.E.  Rocky Point Borrow Site 
Civil and Geotechnical Engineering Services  Geotechnical and Engineering Geology Report 

 4

Site Geology 

The rockmass at the project site has been subjected to brittle deformation due to tectonic stresses developed 

along the Grizzly Valley Fault Zone.  The evidence for this assertion is (1) the number of sets, frequency 

and orientation of the discontinuities at the site which include conjugate joints or shears; (2) the increase in 

fracture frequency, i.e. decrease in discontinuity spacing, moving from the west towards the east along 

Rocky Point Road; and (3) the presence of shear zones inferred from persistent, very intensely fractured, 

linear bands of crush breccia (i.e. small rock fragments showing no sign of internal deformation).    

Three narrow, nearly vertical intrusive bodies of igneous rock known as dikes, were identified within the 

quarry.  These dikes are composed of the same intrusive andesite as the country rock which they intruded 

(i.e. unit Tbei) but are not as intensely fractured as the adjacent rockmass.  This suggests that the dikes 

were emplaced after the majority of brittle deformation had occurred at the site allowing the intruding melt 

to exploit fractures or shear zones created by the brittle deformation to arrive at their current location.  

Classic spheroidal weathering patterns common in granitic rocks were observed on the exposed faces of 

two of the dikes on the lower bench slope.  Field evidence suggests that the intact rock from the dikes is 

stronger than the adjacent fractured rock mass.  This may be the consequence of a preponderance of 

fractures and unseen micro-fractures in the host rockmass thereby reducing its strength or the grain size 

within the dike rocks which is likely finer than that within the surrounding rock due to the typically rapid 

cooling of a dike compared with the host rock.  The chilled margins noted at several locations along the 

contact between the dikes and the host rock, provide additional evidence of rapid cooling. 

These dikes created a conduit for hydrothermal fluids to circulate from greater depths causing the alteration 

of the rock near the contacts between the dikes and the country rock.  This resulted in the alteration of some 

minerals within the andesite to calcite, epidote, or other minerals such as quartz and pyrite.  These 

secondary minerals were noted on some fracture surfaces and a local PCDPW worker indicated that 

crystals were often found within the contact between the northerly most dike and the sheared and/or 

hydrothermally altered host rock immediately to the south.  A white precipitate covers much of the 

aforementioned zone of altered host rock located between the two northerly dikes (Map Unit Tbei(4) 

described below) but its composition was not determined.    

Engineering Geology 

A surficial geologic map of the quarry was prepared and is presented as Plate 1 along with inferred 

geologic cross sections which are presented in Plates 2 to 4.  The entire site is underlain by the intrusive 

andesite previously described (i.e. unit Tbei).  The units identified on the map are those observed at the 

surface which may either be exposed bedrock or surficial units of limited thickness having a variable depth 

to competent rock (i.e. Tbei).  Included in the later group are (1) the surficial undisturbed soils outside of 

the quarry limits (DeE); (2) the fill portion of the lower bench (Fill-Rock); (3) the talus accumulation at the 

base of the cut slopes (Talus); and (4) the slope wash derived from up-gradient areas of surficial instability 
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(LS-Scree).  The former units consisting of exposed bedrock (Tbei) are differentiated by (1) the degree of 

weathering and fracture density (i.e. increasing from Tbei(1) to Tbei(2), etc.); (2) geologic structure and 

origin (e.g. Dike); or (3) their physical location within the quarry (e.g. Tbei-UB, Tbei-LB).  Map unit 

descriptions can be found in the Legend to Plate 1.    

Classification of the surficial soils on the undisturbed portions of the site was made with reference to the 

Soil Survey of the Sierra Valley Area, California (Sketchley, 1975).  While mapping in this document does 

not extend far enough to the west to encompass the quarry, the lobate eastern extremity of the same ridge 

occupied by the quarry and bounded by Big Grizzly Creek to the east and Rocky Point Road to the south is 

mapped in the survey.  The underlying bedrock at this extremity is also mapped as part of the intrusive 

andesite (map unit Tbei) as shown on Figure 2.  The soil survey (Sketchley, 1975) maps this unit as 

Delleker Series cobbly, sandy loam, 2 to 30 percent slopes (DeE) having 10 to 40 percent gravel, cobbles, 

and boulders (stones) throughout its profile.  This soil is derived from the in-place (i.e. in situ) weathering 

of the parent “volcanic” rocks (i.e. intrusive “volcanics” in the present context) and typically is 3½ to 5 feet 

(1.0 to 1.5 m) or more in thickness overlying bedrock.  Observations of the top of the cut slopes at the 

quarry site suggest that it may be thinner on the steeper slopes.  The soil survey assigns this soil to SCS 

hydrologic soil group (HSG) A.  The Plumas National Forest (PNF) soil survey (unpublished) designates 

this soil as (143H5) Delleker-Fugawee Families – Rubble Land Complex, 10 to 70 percent slopes and 

assigns it to HSG B.  The PNF survey also characterizes it has highly erodible. 

The fill portion of the lower bench fill (Fill-Rock) consists of material excavated from the upper bench and 

pushed over the crest of the lower bench slope by a tracked dozer.  The particle size distribution and 

relative density of this uncontrolled fill is unknown but appears to safely maintain 30 foot (9.1 m) high 

1H:1V slopes.   

The talus accumulation at the toe of the cut slopes consists of angular blocks ranging in size from 2 to 4 

inch (50 to 100 mm) prisms or rhombohedra to blocks with dimensions approaching 6 to 8 inches (150 to 

200 mm) or more.  The block size and angularity reflect both the spacing and orientation of joints in the 

rockmass. 

