











of 60 ft or less and thus do not apply directly to
materials at greater depths.

The penetration data show that competence of the
materials generally increases with depth. Penetration
data for sands can be associated qualtitatively with
relative density and those for clays with consistency
and unconfined compressive strength (table 3). If the
measured counts are representative of the alluvial
deposits in this area, with extrapolated blow counts
greater than 40 per foot (at a subsurface depth of 50
ft), they can be characterized as at least slightly
consolidated and dense to very dense. Similarly, the
shallow shale and siltstone bedrock materials in this
area may be characterized as very stiff to hard in
consistency.

Bouldery ground

Bouldery ground apparently is common down to at least
200 ft subsurface along the Los Angeles River north of
the Pasadena Freeway (section E-F), as well as in the
river deposits in the Union Station area (section C-D).
Bouldery ground also should be expected in unconsoli-
dated deposits in the south quarter of the area (south
half of sht. 1-B). Approximately the upper 250 ft of
deposits in this area contains the Recent alluvium and
Lakewood Formations of Thomas, Landry, and Turney (1961):
Recent alluvium contains cobbles to 5 in. in diameter
as well as "boulder gravel" (Thomas and others, 1961,

p. 56-62). The logs of several shallow borings (to 50
ft subsurface) in this area cite gravel with cobbles as
large as 8 in. in diameter.

Relatively unconsolidated deposits in the area be-
tween Glendale and the Los Angeles River (north half of
sht. 1-B) are thicker than about 200 ft and are expected
to contain numerous cobbles and boulders. Similarly,
unconsolidated deposits in the area east of the Los
Angeles River and between the San Bernardino and Santa
Ana Freeways, although somewhat thinner (thickness not
well known) are expected to contain boulders and cobbles.

Case history

A relevent case history has been reported by Heuer
(1976, Case B, p. 281-282). A tunne! 22 ft in diameter
was being excavated by a fully shielded backhoe-type
"digger" machine through alluvial and alluvial fan
deposits at the south margin of the westernmost San
Gabriel Mountains about 15 mi northwest of the map area.
Very rapid tunneling progress was made through the
relatively dry, unconsolidated but locally cemented
clayey silt, sand, and gravel where above the water
table. Pumping tests prior to excavation indicated an
“average permeability of 1072 to 10~3 cm/sec" for these
materials. In a section bounded by faults which acted
as natural dams, the water table was about 40 ft above
the tunnel, which had about 135 ft of cover. An attempt
was made to advance the tunnel through this section
without prior dewatering, but difficulty was had with
flowing ground and caving of the face, where water flows
of several hundred gallons per minute were reported.

On several occasions complete collapse of the face
occurred with inflows of several thousand gallons of
water and soil in a few seconds. The ground overhead
caved upward and ahead of the machine to the "bottom of
a harder silty layer" (as quoted by Heuer) at or near
the natural water table about 95 ft below the gound
surface. During one of several such runs the cavity
propagated upward through dry ground to the surface and
formed a hole 10-15 ft in diameter. The water problem
eventually was controlled by dewatering the ground just
ahead of the machine with numerous 3- to 4-inch diameter
holes drilled horizontally about 200 feet ahead of the
tunnel face.

Ground water

The present map area is within the Los Angeles Fore-
bay Area of the Central Basin Pressure Area of Thomas,
Landry, and Turney (1961, pl. 2), which comprises much
of the lowland plain traversed by the Los Angeles River.
The forebay area is chiefly one of free groundwater

