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TRIP LEADER
Dr. Ed Medley is a geological engineer with about 40 years of international
experience in geological and geotechnical engineering. His career includes
chapters as a mineral exploration prospector, teacher, university lecturer,
vagabond and bimrock researcher. He is a Principal Consultant with
Terraphase Engineering. Inc. in Oakland, California where he practices
Geological Engineering and performs failure investigations. He is licensed as
an engineer and geologist in USA, Canada and the UK.
Please ask your questions loudly since I am HARD OF HEARING and other folk may want to
hear your questions as well.
CO-LEADER
Dr. Julien Waeber has over 10 years of experience in geotechnical
engineering and engineering geology, in North and Central America and
Europe. He specializes in the assessment and mitigation of geologic hazards,
construction support and characterization of weak and chaotic rock masses.
Dr. Waeber has extensive experience with evaluation and design of dams,
roadways, landfills, commercial development, pipelines, and natural and
manmade slopes. He also has deep experience with the application of remote
sensing technologies including continuous GPS, InSAR and LiDAR,
particularly for landslide hazard assessment.

TRIP OVERVIEW
You shall enjoy today’s field trip because you are going to see a lot of lovely sights and sites on
the San Francisco Peninsula. The stuff you may learn about Franciscan Complex geology,
melanges and bimrocks are an added benefit.
You will enjoy yourself more IF you brought along clothes to withstand
the possible windy fog. You did bring something warm, did you not?? By
the way, Mark Twain never said “The worst winter I ever spent was
summer in San Francisco”, although the quote is pithy enough to have
come from him. No, that complaint was probably from someone visiting
from Boca Raton. The fog is a result of cool ocean air condensing as it
blows towards warmer climes inland.

STOPS FIGURE: NEXT PAGE
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INTRODUCTION
In California, hundreds of millions of years of plate
tectonics has created an abundance of fault rocks, melanges
and similar bedrock composed of complexly mixed, often
lithologically heterogeneous, strong blocks embedded in a
sheared, weaker matrix. Such rocks are bimrocks1 (blockin-matrix rocks). The most intractable bimrocks are
melanges (from the French, mélange, or mixture) associated
with tectonic subduction complexes. Melanges are of
significance in California, because they constitute a large
proportion of the Franciscan Complex, a regional scale
jumble that makes up about a third of the bedrock in the central and northern Coast Ranges of
northern California. The Franciscan is famous because it was the workshop that allowed greater
understanding of convergent plate margin tectonics. Although the Franciscan is a famous locality
for melanges, they and other bimrocks are found in many parts of the world, so the engineering
problems associated with them are global in scope.
The goals of this one-day Field Trip - and associated conference Technical Sessions (15 and 23A)
- is to introduce geopractitioners to the problems of bimrocks, as well as some rational approaches
that have been developed to characterize such rocks. Also: we hope that geologists will be able to
better communicate the significance of bimrocks to engineers. Trip participants are encouraged to
ask these questions:







Melanges? Bimrocks? So what? Who cares?
What is a block? What is matrix?
What is the strength of a bimrock?
What should I measure?
How can I produce dependable maps and cross sections in bimrocks?
Bimrocks are so difficult to characterize: why bother describing them at all?

We cannot show you all there is to know about bimrocks today. So: a review paper on bimrocks is
Attached to this Field Trip Guide (Medley and Zekkos, 2011).

1

Medley (1994) coined the neutral word bimrock from Raymond’s (1984) term” block-in-matrix rock”. Formally, a
bimrock is “a mixture of rocks, composed of geotechnically significant blocks within a bonded matrix of finer
texture.” The expression “geotechnically significant blocks” means that there is mechanical contrast between blocks
and matrix, and the geometry and proportion of the blocks influence the rock mass properties at the scales of
engineering interest, which range between centimeters for laboratory test specimens through tens of kilometers for
tunnel lengths. For more info see the Medley and Zekkos (2011) and the bimrocks website (http://bimrocks.com).
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The trip starts in San
Francisco. We drive to Twin
Peaks upon which stands the
tall red and white Sutro Tower,
if we can see it. If we cannot,
we will not be able to see the
lovely views, but the rocks are
lovely, so we are going to go
there anyway. …

TOURIST CHATTER
San Francisco, named after St.
Francis of Assisi, has some 870,000
people living in about 47 square
miles. Many are in heavy debt: the
median home price is about $1.76
million. Prices are as high or much
higher, nearly everywhere we stop
today.