Discontinuity Survey 

A discontinuity is a planar, or nearly so over short distances, interruption in the continuum of a rockmass 

having no tensile strength.  Rockmasses are rarely massive over moderate or even short distances but are 

rather dissected by numerous discontinuities which most often control the engineering behavior of the 

rockmass.  These result from tensile or shear failure of the rockmass which has been subjected to geostatic, 

tectonic, or thermal stresses.  Therefore the properties of the intact rock are often secondary to the network 

of discontinuities in an engineering context unless a massive structure is to be accommodated or the 

structure is located deep underground.  
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Geologists and rock engineers use several terms and visualization techniques, which are briefly 

summarized here, to describe the orientation of linear features and discontinuities, slope faces, etc. (i.e. 

planes) in space.  The dip-direction (α) is the azimuth direction of the steepest line lying in the plane of a 

discontinuity while the dip (β) is the vertical angle that this line makes with a horizontal plane.  The trend 

(α) and plunge (β) of a line are analogous to the dip-direction and dip of a plane.  The strike of a plane is 

the azimuth or bearing of a horizontal line directed 90° counterclockwise from the dip-direction.  Three 

dimensional data are plotted on 2D plots (i.e. stereonet or hemispherical projection) which represent the 

lower half of an imaginary sphere.  In order to represent the data, each plane is assumed to pass through the 

center of the sphere with the equatorial plane assigned compass directions while the dip of a plane is 

represented by the crescent-shaped trace of its intersection with the lower hemisphere projected onto the 

equatorial plane.  Rather than clutter a stereonet with hundreds of traces, poles are plotted to represent the 

orientation of each plane measured.  A pole is a downward directed line perpendicular to a plane with one 

end located at the center of the imaginary sphere and the other end piercing the lower hemisphere.  The 

projection of the latter onto the equatorial plane of the stereonet yields a single point, or pole, which 

represents the orientation of the plane.  The relative concentration of poles can then be contoured to 

observe clustering and trends in the data. 

A discontinuity survey was conducted at the quarry site to evaluate the orientation, spacing, persistence, 

surface roughness, wall strength, aperture (i.e. width), and mineral infilling of openings at discontinuities 

such as joints, shears, and fractures, as well as to identify seepage from any discontinuity and to determine 

the intact block size resulting from the observed orientation, spacing, and persistence.  The number of sets, 

i.e. groups of discontinuities having the same general orientation, is also an important parameter in 

evaluating the condition of a rockmass.  Direct access data collection occurred on June 9th and 10th, June 

13th and 14th, and June 21, 2010 while remote data collection occurred from June 21st to June 23rd.    

The discontinuity survey was conducted using 2 unbiased traverse (i.e. scan) lines as well as the collection 

of orientation data from prominent discontinuities not sampled by the traverses.  A combined total of 261 

orientation measurements were made from all methods.  The biased supplemental sampling was conducted 

in lieu of performing traverses vertically along slope faces in very loose rock.  One such vertical traverse 

was conducted but the data collection was limited to joint roughness measurements and a few 

measurements of unfavorable block orientations (e.g. toppling) along the northern end of the eastern face of 

the lower bench slope.  Orientations were also measured remotely using a reflector-less total station able to 

determine 3D coordinates of inaccessible planer surfaces exposed on the slope face (i.e. with a minimum of 

3 different locations per plane).  The orientation of each plane was then determined using 3D surface 

modeling. 

The location of each linear traverse is shown in green on Plate 1.  Traverse No. 1, with a trend of 100° 

azimuth and a plunge of 0°, was 12 meters long (39.4 ft) and located along Rocky Point Road at the base of 

the cut slope.  Traverse No. 2, with a trend of 180° azimuth and a plunge of 13°, was 3 meters (9.8 ft) long 
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Figure 3 –  Pole plot of discontinuity measurements grouped by identified Joint Set along with unweighted contours. 
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Figure 4 –  Pole plot of discontinuity measurements grouped by identified Joint Set along with weighted contours. 
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and located on the lower portion of the eastern face of the lower bench slope.  Discontinuity planes were projected 

with an aluminum plate to intersect a measuring tape orientated in space as indicated above allowing the distance of 

each intersection to be recorded along with the dip-direction and dip of each plane (i.e. as an example a plane having 

a dip-direction with 55° azimuth and a dip of 65° is recorded as 055/65).  A combined total of 188 pairs of 

orientation and distance measurements were made along these traverse lines.  Seventy-three (73) additional 

orientation measurements, or 28 percent of the total, were made by other means as described above.  Lower 

hemisphere equal area pole plots grouped by joint set areshown in Figures 3 and 4.  Unweighted contours of pole 

concentrations are shown in Figure 3 while weighted contours are shown in Figure 4.  Weighting is a method of 

correcting the tendency for linear traverse lines to preferentially sample discontinuities having a strike that makes a 

large intersection angle relative to the trend of the traverse line, by giving discontinuities with a smaller intersection 

angle a higher weight (i.e. the frequency of occurrence is artificially increased when contouring pole density on a 

stereonet). 

The persistence of each joint was then estimated along with a determination of whether it terminated inside (i.e. low 

or limited persistence, non-systematic) or outside the observed rockmass (i.e. persistent, systematic) or if it 

terminated at another discontinuity (non-systematic).  Initially, joint aperture or infilling was noted as well as the 

surface roughness.  These data were not extensively collected since most of the joints encountered were tight and 

lacked any infilling.   

The infilling within one fracture, which was exposed by breaking the rock at the surface of the middle dike with 

numerous blows of a crack hammer, was dry sieved and Atterberg limits tests performed to classify the material 

using the Unified Soil Classification System (USCS).  The infilling was found to be a poorly graded SAND (SP). 

The surface roughness along a few prominent and persistent joint surfaces was measured by pressing a carpenter’s 

comb to conform to the rock surface and then tracing this profile into a field book.  Joint wall compressive strength 

was then estimated at the same locations using a Schmidt Type-N Rebound Hammer and correlations between the 

Schmidt Type-N and Type-L Rebound Numbers (Ayday and Göktan, 1992) and then with the Type-L Rebound 

Number and the intact rock unit weight (Deere and Miller, 1966).   

No groundwater seepage was observed from any discontinuity at the time of the survey.  No evidence of past 

seepage was apparent.  Seepage was observed emerging from the rockmass in a zone along Rock Point Road 

approximately ¼ to ½ mile (0.4 to 0.8 km) to the west of the quarry. 