rather than one containing confined aquifers, as in
much of the area to the south. A number of aquifers
and intervening aquicludes have been identified and
mapped below a depth of 60 feet subsurface. The degree
of saturation of aquifers below the water table
probably varies with degree of hydraulic continuity
across intervening aquicludes; all of the deeper aqui-
fers are shown to be truncated--and thus in hydraulic
continuity with--the lower of two young aquifers in
the area where Whittier Boulevard intersects the Los
Ange]§s River (Thomas and others, 1961, section K-K',
pl 6E).
Depth to ground water south of the Santa Monica
Freeway is unknown except in the Vernon area, where it
was approximately 200 ft in November 1974. Interpola-
tion of sparse data on regional-scale maps of the Los
Angeles County Flood Control District indicates that
depth to the November 1973 water table in the southwest
part of the map was approximately 150 ft or greater
(Lo§ Angeles County Flood Control District, 1975, p.
281).
The depth and configuration of the water table in
areas of exposed sedimentary rock are unknown in detail,
but it often is at 10 to 50 ft below topographic lows
(Heuer, 1977). The depth to the base of fresh water in
the Los Angeles City o1l field is given as 150 ft
(Calif. Div. 0il and Gas, 1974). No injection or local
water disposal is carried on (Calif. Div. 0il and Gas,
1975, p.137, 149).
It is reported that during construction of the
Pacific Electric subway tunnel (just south of Fourth
Street, Sht. 2-B) in the mid-1920's, ground-water flowed
into the tunnel at rates of about 17 gal per min; the
abandoned, extant portions of the tunnel (west of
Figueroa and east of Hope) are still pumped regularly to
control ground-water flows (data from A. Dennis, Engi-
neer of the Street Opening and Widening Division,
Bureau of Engineering City of Los Angeles, written
commun., Oct. 4, 1976). Heuer (1977) states that
tunnel-face flows of a few tens of gal per min may be
expected from the cleaner, coarser-grained sandstone
beds and that much of the rock is expected to be only
damp to dripping in tunnel. Proctor (1977, written
commun.) states that some tunneling experience in rock
in and near downtown indicates that water inflovs
generally do not cause hazardous (caving) conditions,
probably because of a greater degree of consolidation
and cementation.
A tunnel at a depth 50 ft subsurface generally along
the Harbor Freeway and Flower Street would be dry
(section G-H, sht. 5), whereas one at that depth along
Seventh Street would be below a 1962 perched water table
west of the Harbor Freeway (section A-B), and one
generally northward along the Los Angeles River would be
below the November 1974 water table from about First
Street to about 1 mi south of the Glendale Freevay
(section E-F). Elsewhere in the map area the majority
of tunnels at 50 ft subsurface would be dry on the
basis of available data.
The elevation of the water table varies seasonally
with recharge and demand as well as with depth of the
aquifer being pumped; water levels generally are higher
in the spring and lower in the fall. Recognized in-
creases in elevation of the water table between November
1974 and April 1975 were:
In the northwest part of the map area near the Santa
Monica Mountains; 10 to 28 ft;

In the vicinity of Glendale, 3 ft;

In shallow wells in the vicinity of the Glendale
Freeway, 3 to 11 ft;

Just north of the Santa Monica Freeway, east of the
Harbor Freeway, 10 ft;

In the vicinity of Vernon: deep wells, 6 ft; wells

less than 400 ft deep, no change.

The ground-water data now available constitute only
a first approximation, and are not adequate to determine
possible areas of perched water (see west end of section
A-B, sht. 4), the degree of saturation of the materials
below the water table, or to delineate the precise posi-
tion of the water table or its seasonal fluctuation along
any given alinement. Such data could be obtained only
from appropriately spaced and perforated observation wells,
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Figure 3.--Penetration test data from shallow borings (WC 75-WC 122,
Kaiser Engineers, 1962) along section A-D (sheet 4), grouped by geologic
unit and Unified Soil Classification.
split-spoon sampler, 140-1b. weight, dropped 30 inches.
vium; Tfsl, siltstone, Fernando Formation of Lamar (1970); Puente Forma-

tion of Lamar (1970):

siltstone and very fine-grained sandstone.