Simplified geology of the San Francisco Peninsula (Elder,
2001)
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STOP 1: TWIN PEAKS OVERLOOK
(Lat: 37.75241 Lon: -122.44752)
As can hopefully be seen from Twin Peaks: San Francisco is the type locality for the Franciscan
Complex. At various times it has been called the Franciscan Formation, Franciscan Group,
Franciscan Series, and Franciscan Assemblage. These historical names indicate increasing
evolution in the understanding of the geological chaos of “the Franciscan” (which is how most folk
get around the problem of not knowing what the second noun should be). The Franciscan Complex
is world-famous because it is a showcase for subduction processes and complex tectonic shredding
(Wakabayashi, 1999).
Simply, the Franciscan is a regional jumble of chunks of tectonic
plates from various places, stirred together and separated by
faults and shears zones. In places the shredding and shears are so
pervasive that bands of melange form. Melanges (from the
French, mélange, for “mixture”, or “medley”) are rock masses
formed of mixtures of hard blocks of rock surrounded by weaker
matrix. Block sizes range between mountains and gravel. The
City’s renowned hills are expressions of resistant blocks
surrounded by weaker sheared zones of rock at a regional scale.
In San Francisco, there are several sub-parallel block-rich, hilly, bands (or “terranes”) separated by
block-poor shear zone melanges which trend across the city in NW-SE directions. Several of our
last Stops are within the “Marin Headlands” terrane and the Hunters Point Melange, which
exhibit a mosaic of sandstone blocks, blocks of interbedded sandstone and shales, sheared shales,
chert/greenstone blocks and serpentinite melange.
The northern of the Twin Peaks is composed of chert, which is wildly contorted in places. The
southern hill is a block of greenstone, which is metamorphosed basalt. Chert and greenstone are
often found together in the San Francisco area.
Drive from Twin Peaks to I-280 via O’Shaunessy Blvd - see more contorted cherts
.
Take I-280 south - Past the Millbrae-Larkspur exit notice San Andreas lake on right.
Exit Black Mtn Road in Hillsborough, take right then southwards on Skyline Drive (Hwy 35) about
a mile.
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TOURIST CHATTER: SAN ANDREAS FAULT
The San Andreas fault passes through Daly City and into
SF city watershed land. West of the I-280 freeway, three
small reservoirs (on map: San Andreas (SAL) and Upper
and Lower Crystal Springs (CSR)) lie on the fault trace.
They are part of the city’s main water supply, which
originates at the Hetch Hetchy reservoir in the Sierra
Nevada mountains.
The dams holding back these reservoirs held firm in 1906
and are not considered major hazards. Beyond them, the
fault begins to take a slight leftward bend as it runs behind
Black Mountain (BM) and through the notch directly
beyond. The Loma Prieta (LP) peak gave its name to the
1989 earthquake because the greatest shaking occurred near
the peak.

STOP 2: SKYLINE DRIVE, NORTH OF CRYSTAL SPRINGS DAM
(Lat: 37.53522 Lon: -122.36633)
At this long outcrop, note sheared serpentinite and
serpentinite
melange.
Serpentinite
is
metamorphosed oceanic plate rich in Fe and Mg. In
the subduction trench, the rock density decreases as
its volume increases with hydration of water, and
serpentinite bodies “float up” through subduction
accretions as diapirs, shredding and incorporating
adjacent material.
In the right light you will see the shining slickness
of the blocks. Most are intact serpentinite, but some
are greywacke sandstone, chert and greenstone
blocks. You may be able to see why serpentinite is named after the smooth, scaly skin of snakes.
Although pretty, serpentinite is prone to landslides when sheared; it hosts Naturally Occurring
Asbestos; and, and is a source of chromium, cobalt and other metals. Serpentinite flora is also
distinctively subdued and serpentinite terrains are often termed “barrens”. Still, despite its
troublesome nature, Serpentinite is the official California State rock.
Play the hand gap picture game: Take 3 “slit-camera” pictures through the gap between your
hands held up before you. Imagine that the strips are boreholes. What we see: “interbedded clay
and serpentinite blocks?” NO!. One of the largest problems is not recognizing the fabric of blocks
in matrix. Block-in-matrix rock is commonly found in geology as weathered rocks, fault rocks,
etc., which is why the term bimrock is useful - it has no genetic implication.
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Observe blocks of different sizes, with sheared serpentinite matrix. There are a few large blocks
and many small ones in this outcrop. The block size distribution follows a negative power law
(fractal) and is scale independent (self-similar block size distributions).
What is block? What is matrix? It depends on the scale of interest and hence, the characteristic
dimension Lc. Blocks are defined as being between 0.05Lc and 0.75Lc. Here, the height of the slope
would be Lc (i.e. ~10m). with blocks ranging between 0.5 m and 7.5 m. A lab sample taken from
the outcrop will have a different Lc, say the diameter of a triaxial specimen (0.15 m), and so the
with block sizes will range accordingly. What is a block at lab scale may not be a block at outcrop
scale.
The engineering significance of melanges and other bimrocks comes from the block/matrix
contrasts, forcing failures around blocks. The number, or volume, of blocks makes the difference
mechanically - where enough blocks increase the bimrock strength by tortuosity of failure
surfaces. The condition of the boundary between blocks and matrix can have the opposite effect,
where “unwelded” boundaries can lead to a decrease in cohesion (i.e. welded Lahars vs unwelded
Laterites).
There are simple relationships between volumetric block proportion (VBP) and strength.
Although easy enough to measure VBP at lab scales, there is great difficulty in estimating
volumetric block proportions at site scales.
Could we estimate VBP with linear block proportions from borings? Stereology says we can, but
in geopractice we rarely can drill enough borings to produce sufficient block-boring intersection
lengths (chords) to produce representative Linear Block Proportions. So: must consider the
uncertainty in assuming that our LBPs=VBPs. A rule of thumb is to drill ten times the length of
the largest characteristic block to generate enough LBP data to justify the assumption. There is a
simple chart useful for estimating uncertainty in Medley (1997) but Medley himself nowadays
urges caution in its use. It is long past time to update the chart and findings of Medley (1997).
Continue South to Polhemus Rd and turn right, We are in rural San Mateo County. Note blocks in
hillside and road cuts, Go to intersection with Ascension Drive. Park in big dirt area on west side
road just past the intersection.
STOP 3: POLHEMUS ROAD LANDSLIDE
(Lat: 37.52842 Lon: -122.34602)
A few hundred feet south of the slide is a large block, apparently of greenstone, protruding from
the hill. Its presence suggests the role of large blocks in buttressing slopes.
During the 1996/1997 winter, a landslide damaged houses at the top of slope. The slide initially
piled up at the slope base, buttressed by a large block covered with oak trees (no longer there). In
melange terrain, blocks stabilize soils around them and encourage vegetation development. Shale
matrix ground being more mobile allows less chance for trees to develop. Eventually, the slide
moved out over Polhemus road, a major rural traffic route to Hwy 280.
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headscarp