Rockmass Properties 

The quarry is located within a body of intrusive andesite which is slightly to moderately weathered and moderately 

to intensely fractured.  Discontinuity survey data analysis and laboratory testing are summarized below and then 

used to develop a geological engineering “model” describing the properties pertinent to the behavior and stability of 

the existing and proposed quarry slopes.  The most important rockmass properties in this regard are the orientation 

and shear strength of the discontinuities.  Block size and groundwater seepage also affect the stability of the 

rockmass.  The design of rock slopes in a given rockmass with a given network of discontinuities is concerned not 
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just with the steepness of the slope but also the orientation of the slope face relative to the orientation of the 

discontinuities and intersections of discontinuities.  The geologic cross sections shown in Plates 2 to 4 are helpful in 

this regard. 

Intact Rock 

Unit weight   The bulk specific gravity and unit weight were measured for 13 samples of intact rock.  The mean 

bulk specific gravity was 2.70 with a standard deviation of 0.025.  The corresponding mean unit 

weight and standard deviation were 168.5 pounds per cubic foot (pcf) (26.49 kN/m3) and 1.54 pcf 

(0.24 kN/m3), respectively.    

Uniaxial compressive strength (UCS)  

 The intact rock may qualitatively be described as medium strong to very strong where medium strong 

rock requires a single firm blow of a geologic hammer to fracture it (UCS range 25–50 MPa or 3,625–

7,250 psi), strong rock requires more than one blow (50-100 MPa or 7,250-14,500 psi), and very 

strong rock requires many blows (100-250 MPa or 14,500-36,250 psi) (ISRM, 1981).  The effort to 

fracture the intact rock varied with (1) the source of the rock, i.e. host rock or dike, (2) the fracture 

density with the increasing probability of unseen microfractures in closely jointed rock, and (3) the 

degree of weathering or alteration. 

Discontinuities 

Joint sets   A joint set consists of a repetitive group of joints of approximately the same orientation.  Eight joint sets 

(i.e. discontinuity sets) were identified from the pole data and pole density contours shown in Figure 4.  

Varying the bias correction cone angle from 10° to 20° had no impact on the number of sets delineated.  

The mean planes associated with these sets are shown in Figure 5.  The high number of sets 

encountered, as well as the presence of conjugate pairs (e.g. Set Nos. 3 and 4 and Nos. 5 and 6 in Figure 

5) is attributed to the proximity of the site to the Grizzly Valley Fault Zone whose estimated orientation 

is also shown in Figure 5.  It is common to encounter rockmasses having 3 approximately orthogonal 

joint sets plus one additional set of random orientation.  This is especially common in sedimentary or 

volcanic rocks where one of the orthogonal sets consists of bedding planes or flow band surfaces.  

Orientation  The weighted mean orientation of each identified joint set is listed on the right-hand side of Figure 5 

and is also summarized in Table 1.  The orientation of discontinuities and their lines of intersection 

are shown in Plates 2 to 4 for the cross sections identified on Plate 1. 

Spacing   The spacing of discontinuities, or alternatively, the number of discontinuities encountered per unit 

length along a scan line of specified orientation – i.e. the frequency (λ), reflect the quality of the 

rockmass and the size of potentially unstable blocks in a slope.  When sampled along a traverse line 

three types of spacing are recognized: (1) the total spacing (xt); (2) the set spacing (xd); and (3) the 

normal set spacing (xn) (Priest, 1993).   



Steven C. Devin, P.E., G.E.  Rocky Point Borrow Site 
Civil and Geotechnical Engineering Services  Geotechnical and Engineering Geology Report 

 11

Table 1 - Discontinuity Summary 

Normal Set Spacing (mm) [in] 

95% Confidence Limits 

Joint 
Set 
No. 

Mean 
Dip 

Direction 

Mean 
Dip 

Mean Lower Upper 

Persistence (m)  [ft] Roughness 
(JRC) 

Wall 
Strength 

(JCS) 
(MPa) 

1 264° 72° 37  [1.46] 11  [0.43] 63  [2.48] < 1 to 3 [3 to 10] 7.0 107 ± 46 

2 328° 89° 92  [3.62] 55  [2.17] 129  [5.08] < 1 to 3 [3 to 10] - - 

3 220° 65° 96  [3.78] 76  [2.99] 116  [4.57] < 1 to 10 [3 to 30] - - 

4 080° 66° 398  [15.7] 153  [6.02] 643  [25.3] < 1 to 10 [3 to 30] - - 

115 ± 50 5 100° 28° 804  [31.7] 0   1857  [73] < 1 to 3 [3 to 10] 9.1 

73± 25 

6 203° 29° Limited data 
Limited 

data 
Limited 

data Limited data 8.4 105 ± 45 

7 323° 51° 398  [15.7] 0 933  [36.7] < 1 to 3 [3 to 10] - - 

8 292° 72° Limited data 
Limited 

data 
Limited 

data Limited data - - 

Total spacing – The total spacing along a scan line of trend, α, and plunge, β, are the distances 

measured between adjacent discontinuities regardless of the orientation of each adjacent discontinuity.  

The total spacing is only applicable along a linear sampling line such as a traverse or borehole.  The 

total frequency (λt) along the scan line is the reciprocal of the total spacing.   

The mean total spacing, total frequency, and Theoretical Rock Quality Designation (TRQD0.1) (Priest, 

1993) computed from measured distances along Traverse lines 1 and 2 are presented in Table 2 along 

with their 95 percent confidence intervals.  Grouping the number of measurements into ranges of 

spacing, the number of measurements that fall within a range is greatest for very close spacing and 

then rapidly decreases as the spacing increases.  Figure 6 shows that there is decay in the number of 

total spacing measurements as the spacing increases and therefore closely spaced discontinuities are 

frequently encountered while large spacing is infrequent.  