Blow counts taken with 2-inch

Qal/Qalo, allu-

Tpds, diatomaceous shale and siltstone; Tpsl,
Counts in gravel exclud~d;

appreciable count differences in moist or wet vs. dry samples apparant

only in Unit Tpds.



monitored at appropriate intervals.
Faults

Transportation routes in the Los Angeles area cannot
avoid crossing potentially active faults, such as the
Santa Monica-Hollywood-Raymond Hill, York Boulevard, or
Eagle Rock (shts. 1, 2, 4, and 5). In bedrock the
mapped fault traces generally constitute zones of
crushed or slickensided rock that may be several tens
of feet wide and extend downward, commonly at steep
angles, beyond tunnel depths. In slightly consolidated
or unconsolidated materials, the effects of faulting
are more diffuse; instead of forming discrete ruptures
that cut the rock materials, the fabric of grains and
fragments is deformed by rearrangement. In both cases,
faults are expected to form barriers or possibly con-
duits along which impounded ground water may enter a
tunnel bore near or below the water table.

The Santa Monica, Hollywood, and Raymond Hill faults
are classified as potentially active (no recognized
historic activity, but may move again in the near
future) on the basis of their tectonic setting and re-
lations to young geologic deposits (see Greensfelder,
1974; Wiggins and others, 1974, p. IV-19 to IV-21).
These faults and the associated Elysian Park and York
Boulevard faults are inferred to cut buried surficial
deposits at tunneling depths. In addition, the Santa
Monica-Hollywood-Raymond Hi11 zone is considered capa-
ble of generating on earthquake as large as magnitude
7.5 (Greensfelder, 1974). Since near-surface displace-
ment and surface rupture may be associated with earth-
quakes of magnitude 5 or larger on most California
faults, such displacements, probably with a large
component of vertical separation, may occur on one or
more of those faults in the event of such an earthquake.

Petroleum

Local accumulations of petroleum (petroleum gas, free
0il, asphalt or tar) and a few of hydrogen sulfide
were found in shallow borings (generally above 50 ft
subsurface) at several places between Seventh Street
near the Hollywood Freeway and west of Harbor Freeway,
in the downtown area, along the Los Angeles River north
of the San Bernardino Freeway (section D-E), and
around the intersection of the San Bernardino and
Golden Freeways (sht. 1-B). The Los Angeles City oil-
field extends east-west across the map area north of
section A-D and west of the Los Angeles River. The
oilfield is characterized by shallow accumulations of
petroleum, surface seeps, and more than 1250 wells, only
54 of which were active in 1974 (sht. 5; Calif. Div.
011 and Gas (1975, p. 78). Most of the wells were
drilled during or before 1900, were not surveyed or
otherwise accurately located, and the ground surface
has since been developed for other uses. Consequently,
no accurate record exists of the location of all the
wells drilled, although Crowder (1961, pl. 2; this
report, sht. 5) has mapped 1116 of them at a scale of
1:7,200.

0i1 has been produced from very shallow depths in
the field; early production was from hand-dug pits and
surface seeps (Crowder, 1961, p. 68). The earliest
drilled wells produced from depths as shallow as 140 ft.
Structure sections of the field show that shallow
petroliferous strata extend continuously along the
length of the field from east to west and dip southward
at about 30°, being exposed near and along the north
boundary of the field and extending to depths of 500 to
1,000 ft subsurface along the south boundary (sht. 5}.
Gas and seeping 0il were encountered in 1976 during
excavation of a shallow storm drain through the field
(see app., Los Angeles County Flood Control District).

Subsidence

The map includes parts of 3 areas of relatively
small scale but areally extensive differential subsi-
dence. A northwest-trending elliptical subsidence
bow!l extends into the southwest part of the map from
its center about 2 mi south. The 1968/69-71 rate of

subsidence at the center of the bowl was about 0.1 ft
per yr with respect to Tidal 8, and at the south
center of the map, the rate was about 0.066 ft per yr
(Castle and others, 1975, fig. 5). Total subsidence
at the center during 1926-64 was 1.64 ft, for an
average of about 0.04 ft per year.