Landslide onto
Polhemus Road
Road cut in
melange

Polhemus Rd. landslide before failure (USGS photo)

Polhemus Rd. landslide after failure (USGS photo)

FROM USGS website http://elnino.usgs.gov/landslides-sfbay/photos.html - stills from animation depicts the movement
of a deep-seated "slump" type landslide in San Mateo County. Beginning a few days after the 1997 New Year's storm,
the slump opened a large fissure on the uphill scarp and created a bulge at the downhill toe. As movement continued at
an average rate of a few feet per day, the uphill side dropped further, broke through a retaining wall, and created a deep
depression. At the same time the toe slipped out across the road. Over 250,000 tons of rock and soil moved in this
landslide. Animation: https://archive.usgs.gov/archive/sites/walrus.wr.usgs.gov/elnino/landslides-sfbay/images/LS.gif

Under the road is an 8-foot diameter concrete pipe from the Hetch Hetchy reservoir in the Sierra
Nevada Mountains; it provides water to San Francisco and it was vital that it not be damaged.
The slide developed over the years. The
County of San Mateo was sued too because
road maintenance and clearing of slope
debris allegedly “undermined” the slope
stability. The litigation settled when a
contractor bought the land and paid off
claimants so he could repair the slide and
develop the land.
A tie-back wall with soldier piles to 40+
feet deep was installed. In the process of
building the wall, the contractor
encountered
“unexpected’
blocks,
particularly one very large, strong
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greenstone block. A Differing Site Condition construction claim was submitted to the City of Can
Francisco, but the claim was eventually denied. The block should have been expected. See paper
by Kim et al (2004) for a stability analysis of the slide.
Continue South on Polhemus Rd. to Crystal Springs Village
SERVICE STOP: CRYSTAL SPRINGS VILLAGE
Stop here for sandwiches, drinks, coffee, W.C.
Take 280 North:. Near 280/92 intersection notice blocks popping out of ground like grazing sheep,
typical of melange terrain. Take Hwy 35 exit; head north to Sharp Park Road to Pacifica. Take
Hwy 1 southbound and make right turn to Rockaway Beach. Park in one of the parking lots. Walk
paved footpath north into the quarry.
STOP 4: ROCKAWAY BEACH- PACIFICA QUARRY.
(Lat: 37.61427 Lon: -122.49396)
In 1776, an ancestor of this now-abandoned
quarry yielded limestone to the Spanish to
whitewash the Presidio in San Francisco.
The quarry later produced cement.
The excavated slopes show one of the best
exposures of classic shale matrix melange
in the San Francisco Bay area (Prof. John
Wakabayashi, pers. comm.) Most of the
blocks are limestone; a few are greenstone
and chert. The limestone is formally known
as the Calera Limestone, which is the
largest and most stratigraphically extensive
oceanic limestone in the Franciscan. The
type locality is this quarry. The limestone
has a tropical provenance. The masses here define this part of the Franciscan as the Permanente
terrane, an original piece of tectonic crust that has been shredded and widely dispersed within the
Franciscan. There are several limestone quarries in the surviving fragments.
Play the hand gap picture game again!: Imagine strips are boreholes. This is a good place to take
hands-slightly-apart “slit” pictures to imagine drilled borings or scanlines and how these would
depict apparent “interbedded” shale and limestone “beds”. What we see: “interbedded shale and
limestone/chert/greenstone? NO! (Think about the geological improbability of “layers” of
limestone and greenstone juxtaposed). Again: one of the largest problems is geopractitioners not
recognizing the fabric of blocks-in-matrix rocks.
Observe the range in block sizes and that the blocks are evidently much more competent than the
surrounding weak, sheared matrix. Blocks in shale matrix Franciscan are often sandstone but range
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from limestone to highly metamorphosed “exotics”. Block sizes here range from gravel size to at
least the size of the quarry slope. You may see finely broken, shiny shale matrix, typical of “argille
scagliose” (scaly clay). Here, the matrix has raveled and failed in many places and is gullied by
surface drainage. There are thick layers of mine waste (like colluvium). These are bimsoils at the
scale of a few feet.
It is also evident in the quarry slopes how impossible it would be to accurately characterize the
blocks in the rockmass on the basis of a few borings, or even many borings. Besides the
engineering geology implications for slope stability, there are economic quarry resource
implications too.
EAT LUNCH AT ROCKWAY BEACH.
Picnic on the Beach, or visit the small shops and a couple of cafes, like Pacific Java Cafe on
Dundoo St. There are some benches under trees, and W.C.s in the 450 Dundoo St shopping plaza.
After lunch:
Drive South on Hwy 1 (right)). Observe the blocks in shale matrix in the road cuts. Also, the
isolated hilly bumps between the road and the ocean are large blocks in the Franciscan.
Continue south into the San Pedro Mountain at the south end of Pacifica. The north face of the hill
is the expression of the Pilarcito fault, a splay of the San Andreas fault.
The road winds through Tertiary interbedded sandstones and shales. You will see a new highway
with bridges and a tunnel that was constructed recently. The tunnel by-passes Devil’s Slide, which
plagued coast side motorists for years because its periodic lurching lead to frequent months-long
road closures.
Go through the tunnel. Slow down at the South end of the tunnel. Immediately after exiting the
tunnel, pull into the parking lots on the right side.