Table 2 - Total Spacing, Frequency, and Theoretical Rock Quality Designation (TRQD0.1) 

Total spacing (mm) Frequency (m-1) TRQD0.1 Traverse 

Mean Lower95 Upper95 Mean Lower95 Upper95 Mean Lower95 Upper95 

1 89 76 102 11.21 13.14 9.77 69 62 74 

2 56 39 72 18.00 25.44 13.92 46 28 59 
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Figure 5 –  Weighted planes plot of identified Joints Set along with weighted contours. 
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Figure 6 - Rocky Point Borrow Site 
Total Discontinuity Spacing from Traverses
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The mean total spacing was 89 mm (3.5 in) and 56 mm (2.2 in) along Traverse lines 1 and 2, 

respectively.  The 95 percent confidence limits were 76 to 102 mm (3.0 to 4.0 in) and 39 to 72 mm 

(1.5 to 2.8 in), for Traverse lines 1 and 2, respectively. 

The mean frequency was 11.2 and 18.0 discontinuities per meter (i.e. m-1) (3.4 and 5.5 ft-1) for 

Traverse lines 1 and 2, respectively.  The 95 percent confidence limits were 13.1 to 9.8 m-1 (4.0 to 3.0 

ft-1) and 25.4 to 13.9 m-1 (7.8 to 4.2 ft-1) for Traverse lines 1 and 2, respectively. 

The Rock Quality Designation (RQD) is a commonly used index of the soundness of a rockmass (see 

the Exploration Report attached to this document).  It is simply the percentage length of the intact 

pieces of rock that are 100 mm (4 in) or greater in length which are encountered over a given 

sampling length.  The RQD is generally used to describe rock core retrieved from boreholes.  The 

TRQD0.1 is simply an estimate of the RQD based upon statistical analysis and does not account for the 

myriad of factors which can affect the percent recovery of rock core over the length of a core run in a 

boring.  The TRQD0.1 is calculated relative to a line of known orientation.  The mean TRQD0.1 was 69 

and 46 for Traverse lines 1 and 2, respectively.  The 95 percent confidence limits were 62 to 74 and 

28 to 59 for Traverse lines 1 and 2, respectively.  The wide range of the 95 percent confidence limits 

for Traverse 2 reflects the shorter length (i.e. 3 m) and smaller sample size of only 54 measurements. 

The rockmass along Traverse line 1 can be qualitatively described as “Fair” while that along Traverse 

2 can be described as “Poor”. 

Set Spacing - The set spacing along a scan line of trend, α, and plunge, β, are the distances measured 

between adjacent discontinuities that belong to the same set regardless of any deviation from the mean 

orientation of the set.   

Normal Set Spacing – The normal set spacing is the perpendicular spacing between adjacent 

discontinuities belonging to the same set.  All discontinuities of a given set are assumed to be oriented 

in the same direction as the mean orientation of the set.  The normal set spacing is the minimum 

distance between two discontinuities within a given set and may be thought of as the “true spacing”.  

The normal set spacing for a given set should theoretically not vary when computed from traverse 

lines having different orientations. 

Normal set spacing varied greatly from very closely spaced to widely spaced depending upon joint 

set.  In general, there was much less variation within sets with large sample sizes.  Sets 5 and 7 were 

widely spaced but only included 4 measurements each and therefore had a very large 95 percent 

confidence interval which may not reflect their true spacing.   

Set 1 was very closely to closely spaced with a mean of 37 mm (1.46 in) and 95 percent confidence 

limits of 11 to 63 mm (0.4 to 2.5 in).  Sets 2 and 3 were closely to moderately spaced with mean 

spacings of 92 and 96 mm (3.6 to 3.8 in), respectively.  The 95 percent confidence limits were 55 to 
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129 mm (2.2 to 5.1 in) and 76 to 116 mm (3.0 to 4.6 in) for Sets 2 and 3, respectively.  Set 4 was 

moderately to widely spaced with a mean spacing of 398 mm (15.7 in) and 95 percent confidence 

limits of 153 to 643 mm (6.0 to 25.3 in). 

A lack of data prevented any estimate of the mean spacing of Sets 6 and 8. 

Persistence   The persistence of discontinuities is one of the most important characteristics affecting rockmass 

behavior yet it is also one of the most difficult to measure.  Persistence was estimated by visually 

assigning sampled discontinuities into one of several length ranges.  These are shown in Table 1 for 

each Joint Set.  By far the greatest proportion (68.5%) of discontinuities sampled had an estimated 

persistence less than 1 meter (3.3 ft) in length.  These discontinuities generally terminated at more 

persistent discontinuities.  About one-fifth of discontinuities (18.5%) were estimated to have a 

persistence between 1 and 3 meters (3.3 and 33 feet).  Discontinuities with a persistence between 3 

and 10 meters (10 and 30 feet) constituted about one-eighth (11.7%) of those sampled.  Only two 

discontinuities were estimated to have a persistence greater than 10 meters (30 feet).   

Several persistent, approximately horizontal linear features up to 12 meters (40 ft) in length, were 

observed on the lower bench slope and surveyed remotely with an electronic total station.  These 

features appear to be daylight trace of Joint Set 5 which has a mean dip-direction and dip of 100° and 

28°, respectively.  These features are shown as magenta colored lines on Plate 1.   

Roughness The joint roughness, along with waviness, normal stress, joint wall compressive strength, and 

groundwater conditions, controls the shear strength available to resist sliding along a discontinuity 

surface.  Intact rock bridges which may interrupt the discontinuity and provide an apparent cohesion 

also profoundly affect the available shear strength.  Joint roughness was qualitatively described in the 

field for a number of discontinuities which appeared to have the greatest persistence.  Each of these 

surfaces was described as planar-stepped.  Tracings of the joint surface profile were made and then 

digitized as shown in Figure 7.  The Joint Roughness Coefficient (JRC) was then computed from the 

measured variation in height moving at 0.25 mm intervals along the surface profile (Tse and Cruden, 

1979).   The computed average JRC for Joint Sets 1, 5, and 6 varied from 7.0 to 9.1.  The mean JRC 

for each of these joint sets is shown in Table 1.  Considering the aggregate of all joint sets, individual 

measurements varied from 4.2 to 13.2 with a mean value of 8.4 and a 95 percent confidence interval 

of 6.5 to 10.3.   