A second area of differential subsidence averages
about 3.5 mi in diameter and centers near the axis
of the Los Angeles City oilfield where it crosses the
Los Angeles River. The rate of differential subsi-
dence at the center of this area during 1968/69-71
with respect to Tidal 8 was about 0.066 ft per yr
(Castle and others, 1975, fig. 5).

The third area centers near Burbank, about 1 mi
northwest of the map, but extends into the northwest
corner of the map. A survey mark in the northwest
corner subsided about 0.5 ft with respect to Tidal 8
during 1925-64; the 1968/69-71 rate was about 0.033
ft per yr (Castle and others, 1975, fig. 5).

GAPS IN DATA

Comparison of the data available for this study
with those required for a specific investigation for
tunneling reveals important gaps in both quality and
quantity of essential data. These gaps are sumnarized
below:

Ground water

Because of their significance to tunneling condi-
tions, the precise depth to the water table, the
distribution of ground water below the water table,
and the distribution of perched water should be known
with great reliability. Perched water must be differ-
entiated from the permanent water table because the
effects of perched water on tunneling are adverse and
temporary.

If tunnel depths greater than 150 ft subsurface are
considered for the area south of the Santa Monica
Freeway, it may be necessary to determine the distri-
bution of ground water within the several aquifers and
aquicludes reported for that area (Thomas and others,
1961, sections A-A', K-K', pls. 6A, 6E). Similar
considerations apply to the Glendale area in the north-
east part of the map.

Bouldery ground

As indicated by the records of numerous wells and
boreholes, boulders to 3 ft in diameter ar more and
cobbles to 10 in. in diameter are wisespread but not
uniformly distributed either geographically or with
depth, in most surficial deposits in the area. In-
stead, irregularly-shaped lenses of large and small
boulders and cobbles characterize the surficial de-
posits in and near present and past flood plains of
the Los Angeles River and its tributaries. The size
and number of boulders presumably decrease downstream
with decrease in carrying capacity of floods, but
this has not been demonstrated in any quantitative
way for the present case.

The presence of boulders and cobbles is cited in
table 1 where given in original sources. However, it
is reasonable to assume that in most tases, boulders
were cited only when they posed an obstacle to the
tool, and their absence therefore cannot be assitmed
where not noted, especially in surficial deposits in
and near the Los Angeles River. To obtain reliable,
quantitative data on the distribution and size of
boulders along a given alinement, in order to estimate
the efficienty and costs of different tunneling
methods, the record presented here must be supplemented
with many additional suitably located and loggec
exploratory borings, especially where surficial depos-
its are to be traversed.

Petroleum
Shallow accumulations of petroleum - gas, asphalt

tar, or free o0il are potential safety hazards ard are
locally common (sht. 1, table 1). As now known,



these accumulations occur in both bedrock and surficial
deposits in an east-west band or zone about 1% mi wide
and generally north of Wilshire Boulevard on the west
and San Bernardino Freeway on the east. This is the
general area where south-dipping petroliferous bedrock
strata are transgressed by younger materials. Shallow
petroliferous strata are also fairly continuous and
widespread in the Los Angeles City oilfield area (sht.
5); local shallow accumulations of petroleum deposits
should be expected throughout the area of the field,
as well as elsewhere in the zone.