AEG/IAEG Field Course 5: San Francisco Melanges and Bimrocks

12

STOP 5: SOUTH PORTALS OF DEVIL’S SLIDE TUNNEL (Tom Lantos Tunnel)
(Lat: 37.57234 Lon: -122.51662)
The Devil’s Slide, on the abandoned section
of Highway 1 here, has a long, very pricey
history, having destroyed previous roads and
a railway since the 1890’s. Failure occurs as
kinematically unstable blocks of steeply
dipping, faulted and sheared rocks which
daylight on the very steep slopes continually
destabilized by the ocean. The twin-bore
4100 feet long by-pass tunnel was
constructe, with difficulty, between 2005
and 2011.
Granite of the Salinian Block outcrops at the
south portal of the tunnel. The granite has
been transported from the southern Sierra Nevada Mountains by the San Andreas fault. It is deeply
weathered: observe (to the south) the old WWII battery structure, which is almost undermined.
Some previously good exposures have been masked by construction. Above the portal are many
prominent pinnacles of partly weathered granite protruding from well-weathered granite.
The outcrops adjacent the parking lot reveal mostly decomposed granite with a few weathered
corestones. While there is little contrast in the strengths of the core stones and the gruss here, it is
easy to imagine that the rock mass contains fresher corestones, such as the pinnacles above the
portal. So: the weathered granite is in places a bimrock.
Excavation of the tunnel, using NATM, was reportedly delayed considerably by unexpected
abruptly changeable ground conditions, particularly through the three major fault zones
encountered, as well as in disrupted sedimentary series in the northern third.