Waviness was not measured on any of these surfaces but was observed to be minor.     

Wall strength  

The joint wall compressive strength (JCS), which affects the behavior of asperities (i.e. surface 

roughness projections) during shear movement along a joint surface, was estimated using a Type-N 

Schmidt Hammer and correlations with UCS.  When the JCS is strong, the rock surface will have to 

ride up along the joint to move over the asperities thereby essentially increasing the frictional shear  
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strength of the joint.  When the JCS is weak and insufficient to resist the stresses imposed on the 

asperities when the joint begins to slip, then the asperities will be sheared off and have essentially no 

impact on the shear strength of the joint.  The shear strength of the joint may be reduced to the basic 

friction angle between the materials or the longer wavelength, low amplitude; “waviness” may 

become an important parameter governing shear strength. 

Shear strength  

The shear strength along a discontinuity surface is generally considered to have a frictional 

component and a cohesive component.  The frictional component is dependent upon the imposed 

normal force acting between the two surfaces.  At low normal stresses the frictional component is 

increased by the presence of asperities on the joint surface while at high normal stresses the asperities  

are crushed and do not contribute to the shear strength.  The apparent cohesion along a discontinuity 

is the result of intact rock which provides a bridge of very significant strength across the shear plane.   

Friction – Empirical relationships have been developed (Barton, 1973; Barton and Bandis, 1983) that 

allow the frictional shear strength on a joint surface to be estimated from the basic friction angle of 

the material (i.e. between two smooth surfaces of the material), the JRC, the JCS, and the normal 

stress acting on the surface.  

Cohesion – An accurate assessment of the cohesion acting along a joint surface is directly related to 

persistence and as such is extremely difficult to make.  The cohesive strength of intact rock can be 

roughly approximated as one-sixth of the UCS (ISRM, 1981) but this provides a resisting force per 

unit area with the planar area of intact rock still unknown.  An aggregate cohesive strength can be 

back-calculated in some circumstances but because of the great uncertainty involved it is often 

neglected.   

Slope Stability 

Wedge and block toppling slope failures were both observed at or near the project site.  Wedge failures can occur 

when discontinuities intersect in a manner that creates prismatic wedges that can freely move away from the slope 

face.  Block toppling failure can occur when closely spaced discontinuities dip into the slope such that the centroid 

of a block located at the face lies outside the vertical projection of the edge of its base.  Favorable orientation of the 

joint plane relative to the slope face is also required where the trend of the pole of the joint must lie within ±10° of 

the dip-direction of the slope face.  Other types of toppling failure can occur depending upon the occurrence of slip 

along the interface between the into-slope dipping discontinuities, the flexural strength of the rock, buckling of thin 

rock layers, or sliding on discontinuity surfaces daylighting from the face at the base of the block. 

Observed Wedge Failures 

In order to create “kinematically” permissible conditions for wedge sliding which consider only potential movement 

of the rock and not the forces that may cause it, the line created by the intersection of two discontinuities must 
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“daylight” out of the slope face.  Simply put, there must not be rock “in the way” that would prevent the outward 

movement of the wedge.  Sliding may occur on either one or both of the discontinuities forming the wedge 

depending upon the trend of the line of intersection relative to the dip-direction of the slope face.  Furthermore, the 

shear strength along sliding surface(s) must be exceeded for failure to occur.  This occurs when the plunge of the 

line of intersection of the two discontinuities dips more steeply than the friction angle provided there is not a 

cohesive component of shear strength.  A third joint with no tensile strength is often present sub-parallel to the strike 

of the slope face creating a release point.   

Several apparent failure wedges were identified on the cut slope along Rocky Point Road.  The orientation of the 

discontinuity surfaces exposed by wedge removal as well as the length and orientation of the line of intersection 

were measured for two of these failures.  One wedge had a 1.70 meter (5.6 ft) long line of intersection with a trend 

and plunge of 130° and 50°, respectively.  The intersecting joints had orientations (dip-direction/dip) of 155/55 and 

074/65 while the slope face had an orientation of 142/61±.  A release joint with an orientation 326/84 formed the 

back of the wedge.  Using the average JRC of 8.4 reduced to 5.8 to account for the scale effects of sliding along a 

1.5 meter (5 ft) long surface, back-calculation suggests that groundwater must fill the joints to a level of 75 percent 

of their height in order to initiate failure.  Assuming no cohesion, an equivalent friction angle of 58.1° was back-

calculated between the joint surfaces from these results. 

A second wedge was analyzed which had a 0.46 meter (1.5 ft) long line of intersection and a trend and plunge of 

135° and 34°, respectively.  The intersecting joints had orientations of 219/59 and 068/56 while the slope face had 

an orientation of 125/61±.  A release joint with an orientation 325/74 formed the back of the wedge.  Using the shear 

strength model of Barton and Bandis (1983) the JRC had to be reduced to an extremely low value of 1.8 to initiate 

failure when the joints were assumed to be completely filled with groundwater.  Back-calculation indicated that this 

equates to a 35.4° friction angle.   

Observed Toppling Failures 

Block toppling was observed at a number of locations in Map Unit Tbei (1) along the lower bench slope face (see 

Plate 4).  The blocks susceptible to toppling were bounded to the west by joints belonging to Sets 1 and 8 with mean 

orientations of 264/72 and 292/72, respectively.  The top and bottom of the blocks were bounded by Joint Set 5 with 

a mean orientation of 100/28.  The average measured thickness (i.e. normal set spacing of Sets 1 and 8) of typical 

blocks on the face was 135 mm (5.3 in) for four measurements varying from 100 to 165 mm (4 to 6.5 in).  Block 

face dimensions, as surveyed remotely with an electronic total station, varied from approximately 500 to 700 mm 

(20 to 27 in) wide by 190 to 350 mm (7.5 to 13 in) high.  The estimated block volumes vary from 0.0095 to 0.0404 

m3 (0.34 to 1.43 ft3) with an average of 0.0250 m3 (0.88 ft3).  The associated block weights vary from 0.25 to 1.07 

kN (57 to 241 lb) with an average of 0.66 kN (148 lb).   