Buried faults

Faults in bedrock constitute generally steep zones,
as much as a few tens of feet wide, of brecciated or
sheared rock, and thus are zones of relatively weak
materials; in relatively unconsolidated deposits,
fault zones may constitute barriers along which ground
water may concentrate and enter a tunnel near or below
the water table. The faults shown as buried by rela-
tively unconsolidated deposits (sht. 1) are based on
projections of exposures in bedrock and sparse well
control. The interpretation that some faults cut
buried older parts of those deposits - instead of
being buried by them (sht. 4) is based on the general
tectonic regime of the area, an inferred ground water
cascade along one of the faults,and geologically young
activity. Because of lack of control, the precise
location of the faults and their vertical extent in
the buried deposits is unknown. Reliable location and
characterization of the mapped faults, and delineation
of others not presently mapped, depend chiefly on
detailed correlation between suitably located explura-
tory boreholes, drilled or cored to bedrock, and logg-
ed by suitable methods (for a discussion of geophysi-
cal techniques of logging boreholes, see Alsup, 1974).

Bedrock

Only the most generalized Tithologic and structural
properties of exposed bedrock are known. Significant
engineering properties, such as permeability, deform-
ability, strength, mineral composition, range in size
and distribution of rock fragments and mineral grains,
type and degree of cementation, details of weathering
and structure, and type and distribution of fluids,
are known in only a general way (such as for two
existing tunnels in the downtown area--see app)., and
for weathered materials only, or not at all. Precise
data must be obtained from suitably spaced and logged
exploratory borings along specified alinements.

Depth to the buried bedrock surface is known
reasonably well only along the Los Angeles River (sht.
2A) and north of the Santa Monica Freeway (sht. 2B).
Relevant data are completely lacking for much of the
Glendale area, the area east of the river between the
Pasadena and San Bernardino Freeways, and a particu- .
larly critical area just east of Alameda Street north
and south of section C-D, where both bedrock and the
water table presumably are shallow. Although a number
of bedrock-depth points are inferred for the area south
of the Santa Monica Freeway, the bedrock surface there
apparently is locally quite irregular and many more
points are required to approximate its general config-
uration.

Tunneling conditions

The tunneling conditions (sht. 4, table 3) were
inferred from very generalized descriptions of the
geologic units as based on their surface exposures.
Knowledge of relevant geotechnical and structural
properties such as accurate geometric configuration
of the various stratal units in the subsurface, their
permeability (dewatering characteristics), cohesion,
shear strength, range in size and distribution of
mineral grains and rock fragments, type and degree of
cementation, distribution and attitude of joints and
distribution of saturated zones below the water table,
are almost totally unknown in uniformly useful detail.

Tunneling conditions may vary significantly with each
of these properties; the precise range and type of
conditions along a specific alinement cannot be pve-
dicted from present knowledge, but can be determined
only by systematic investigation and sampling designed
for the purpose.

Subsidence

As presently known, subsidence probably would not
pose a problem to construction of tunnels in the map
area. If it is determined that differential subsidence
of the ground surface at average rates up to about 0.1
ft per year over a distance of about 3 mi and inforred
compaction of aquifers at and below tunnel depths are
of consequence, the present-day extent and rates of the
three areas of differential subsidence should be deter-
mined. As pumpage of fluids continues, at least in
the northwest and southwest of these areas, it is
reasonable to assume that differential subsidence and
attendant shallow compaction may also.

Liquefaction potential

Liquefaction of clay-poor granular sediments has
produced severely damaging surface and near-surfa-e
ground failures such as those that occurred in Sylmar
during the 1971 San Fernando earthquake (Thompson,
1971; Youd, 1971).

On an empirical basis the highest potential for
liquefaction is present where water-saturated clav-
poor granular sediments with relative densities less
than 65 percent are present within about 50 ft of the
ground surface. In a San Francisco Bay investigation,
relative densities of 65 percent or less were found to
correlate with penetration resistances of 20 or fewer
blows per ft (Youd and others, 1975, fig. 49, p. A-71).
Although it is not known that this combination of
conditions is present in the map area, it is reasonable
to assume that it may be present locally along th= Los
Angeles River where the water table is shallow (section
D-E, sht. 4). Exploratory borings made in such areas
therefore should include tests for these criteria.