Drive north on Hwy 1 to Skyline Boulevard (Hwy 35) and continue through Daly City past Lake
Merced to the Great Hwy at the stoplights. Turn left and see if you can beat all the red lights along
the Great Highway. As you proceed up the hill you will see on the left the recently renovated Cliff
House perched above the cliffs. On the right side of the road, at base of the slope, was the shaft for
access to the Richmond Transport tunnel which was under construction at the time of the Sea Cliff
Incident in December 1995 (described later in a drive-by, if we have time).
The road becomes Point Lobos Ave, after the bend; a shortly after Louis’ Restaurant (perched at
the top of the slope) there is a parking lot on the left-hand side. The newish building is the Land’s
End Visitor Center, which houses a café, shop, and W.C.s. We shall be walking down toward the
shore.
The steps are many and steep. If you do not feel like the exertion., stay in the parking lot area
and enjoy the views or walk down to the Cliff House.
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STOP 6: CLIFF HOUSE-SUTRO BATHS/LAND’S END
(Lat: 37.78001 Lon: -122.51153)
TOURIST CHATTER
This area is part of the Golden Gate
National Recreation Area. The structure
below is the remains of the Sutro Baths, a
public bathing place. Pictures of the Baths
in its heyday can be seen in the Visitor’s
Center. The baths are named after a
famous San Francisco financier, Adolph
Sutro. His home used to be on the hill
opposite the Visitor Center. The Cliff
House was a well-known bawdy house.
There have been several of them: at least
two burned down. A railway line brought
visitors to Ocean Beach and to a fun fair
that used to be located just south of the
Cliff.
The Cliff House is on a large headland block within the
San Bruno terrane within the Franciscan. Across the open space to the north is another headland
formed by a block-rich mass of chaotic and intact shale/sandstone sequences. The blocks and gray
shale are clearly visible. The intervening space is occupied by block-poor rock which is weak
enough to have been preferentially eroded by the ocean. It is also slide-prone.
The interbedded sandstones and shales here are turbidites. They are mechanically complex but
straight forward to characterize from mapping and borings. Core of these rocks is a series of
alternating sandstone and shale bands can rightly be called “interlayered sandstones and shales”.
But in places the bedding becomes contorted and a “broken formation” is evident with pieces of
sandstones forming isolated blocks. In other words – a bimrock. Although there are both
sandstones and shale present is would not be correct to describe them as “interlayered sandstone
and shale” even though sandstone blocks and shale matrix intersections in drill core look like interlayered sandstone and shale. Actual turbidites lack the tiny blocks of sandstone in shale matrix of
broken formation/melanges.
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There is a coastal trail from here to the Golden Gate Bridge. Access to the beach is also possible
but there are over 300 steps to climb and we don’t have the time.
Just north of the Land’s End area there are great
exposures of Franciscan melange in the cliffs. The
beaches are formed of cobbles of varied lithologies,
colors and textures. You may see many rocks in the
water near the shoreline: These are relict blocks
originally in the melange that are remaining after the
matrix was eroded. Such relict blocks are typical of
melange all along the coast, especially in Marin and
Sonoma Counties north of San Francisco\; and the Big
Sur coastline on Monterey and San Luis Obispo
counties to the south.
To the north of us are splendid views of the Golden
Gate Bridge and across the strait the cliffs of the
Marin Headlands. The headland below is of green,
red and tan colors and is formed of red chert, green
greenstone (metamorphosed basalt) and sandstone in
gray shale matrix.
This area was mapped by engineering geologists as
part of an investigation of ground conditions for the
Richmond Transport tunnel which passes nearby
underneath us. Medley reviewed the drill core from
the exploration as a part of his PhD research.

Locale of Sea Cliff Incident
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Much of the tunnel traversed melange, as
pictured here. Light gray is (mainly) greywacke
sandstone blocks and the dark gray is shale
matrix.
Based on work had performed on block size
distributions in the Franciscan, Medley estimated
the size of the largest reasonable possible block
that the tunnel could encounter. (The tunnel had
barely started when Medley wrote his
dissertation).
A rule of thumb is that the largest block is 0.75
the length of the characteristic dimension Lc
scaling the problem at hand. At the scale of the
entire tunnel length through the melange, Lc is
A, where A was the area between the tunnel
and the coastline. On this basis a block of about
600m length could have been encountered. The
tunnel did intersect several hundred feet of
unexpected hard sandstone.
Drilled Core from Richmond Transport Tunnel
exploration boring B103 (Medley, 1994)

Head West on Point Lobos Ave. (becomes Geary Blvd), and turn Left on 34th Ave. Continue along
Legion of Honor Drive to Camino del Mar, North of the Legion of Honor.
STOP 7: CAMINO del MAR, NORTH OF
LEGION OF HONOR
(Lat: 37.78587 Lon: -122.49646)
At this spot you can take a picture of the Golden Gate
Bridge without trees obscuring part of the view. Note
the green and gray-colored cliffs near the Bridge: those
are landslides in sheared serpentinite and shale matrix
melange

TOURIST CHATTER
The Legion of Honor museum is formally
called the California Palace of the Legion
of Honor, a ¾ scale model of the Parisian
original. The museum was a gift of the
Spreckels family, sugar magnates. There are
statues by Rodin in the courtyard, and a
Holocaust Memorial near the fountain and
parking lot in front of the Legion of Honor.
It houses intermittent exhibitions of fine art
and a permanent collection of several
thousand pieces.
North of the Legion is the road El Camino
del Mar. The community in the distance,
perched above the cliffs, is Sea Cliff, an
affluent and architecturally distinctive area,
famous for being Where the Movie Stars
Live (such as the late Robin Williams and
Sharon Stone).
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Drive along El Camino del Mar through Sea Cliff.
Continue on El Camino del Mar as it changes name to
Lincoln Blvd in the Presidio. Pass entrance to Baker
Beach and continue to just before the left turn into
Merchant St. Park in one of the three parking lots.
There is one on Merchant St too (at Battery Boutelle)
but it is likely to be jammed with cars and traffic. The
best one is the dirt lot in the trees east of Battery
Godfrey. The Batteries are an abandoned concrete gun
emplacement that were active in the early 1900’s.
A tunnel below the Bridge Toll Plaza provides a boring pedestrian access to the main Visitor Area
for the Golden Gate Bridge but there is a more interesting route via a footpath along the cliff side.