Considering only simple statics, thin blocks with a high aspect ratio (i.e. height ÷ thickness) are most likely to topple 

given free exposure at the slope face.  For the mean joint orientation of Sets 1 and 8, incipient toppling is reached for 

114 mm (4.5 in) thick blocks with a height of 350 mm (13.8 in).  For the typical block widths observed, such a block 

would weigh 0.63 kN (142 lb).  This simple analysis is shown graphically in Figure 8 where, for a given dip (β) into  
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Figure 8 - Block Toppling
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the slope, the maximum stable block height is plotted against the block thickness.  For a given dip, combinations of 

thickness and height that plot above and to the left of the dip line are unstable.  The approximate range of observed 

block dimensions on the lower bench slope face is shaded in the figure.  The likelihood of sliding on Joint Set 5 

along the base of a block is considered very low since that joint set dips at about 28° to 30° which is the below 

absolute minimum friction angle (i.e. approximately 30°) that could be expected along this surface.  In fact the  

friction angle at the block base could approach 67° considering the low normal stress and the measured JRC of 9.1 

for Set 5. 

Quarry Slopes – Existing and Proposed 

Stability analysis of hard rock slopes is generally a multi-stage process which begins with a review of a pole plot on 

a lower hemisphere equal area or equal angle stereographic projection.  The planes corresponding to the mean set 

orientations as well as the plane(s) representing the existing or proposed slope face are also plotted on the same 

stereonet.  Potential sliding planes and wedges can be identified by comparing the planes representing the mean joint 

orientations with those representing the slope orientations.  The effect of frictional shear strength on plane surfaces 

can also be introduced into the same analysis using either the mean plane orientations or the plotted location of poles 
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relative to failure envelopes that can be defined by one of a number of different methods which are specific to the 

mode being considered.  The factor of safety against sliding or toppling cannot be computed using stereographic 

techniques.  These daylight and failure envelope techniques will be utilized later to evaluate the safe final quarry 

slope orientations 

Wedges 

The line of intersection of two planes is represented by the point of intersection of the planes on the stereonet.  Such 

lines of intersection daylight from a slope face when they plot between the plane and the perimeter of the stereonet.  

Therefore both the slope steepness and the face orientation are important in dictating whether the line of intersection 

between two planes daylights into free space.  However, wedges formed by intersecting planes can only move when 

the shear strength along the sliding surfaces is overcome and therefore wedges formed by daylighting lines of 

intersection are often stable.  Simple solutions to determine the factor of safety (FS) against wedge sliding are 

available for the case with frictional shear strength only (i.e. no cohesion) and no groundwater.  These solutions 

have been compiled in a series of charts for various wedge geometries which are independent of the slope height and 

face angle (Wylie and Mah, 2004).  Wedges with a friction-only chart solution FS of 2.0 or greater have been found 

to be stable under even the most severe conditions (groundwater, seismic, etc.) (Wylie and Mah, 2004).  The chart 

solution friction-only FS for each Joint Set intersection is presented in Table 3 and is also shown in Figure 9.  Table 

3 shows: (1) the trend (α) and plunge (β) of the wedge line of intersection; (2) the FS for a 30° friction angle; and 

(3) the friction angle required to obtain a FS=2.0 assuming no cohesion acting on the shear plane.  In Figure 9, the 

computed FS is shown in a circle with a line pointing to the corresponding joint intersection.  These results 

conservatively assume a 30° friction angle available along both wedge sliding surfaces.  Unstable and marginally 

stable intersections are shown in bold in Table 3.   

These FS are applicable only when the wedge lines of intersection daylight into the slope face.  As such, slopes of a 

given steepness can be evaluated by plotting a circle at the appropriate slope angle as measured inward from the 

perimeter of the stereonet.  For example, the circle labeled 40° in Figure 9 would represent all possible planes (i.e. 

all dip-directions) for 40° slopes.  Pairs of planes with intersections falling outside of this circle would have lines of 

intersection daylighting from the slope with the noted FS for the assumed 30° friction angle.  It can be seen in Figure 

9 that there is a cluster of unstable intersections near the center of the stereonet with the FS ranging from 0.14 to 

0.97.  Wedge failure cannot occur along these lines of intersection provided the dip of the slope face is less then the 

dip of the line of intersection regardless of the computed FS shown in Table 3 and Figure 9.  A 40° slope face is the 

steepest that satisfies this requirement for all dip-directions. 

More detailed analyses could be made that consider the statistical variability, or scatter, of pole data for each joint 

set.  A range of orientations would then be applied to each joint set in accordance with the variability of the pole 

data.  However, the large number of joint sets identified makes such an analysis impractical. 
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Table 3 - Orientation of Lines of Intersection and Wedge Stability 

Line of 
Intersection Wedge Stability 

Sets αo βo FS for φ = 30o Reqd. φ for FS = 2.0 

1-2 241 71 0.45 68.7° 
1-3 218 65 0.33 74.1° 
1-4 351 3 8.70 - 
1-5 176 7 6.60 - 
1-6 184 28 1.53 37.0° 
1-7 331 51 0.54 65.1° 
1-8 278 71 0.14 83.2° 
2-3 240 64 0.40 70.7° 
2-4 056 64 0.40 72.0° 
2-5 058 21 1.93 30.8° 
2-6 238 24 1.78 33.0° 
2-7 238 6 9.60 - 
2-8 240 62 0.55 58.0° 
3-4 150 37 1.40 39.6° 
3-5 141 22 1.79 32.8° 
3-6 136 12 4.87 - 
3-7 284 44 0.83 54.2° 
3-8 242 63 0.35 73.0° 
4-5 164 13 5.30 - 
4-6 160 22 1.89 31.5° 
4-7 011 39 0.97 50.0° 
4-8 009 36 1.72 33.9° 
5-6 151 19 1.91 31.2° 
5-7 040 15 2.67 - 
5-8 020 5 7.00 - 
6-7 251 20 1.92 31.1° 
6-8 212 29 1.15 45.1° 
7-8 005 43 1.35 40.5° 