SUMMARY AND CONCLUSIONS

A 55-square-mile rectangular area underlain by
relatively unconsolidated deposits or soft rock, extend-
ing northward from Vernon Avenue through the downtown
business district of Los Angeles to Glendale and the
Ventura Freeway and traversed by the Los Angeles River,
has been analyzed for the density, suitability, and
quality of existing geologic-hydrologic data requisite
for initial studies of routing and designing tunnels for
a rapid-transit system. Surface geologic data, hydro-
logic records, and logs of about 885 wells and shallow
borings have been collected, interpreted, and the results
incorporated into maps and representative geotechnical
sections that portray inferred, generalized tunneling
conditions to depths of 100-300 ft subsurface. Even so,
the distribution and quality of available data are in-
adequate for site-specific alinement, design, and cost
analyses.

Abundant evidence illustrates the types and gen-ral
distribution of tunneling conditions that exist in the
map area. The downtown area and much of that to the
south is underlain at tunnel depths by slightly co~soli-
dated sand and gravel or siltstone-shale that should
provide chiefly dry, firm tunneling conditions. R-tes
of excavation in these materials for fully shielded TBM
are estimated at 80-100 ft per (24-hr work) day. Much
of the surficial deposits and bedrock in the latitude of
the Los Angeles City oilfield contain petroleum such as
gas, tar, or free oil! at tunnel depths; strong ventila-
tion has been used to avoid problems in such areas (see
app.). TBM rates are estimated at 40 ft per day f-r
these conditions.

Much of the alluvium north of downtown contains
boulders, and, where tunneled below the water table, may
flow and form cavities that could propagate upward to
the surface if precautions such as prior dewaterinn are



not exercised. TBM rates in saturated alluvium are
estimated at 40 ft per day. The 1974 water table was
within 25 feet of the surface along parts of the Los
Angeles River north of the San Bernardino Freeway
(section C-E sht. 4). To avoid saturated alluvium in
this segment, a tunnel profile would have to be deep-
ened to more than 50 feet subsurface; depths of 200
feet or more would be required along the river between
the Pasadena Freeway and Glendale Boulevard. The area
north of downtown Los Angeles is traversed by several
faults that may form barriers that locally impound
groundwater; some of these faults also may be subject
to movement. TBM rates in this terrain are estimated
at 20 ft per day.
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Notes:

TABLE 2.

COMBINED TERZAGHI ROCK AND SOFT-GROUND TUNNEL CONDITIONS

(After Proctor, 1971; condition 10 from Brandt and others, 1970)

Hard and intact.

Hard stratified or schistose.

Massive, moderately jointed; very firm ground.

Moderately blocky and seamy; firm ground, may ravel
when below water table.

Very blocky and seamy (closely jointed); may ravel
when below water table.

Crushed but chemically intact rock or unconsolidated
sand; may run or flow below water table.

Squeezing rock, moderate depth.

Squeezing rock, great depth.

Swelling rock.

Bouldery ground.

In practice, there are no sharp boundaries between

these categories, and a range of several numbers may
best describe some conditions.

Definitions of terms

Blocky and seamy rock--(Rock Condition Nos. 4 and 5).

Bouldery ground--(Rock Condition No. 10).

Refers to almost intact rock in which separated
blocks or fragments are imperfectly interlocked.
Tunnel walls usually require support. '"Seamy" is a
tunnel man's term and may be described as: irregular
schistose layers in crystalline rock: shale or clay
layers commonly interbedded in sandstone or limestone,
and also any rock with numerous clay-filled joints
and fractures. More specifically: Moderately blocky
and seamy--joints or bedding plane partings are two
to six feet apart. Overbreak is generally small.
Walls do not require lateral support. Ribs may be
set on two- to four-foot centers, if extensive lag-
ging is used. Rock "stands moderately well." Very
blocky and seamy (closely jointed)--extensively
jointed and fractured rock (partings at one-inch to
two-foot intervals), or poorly cemented strata;
overbreak common. Joints are open or weakly cemented,
and several joint sets are obvious. Includes frac-
tured rock, but not crushed or brecciated as in a
shear zone. Rock "stands poorly." Groundwater may
be very troublesome. Spiling may be required for
driving stability, and the walls of the tunnel must
be lagged.