STOP 8: GOLDEN GATE BRIDGE VISITOR AREA AND THEREABOUTS - MOSTLY A
TOURIST FROLIC
(Lat: 37.80321 Lon: -122.47673)
During the late Pleistocene, sea level was up to 400
feet lower than currently. The Golden Gate was a
valley through which the Sacramento River flowed
toward an earlier shoreline some 25 to 30 miles to the
west (Steinpress, 1998). Sea level changes resulted in
Quaternary estuarine, alluvial, near –shore and aeolian
deposits. Several deep paleo-valleys in the Franciscan
bedrock were filled with soil deposits.
The irregularly graded footpath along the cliff edge
seaward of Battery Godfrey and Battery Boutelle is a
good place to see landslides in serpentinite and
melange.

The footpath to the Visitor Area is narrow, and likely to be busy with bikers.
Take care.
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From the footpath, you can clearly see the additional structural steelwork
installed as a part of the seismic retrofit for the bridge.
This is a good place to look at the Bridge, which is suspension structure.
Serpentinite supports the foundations of the bridge. The road deck hangs
from vertical cables attached to the curved (“catenary”) cables supported
by the two towers. The cables are in tension (pulling away from the
towers) so the towers are in compression, bearing down on the
foundations.
It is because of the large bearing forces that a controversy broke out
between in 1934 between two eminent geologists (Vantine, 2000)
Professor Andrew Lawson of University of California at Berkeley and
Professor Bailey Willis of Stanford University (a rival school, south of
San Francisco). Based on geological mapping,
Professor Willis interpreted a vulnerable adversedipping fault contact between the serpentinite and
a graywacke sequence. A single exploration
boring proved serpentinite was continuous.
However, serious deficiencies were recently
identified in the seismic capacity of the Bridge,
and it is the remediation of those which has been
the
focus
of
much
recently-completed
construction.
From the time it was erected in the 1930’s, the
Bridge has been continually painted in a hue
known as Universal Orange. One cannot think of the Bridge being any
other color! But generations of lead-based paint have had to be removed.
You shall have a chance to see a number of informative signs detailing
the vital statistics at the Bridge Visitor Area.
On the east side of the Bridge is a plaza, which contains touristy sights, a
snack bar, toilets and a good gift shop. The premier attraction is the
Bridge itself, as well as a statue of Joseph Strauss, the designer. Much of
the design was performed by two unheralded and visionary engineers,
Charles Ellis and Leon Moissieff, who performed calculations for the
bridge using slide rules, pencil and paper. There is a display with a
section of cable used in the construction of the Bridge, but your patience
will be challenged while you wait to take a picture of the cable section in
which no other tourist appears.
We suggest that you walk on the Bridge by accessing the sidewalk north of the Gift Shop. You
should walk to the first tower, which will take about 15 minutes. It is only when you get near
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the tower that you have unobstructed views of San Francisco and the Bay since there is a high
chain link fence attached to the handrails up to that point. The fence is not to deter jumpers but to
protect workers and visitors to Fort Point below. There are suggestions for a jumper-proof fence
but there is debate surrounding the proposals.
Give yourself 20 minutes to walk back along the Bridge from the tower to meet the bus.
Next stop HYATT HOTEL. Thanks for coming!!!

STOP 8+ 1 (AN EXTRA): FORT POINT (BELOW THE BRIDGE)

The Military bastion at Fort Point is one of several installations that were actively occupied and
used for coastal defense between the 1840’s and the 1940’s. The Fort is open, and you should have
a reconnaissance to appreciate this windy promontory, which was probably quiet before the 1933
construction of the Golden Gate Bridge brought the incessant rumble of traffic.
Access is limited around the Fort and has been since the 9/11
terrorist attack. There is a steep footpath between the Fort and the
Visitor Area for the Bridge. The access road to the Fort is open to
traffic (which is why we can park here). You will have to give way
to runners, who you may see pat a metal plate on the chain link
fence at the far end of the road way against the fort wall. The plate
is “Hoppers’ Hands” (and one for dog paws below it), which
recognizes the lives lost every year by suicides jumping from the
Bridge. Ken Hopper is a Bridge Ironworker who counsels people
intending to jump. He and his volunteer colleagues have saved
many lives. Nevertheless, since the Bridge opened in 1937, more
than 1600 have died by jumping. Suicide nets have been suggested
for years but only now are there plans to install them
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Along the access road are exposures of sheared
serpentinite, several landslides, and abundant seeps. The
serpentinite has a block-in-matrix (bimrock) fabric evident
here and there by blocks of intact serpentinite surrounded
by sheared matrix. The bimrock fabric is also present in the
steep cliff of serpentinite that ends close to the south wall
of the Fort. Note the curved boundaries of blocks.
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ABSTRACT
Although mélanges are exciting, puzzling, and controversial to geologists, it is
geopractitioners and contractors who must work with them to engineer the constructed works of Society. Geopractitioners include geotechnical engineers, geological engineers, engineering geologists, and rock engineers. Mélanges are the most intractable
bimrocks (block-in-matrix rocks), complex geological mixtures composed of hard
blocks of rocks surrounded by weaker matrix, and are famously exemplified by those
within the Franciscan Complex of Northern California. Bimrocks also include olistostromes, weathered rocks, fault rocks, and lahars. The conventional characterization,
design, and construction procedures used by geopractitioners for well-behaved stratified rocks and soils are not well suited to mélanges. The considerable engineering and
construction difficulties related to mélanges burden Society to the extent that they
can be considered “antisocial.” Case histories exemplify a recommended systematic
procedure for characterization, design, and construction with mélanges. Geopractitioner approaches to characterizing California’s chaotic Franciscan mélanges are
applicable to geologists and geopractitioners working in fault zones, weathered rocks,
lahars, and other bimrocks, and suggestions are offered for collaborative research
between geologists and geopractitioners.