     

There are several intersections with low FS that either daylight out of a 40° slope or plunge only slightly steeper 

than the slope.  Additional analyses were performed on these “marginal” intersections to evaluate the dip and dip-

direction combinations that preclude the line of intersection from daylighting at the slope face.  The results of these 

analyses are shown in Figure 10 for Intersections 6-8, 4-7, 3-4, and 3-7.  For each case, there is a line of maximum 

slope face dip associated with a range of dip-directions for which the given lines of intersection will not daylight 

from the face.   The lowest maximum slope face dip satisfying these conditions corresponds with a dip-direction 

equal to the trend of the line of intersection.  The maximum dip that will prevent daylighting of the line of 

intersection increases as the dip-direction of the slope is rotated away from the trend of the line of intersection.  The 

combinations of dip and dip-direction that fall below the curves in Figure 10 are safe against sliding along the given 

lines of intersection.  Combinations plotting above the curves are unsafe or marginal in the case of Intersection 3-4 

which has a FS=1.40.   
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Table 3 also includes the friction angle required to increase the FS to 2.0.  These range from 30.8° to 83.2° for FS 

ranging from 1.92 to 0.14.  Peak friction angles up to 50° to 55° may not be out of the question for the anticipated 

low normal stresses on the shear planes.  This has been demonstrated with the back-analysis of one of the existing 

wedge failures discussed previously where the friction angle was estimated to be 58.1°.  Of the twenty-one 

intersections having a computed friction-only FS below 2.0, thirteen require friction angles of 30.8° to 54.2° to 

increase the FS to 2.0.  These have FS ranging from 1.92 to 0.83 for a 30° friction angle.  The conclusion here is that 

the available shear strength in the field is likely much higher than was assumed in Table 3 and Figure 9 and 

therefore, many wedges may in fact be stable regardless of the dip and dip-direction of the slope face.  This 

conclusion provides an additional level of comfort for using the previous analyses of allowable slope orientation. 

Daylight and failure envelopes for the proposed final pit slope orientation limits of 207/34 and 133/34 are shown in 

Figure 11.  These are shown as shaded ellipses near the center of the stereonet.  Discontinuity normals (i.e. poles) 

plotting within these envelopes will daylight at the slope face as will lines of intersection between two planes (not 

shown).  A crescent-shaped wedge with darker shading is also shown at the far side of each envelope.  These 

represent the limits of a failure envelope for a 30° friction angle.  Poles and lines of intersection plotting within these 

crescent-shaped envelopes are unstable for the assumed slope orientations and shear strength.  Increasing the 

available friction angle to 34° would eliminate these failure envelopes for a 1½H to 1V slope. 

Toppling 

Field evidence and the analyses above indicate that the existing lower bench slope is susceptible to block toppling 

failures and that other slopes with approximately the same orientation will also be susceptible to such failures.  

Additional analyses were conducted to evaluate the potential for toppling resulting from inter-layer slip on joint Sets 

1 and 8.  These were made for the existing lower bench slope with an orientation of 106/50± and for the proposed 

final quarry slope (i.e. Phase II Slope Face) having an orientation of 133/34± (i.e. 1½H to 1V).  These envelopes are 

shown on the stereonet in Figure 11.  The inner limit of the envelope for the existing lower bench slope reflects a 

face angle of 50° and an assumed 30° friction angle on the joint surfaces.  The lateral limits of the envelope are 

defined by a trend of ±10° from the dip-direction of the slope face.  Discontinuity normals (i.e. poles) that plot 

within the shaded zone are unstable for the given slope orientation and friction angle.  Moving outward a second arc 

is encountered which represents the inner limit of an envelope for the same slope orientation except with a 40° 

friction angle between the joint surfaces.  The increase in shear strength reduces the size of the envelope for the 

same conditions.  A third arc is encountered closer to the perimeter of the stereonet which defines the inner limit of 

an envelope (shown shaded and hatched) for a slope with an orientation 106/34 (i.e. 1½H to 1V) and a 30° friction 

angle on the joint surfaces.  The susceptibility to toppling clearly diminishes as the slope angle is flattened and the 

shear strength along the discontinuities is increased.  A similar envelope for toppling is also shown in Figure 11 for 

the proposed final Phase II quarry slopes. 
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Intersection 3-4 Daylight Envelope
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Intersection 4-7 Daylight Envelope
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Discussion 

The quarry is located within a blocky rockmass of intrusive andesite (Tbei) having 8 joint sets.  The existing quarry 

footprint occupies a disturbed area of 1.75 acres.  Existing slopes rise approximately 9 to 12 meters (30 to 40 feet) 

above the adjacent ground and lie at approximately 1H to 1V to ½H to 1V.     

The rockmass is described as moderately to intensely fractured with mean joint spacing’s varying between 56 and 89 

mm (2.2 to 3.5 in) as measured along two traverse lines.  Statistical estimates of the Rock Quality Designation 

(RQD) indicate that the rockmass is of Fair to Poor quality while the intact rock between discontinuities is estimated 

to be medium strong to very strong.  Observed angular blocks of fallen rock (i.e. talus) were visually estimated to be 

50 to 100 mm (2 to 4 inches) in size but 150 to 200 mm (6 to 8 inch) or larger blocks were also present.  Less 

fractured rock was noted within three dikes exposed at the face of the lower bench slope.  A zone of highly sheared 

and altered rock was encountered between the two northerly most dikes (Tbei(4)).  Two-thirds of discontinuities 

were persistent (i.e. continuous) for less than 1 meter (3.3 feet) while approximately one-fifth were estimated to 

persist for 1 to 3 meters (3.3 to 9.9 feet). 