Applies in some
degree to most surficial deposits in Los Angeles area,
specifically to alluvium, old alluvium, and terrace
deposits. Probably the most severe tunneling condi-
tion represented because of difficulty in bhandling
large numbers of boulders without severely reducing
the rate of advance; blasting or hand-mining ahead of
machine possibly necessary (Brandt and others, 1970,
p. 12, 47, 57).

Crushed but chemically intact rock or unconsolidated sand

Firm

~-(Rock Condition No. 6). Brecciated (shattered)
fault zone material, often containing fault gouge.

If most of the crushed fragments are the size of sand
grains, or the material is unconsolidated or weakly
cemented sand, these materials below the water table
may become running or flowing ground. Side pressures
become significant. In normally unlined tunnels,
lining is usually required where Rock Condition No. 6
is encountered.

ground--(Rock Condition Nos. 3 and 4). Firm ground
refers to consolidated sediments or soft sedimentary
rock in which the tunnel heading can be advanced
without any, or with only minimal, roof support, and
the permanent lining can be constructed before the
ground begins to move or ravel. Firm ground is the
ideal boring machine material. Below the water table
firm _ground may become running or flowing ground.

Firm ground results from cementation, consolidation,
or compaction of sediment. Material has a dull sound
when struck with a hammer. Typical representatives
of firm ground are cohesive sand and loess above the
water table, and various clays with low plasticity,
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sucit as kaolin and marl (calcareous clay).

Flowing ground--(Rock Condition No. 6). Flowing
ground moves like a viscous liquid. It occurs
only below the water table in a saturated mate-
rial, particularly under artesian pressure. 1In
contrast to running ground, it can invade the
tunnel not only through the roof, sides, and
face, but also up from the floor. If the flow
is not stopped, it will continue until the tun-
nel is filled. A sudden rush of flowing ground
into a tunnel is known as a "blow" or a "boil."
Dewatered flowing ground usually becones firm
ground.

Hard and intact rock--(Rock Condition No. 1). Mas-
sive rock containing no significant joints;
when fractured by blasting, it breaks across
sound rock, as in tombstone-quality granite.
Rock rings when struck with hammer. Bit wear is
high. Tunnel supports are not required. Spall-
ing and popping may occur. ("Soft intact" rock
is more aptly termed firm ground).

Hard stratified or schistose rock--(Rock Condition
No. 2). Consists of indurated or cemented lay-
ers or strata. Slaty cleavage belongs in this
category. However, stratified or schistose rock
can range from complete resistance to no resis-
tance against separation along bedding or foli-
ation planes, and thus includes all rock condi-
tions except No. 1. Stratified rock may have
abundant bedding-plane slickensides urrelated
to faults. Joint planes commonly occrt normal
to the bedding or schistosity. If the strata
are more than six feet thick, the rock may be
termed massive and belong in Rock Condition No.
3.

Jointed rock--contains fractures or cracks. True
jointing exhibits more or less systematic
orientation of inherent cracks in a rock mass;
fractured rock consists of broken rock in which
randomly oriented cracks result either from
blasting or faulting.

Massive rock--(Rock Condition No. 3). Rocl is near-
1y intact; joints and hair cracks are at spac-
ings of six feet or greater. Large cracks and
other rock defects may be naturally cemented to
yield a massive rock. Bedding planes are not
significant. If overbreak occurs, it is usually
a result of poor blasting techniques rather than
rock condition. Support ribs may be set on six-—
foot centers with very little or no lagging, or
light roof bolting. Rock "stands well."