INTRODUCTION
Mélanges have been of exciting and controversial concern
to geologists since Greenly (1919) first identified “autoclastic mélange.”1 There are thousands of publications on various
aspects of mélanges; countless more contributions have been
published on other geologically complex rock mixtures of com-

petent blocks of rock embedded within weaker matrix rocks,
such as fault rocks, lahars, tillites, and weathered rocks.
Whereas geological complexity may be delightful for geologists, it can result in despair for geopractitioners. Geopractitioners
specialize in the engineering of earth materials and include geotechnical engineers, geological engineers, engineering geologists,
and rock engineers. Geopractitioners are professionals who apply

*emedley@geopractitioner.com.
†
zekkos@umich.edu.
1
I believe that it is unnecessary and affected to use an acute “é” in mélange.
However, I have deferred to the publisher’s preference throughout this chapter,
on the condition that we shall share café one day.—EWM
Medley, E.W., and Zekkos, D., 2011, Geopractitioner approaches to working with antisocial mélanges, in Wakabayashi, J., and Dilek, Y., eds., Mélanges: Processes
of Formation and Societal Significance: Geological Society of America Special Paper 480, p. 261–277, doi:10.1130/2011.2480(13). For permission to copy, contact editing@geosociety.org. © 2011 The Geological Society of America. All rights reserved.
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scientific and mathematical principles to the efficient, economical,
and safe design, construction and operation of the civil engineering
works essential to Society’s built environment: building foundations,
port facilities, tunnels, bridges, buried utilities, dams, etc.
Geotechnical engineers are civil engineers specializing in soil
mechanics but who may have little knowledge of rock mechanics or geological principles (Turner, 2005; Medley, 2009). Geological engineers are trained as engineers with broad training in
geology, groundwater, soil mechanics, and rock mechanics. Engineering geologists are applied geologists with some training in
the mechanical behaviors of soils, rock, and water but less familiarity with engineering design principles–practices and construction procedures. Rock engineers are often geological engineers
or mining engineers with specialized training in rock mechanics.
MÉLANGES AND BIMROCKS
Mélange bodies are found in more than 60 countries, generally within current and ancient mountain systems (Medley,
1994a). Mélange bodies are famously abundant in the Franciscan
Complex (the Franciscan), which covers about one-third of Northern California. Many geologists have described various aspects
of Franciscan mélanges, such as Wakabayashi (2008), Berkeland
et al. (1972), Fox (1983), Cloos (1990), Blake and Jones (1974),
Raymond (1984), Cowan (1985), and Hsü (1985). Franciscan
mélanges provide a superb field laboratory for geologists studying convergent margin tectonics: Useful field guides have been
prepared by Wahrhaftig (1984), Blake and Harwood (1989), and
Wakabayashi (1999). The mélanges of the Franciscan are similar
to mélanges elsewhere in the world in appearance, properties, and
the problems they present globally to geopractitioners.
There are surprisingly scant treatments written about
mélanges from the perspective of geopractitioners, despite the
myriad of geological publications. Some early papers described
engineering experience with Italian olistostromes and argille scagliose (Associazone Geotechnica Italiana, 1977; Aversa et al.,
1993; D’Elia et al., 1986). More recent research has been performed by the senior author, and a few others, including Lindquist
(1994a), Lindquist and Goodman, 1994), Goodman and Ahlgren
(2000), Riedmüller et al. (2001), Sönmez et al. (2004), and Roadifer et al. (2009).
Raymond (1984) classified mélanges, as “block-in-matrix
rocks,” a term that joins the several aliases for mélanges such as:
friction carpets, wildflysch, broken formation, argille scagliose,
olistostromes, mega-breccias, sedimentary chaos, varicolored
clays, etc., and is one of many geological terms for comminuted,
mixed, fragmented, and chaotic rocks as listed by Laznicka
(1988) and the Glossary of Geology (Neuendorf et al., 2005). This
ample geological language describing various complex geological mixtures is of little significance to engineers, because their
interest is not generally on geologic origin but on the mechanical
properties of geological materials and their relationships to engineering design and construction. To focus engineers’ attention
on the fundamental engineering properties of complex geologi-