The peak friction angle (φ) for sliding between two joints was back-calculated as 35° and 58° for two apparent 

wedge failures identified on the cut slope along Rocky Point Road.  The cohesion on sliding surfaces was assumed 

to be zero for both wedges and groundwater had to be present within the bounding discontinuities to initiate failure 

for the assumed conditions.  

Both wedge and block toppling slope failures were observed at the site.  The susceptibility of the slopes to these 

failure modes can be seen in Plates 2 to 4 which show the orientation of joints relative to the vertical slice of each 

cross section.  Also shown are the lines of intersection created by the intersection between pairs of discontinuities 

which form wedges.  The spacing and persistence shown on the cross sections are conceptual representations based 

upon interpretation of the discontinuity survey data.  Joints or lines of intersection daylighting at the slope face are 

prerequisites for failure regardless of the shear strength along the sliding surfaces.  For planar or wedge failure to 

occur, the joints or wedge line of intersection must dip more steeply than the friction angle of the sliding surfaces.  

However, the presence of groundwater in the joints will decrease the shear resistance of the surfaces due to 

buoyancy as well as providing an additional driving force on the wedge.  Such conditions may allow failure to occur 

when the dips are less than the friction angle between sliding surfaces. 

Daylight envelopes for the limits of the proposed final quarry slopes are shown as yellow-shaded ellipses in Figure 

11.  Discontinuities with poles plotting in these zones daylight from the slope face as do any wedge lines of 

intersection which may plot within the envelope.  However, for failure to occur the shear resistance along the sliding 

panes must be overcome.  For planes having no cohesive strength this occurs when poles or lines of intersection fall 

within the green-shaded crescents in Figure 11 which conservatively assume a 30° friction angle acting on the 

sliding surfaces.  These crescent shaped zones are entirely eliminated when the friction angle equals or exceeds 34° 

for a 1½H to 1V slope face.  Thus failure is precluded for more probable friction angles than the conservative 30° 

assumed. 
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Groundwater seepage was not observed at the site but was noted further to the west along Rocky Point Road.  

Surface water infiltration may still occur during the winter months with the magnitude of water pressures behind 

potential failure wedges being a function of whether the joints are free to drain or if the outlet becomes frozen 

creating an ice dam.  The hydrogeologic behavior of the site cannot be known unless observations are made in the 

winter.  More likely is block failure induced by frost wedging whereby water within joints freezes and expands thus 

loosening blocks of rock at the slope face.   

Block toppling was the predominant failure mode identified and was concentrated along the lower bench slope.  

Oversteepening of this slope along with close joint spacing has allowed joints that dip (i.e. β=72°) into the slope to 

create conditions whereby overhanging blocks are free to fall to the ground.  The potential for slippage between 

these joints together with their dip-direction further contributes to the toppling hazard for north and northeasterly 

trending slopes (i.e. easterly and southeasterly slope face dip-directions).  This hazard can only be reduced by 

flattening the slope and/or modifying the trend of the slope crest.  

The final outcome of flattening the slope to 1½H to 1V and changing the trend of the crest of the lower bench slope 

from azimuth 016° to 043° can be seen by comparison of the two toppling failure envelopes shown in Figure 11.  

The existing envelope is shaded pink and a significant number of poles fall within it when a 30° friction angle is 

assumed to act between joint surfaces for a 50° slope face (approximately 13/16 H to 1V).  The size of the envelope 

is dramatically reduced to include only the outer most slice when the slope is flattened to 1½H to 1V (34°).  

Toppling from interlayer slip is essentially eliminated when the trend of the slope is rotated 27° to the south relative 

to its existing orientation.  This is shown as the blue shaded envelope in Figure 11.  Further rotation of the slope face 

to the south will encounter joint set 2 which may be susceptible to toppling for slope crests trending between 

azimuth 052° and 072°.  Flattening of the slope to 1½H to 1V will reduce the toppling hazard for these slopes but 

will not entirely eliminate it.  Many random poles lie near the perimeter of the stereonet which further reinforces the 

conclusion that the toppling failure hazard cannot be entirely eliminated. 

Recommendations 

Slopes 

It is recommended that final quarry slopes be excavated to an overall grade of 1½H to 1V (34°).  This 

recommendation applies to all slope aspects (0° to 360°).  Temporary slopes may be steeper but toppling failures 

and rockfalls can be expected which will create a hazard to workers and the public.  The placement of warning signs 

or fencing off of hazardous areas should be considered. 

Toppling and Rockfall Hazard 

While flattening quarry slopes to 1½H to 1V will dramatically reduce the hazard posed by block toppling, this 

hazard cannot be entirely eliminated because of steeply dipping joints which plot around the perimeter of the 

stereonet.  In addition, the close spacing of discontinuities will increase the likelihood of surficial raveling and some 

talus accumulation at the toe of slopes.  
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Drainage 

Stormwater should not be allowed to pond at the top of slopes.  This water should be routed away to avoid flow over 

an exposed slope face. 

Site Access 

The continued hazard posed by toppling and slope raveling, particularly during the remaining operational life of the 

quarry prior to reaching final slope configurations, may necessitate restricting access to the public.  

Professional Statement 

The recommendations and presented within this report are based upon the physical properties of soils and rock 

observed during surficial mapping and discontinuity measurements made at the site. If during the course of 

excavation, conditions are encountered which differ significantly from those detailed within this report, Steven C. 

Devin, P.E., G.E. should be contacted immediately in order to evaluate the applicability of this report and the slope 

stability recommendations presented herein to the changed conditions. Such an evaluation may result in changes to 

the recommendations made herein. The intent of this report was to evaluate site conditions and provide 

recommendations for quarry slope layout and steepness. Although a site reconnaissance and mapping were 

performed for the purposes described, the potential presence of soil or groundwater contamination was not 

investigated and no analytical laboratory testing was performed in this regard. 

 

This report has been prepared for the exclusive use of the Plumas County Department of Public Works and their 

retained design professionals in accordance with generally accepted geotechnical engineering practice common to 

the local area. No other warranty is made, express or implied. 
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