Popping rock (rock burst)--a rock conditior involving
the spontaneous and violent detachment of rock
slabs. It is causéd by sudden stress release in
the rock. Occurs commonly in hard intact rock
to moderately jointed rock at great depth.

Raveling ground--(Rock Condition No. 5). Foorly con-
solidated or cemented materials that can stand
up for several minutes to several hours at a
fresh cut, but then start to slough, slake, or
scale off. Slightly cohesive sand is assigned
to this category. Raveling ground may_ become
running or flowing ground below the water table.

Running ground--(Rock Condition No. 6). Material of
no cohesion, such as clean sand or gravel, is
referred to as running ground regardless of
whether it is located above or below the water
table. Stand-up time is nearly zero. Tunneling
usually is uneconomical below the water table
without prior dewatering or grouting. Running
ground above the water table will statilize on
a slope of 30 to 40 degrees; the grair size,
shape, driving force of water pressures, and
moisture content govern the angle of repose.
Breastboards or other means of securing the
heaaing are required for advance.




Squeezing rock--(Rock Conditions Nos. 7 and 8). Slow
movement of rock into the tunnel without percep-
tible volume increase. All tumnnels in soft clay
experience squeeze. The difference between
Terzaghi category 7, moderate depth, and 8,
great depth, is arbitrary depending on rock types
and conditions in a given tunnel; assume 1,000
feet of cover as the dividing line between mod-
erate and great depth. Rock pressure expressed
by squeeze can occur in a tunnel in three ways,
including (1) chemically induced squeeze. (2)
Mechanical squeeze (gravity): This occurs where
rock is adversely jointed or fractured and
loosened by overblasting, or where a shallow or
weakly consolidated overburden inhibits develop-
ment of a normal ground-arch above the crown.
Gravity then can act on the blocks of rock to
load and deform the support system. If ribs are
the main type of support, back-packing and wedg-
ing behind ribs--to maintain interlocking of
rock fragments--are essential in preventing or
retarding this type of squeeze. (3) Tectonic
squeeze ("mountain pressure'): Latent stresses
within a rock mass, which usually increase with
depth of cover. The tunnel provides a cavity
for relief of stresses, and the rock often de-
forms plastically. Some minerals also expand
elastically when confining pressure is relieved.
Pressures as high as 20 tons per square foot
have been recorded.

Stand-up time--the time that elapses between the ex-
posure of an area at the roof of a tumnel and
the beginning of noticeable movements of the
ground above this area. For example, the stand-
up time of raveling ground may be several minu-
tes, or long enough to install temporary sup-
ports, but the stand-up time of flowing ground
is zero. Tunnel size is an important factor.

Swelling rock--(Rock Condition No. 9). Expands in
volume upon exposure to water. (Swelling is a
particular type of squeezing ground.) Excava-
tion may require blasting or the rock may be
soft enough to require shield methods. Usually
limited to those rocks that contain minerals
with an expanding-lattice molecular structure:
examples are montmorillonite clay (commonly
volcanic ash altered to bentonitic tuff), and
serpentinite; sedimentary formations containing
anhydrite may hydrate to gypsum with great pres-
sures and volume increase. True swelling in
clays is totally reversible only with complete
dehydration. Invert struts, circular ribs, or
yielding ribs are required for support in swell-
ing ground.

TABLE 3.--STANDARD PENETRATION TESTl/
Relative Density
of sand Strength of Clay
Penetration Relative Penetration Unconfined compressive
resistance, N densit resistance, N strength Consistency
(blows/ft) 4 (blows/£t) (tons/ft2)
0-4 Very loose <2 <0.25 Very soft
4-10 Loose 2-4 0.25-0.50 Soft
10-30 Medium 4-8 0.50-1.00 Med ium
30-50 Dense 8-15 1.00-2.00 Stiff
>50 Very dense 15-30 2.00-4.00 Very stiff
>30 >4.00 Hard

leerzaghi and Peck, 1967, p. 341,347.
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