cal mixtures for the purposes of design and construction, Medley
(1994a) coined the neutral word bimrock from Raymond’s (1984)
term block-in-matrix rock. Formally, a bimrock is “a mixture
of rocks, composed of geotechnically significant blocks within
a bonded matrix of finer texture.” The expression “geotechnically significant blocks” means that there is mechanical contrast
between blocks and matrix, and the geometry and proportion of
the blocks influence the rock mass properties at the scales of engineering interest, which range between centimeters for laboratory
test specimens through tens of kilometers for tunnel lengths.
Bimrocks include complex geological mixtures such as olistostromes, weathered rocks, fault rocks, and mélanges. Weathered rocks can include mixtures of decomposed soil surrounding fresher core-stones (Fig. 1). Fault rocks, composed of blocks
within gouge and sheared rock (Fig. 2), exist at many scales, with
blocks ranging between several tens to hundreds of meters in size
to millimeter-sized fragments within gouge (Riedmüller et al.,
2001, 2004). Mélanges, the most intractable of bimrocks, contain
competent blocks of varied lithologies, commonly embedded in
sheared matrices of weaker rock (Fig. 3).
Regardless of geological nomenclature and formative processes, simplistically, bimrocks have a similar fabric of relatively
hard blocks of rock surrounded by weaker matrix rocks. Yet,
despite simplifications, characterization, design, and construction within bimrocks is still challenging because of the considerable spatial, lithological, and mechanical variability, and because
geopractitioners often mischaracterize them.
The conventional and simplistic expectation in geopractice
is that soil and rock masses are orderly and stratified to the extent
that the words layers, strata, and formations are frequently used in
geopractice. Stratified conditions permit geological, spatial, and
mechanical interpolations between relatively scant borings, outcrop observations, and test results. Economic and efficient design
and construction can usually follow, to the benefit of designers,
contractors, owners, and Society at large. Geopractitioners often

Figure 1. A block-in-matrix rock (bimrock) in the Sierra Nevada of California. Decomposed granite contains hard blocks
(core-stones) surrounded by a matrix of dense sandy soil (grus).
Photo: E. Medley.

Geopractitioner approaches to working with antisocial mélanges

263

In general, geopractitioners work with mélanges, rather than
try to understand how they came to be. “Work” is used to describe
characterization, design, and construction, although in this chapter we mostly address characterization. Geopractitioners strive to
solve engineering problems economically, efficiently, and safely,
so the geopractice approaches we describe may seem coarse to
geologists interested primarily in understanding the scientific
details of mélanges and their formation.
Some geopractitioners are not aware of the existence of
complex geological mixtures of weak matrix and strong blocks.
Others regard mélanges as soil-rock mixtures. Geotechnical
engineers, with their soils bias, often analyze bimrocks as soil, or
assume that the geomechanical properties of the weakest materials in mélanges adequately represent the mixed rock mass, and
design on that basis. Some geotechnical engineers and rock engineers may focus on the rock content, and consider the mixture
to be stable material. Hence, the words of Prof. Harry Bolton
Seed, a principal authority for geopractitioners, are thus appropriate: “The general thrust behind engineering problem solving

is to simplify the problem enough to make it solvable. However,
we must check to see if we have oversimplified the problem
so much that we get other problems instead of the solution we
desire” (Rogers, 2008). So, in making the assumptions described
above, geopractitioners invite future problems during construction, because extremely weak shear zones and complex stress
conditions may exist that are hidden until the ground is exposed
during construction.
Civil engineering works require characterization, design,
and construction. Geological and geotechnical characterization
involves exploration of the ground surface and subsurface by
direct and indirect means, sampling and testing of its constituent parts, and assigning to the ground mass mechanical properties that are representative of the material for the purposes of the
design of a particular project. The chaotic nature of mélanges
has more than usual constraining impact on the design and construction of tunnels, dams, excavations and other civil engineering works. Discussion of the general procedures for the characterization of subsurface conditions is beyond the scope of this
paper, but many resources are available (e.g., Hunt, 2005). Specific guidance to geopractice characterization of mélanges is provided in the following section as well as by Medley (2001) and
Wakabayashi and Medley (2004). Successful characterizations of
mélanges depend on geopractitioner skills at interpreting scant
ground clues and anticipating the complexity of the rock mass.
Depending on the scope of the work, different aspects of the
behavior of the rock mass conditions will be critical, and the characterization may need to be focused on those aspects more than
on others. Hence a geopractitioner’s exploration of mélanges is
often an economic compromise. Too few borings or scant mapping results in a cheap but inadequate characterization. On the
other hand, a comprehensive and expensive program may generate ample observations but still may not provide enough data to
accurately model the mélange.

Figure 2. Wall of a quarry located within a major fault zone,
California. Sheared rock surrounds hard blocks of relatively intact rock. Blocks range between centimeters and tens of meters
in size. Photo: E. Medley–Geosyntec Consultants.

Figure 3. Franciscan Complex mélange, Northern California.
Blocks buttress base of slope between landslides in sheared
shale matrix. Photo: E. Medley–Exponent, Inc.

also use the expressions “well-behaved” and “nicely behaved” for
spatially and mechanically uniform stratified conditions, although
even “well-behaved” rock masses have discontinuities (joints,
fractures, shears, etc.) that complicate simple characterizations.
Accordingly, complex geological mixtures of weak matrix
and strong blocks can be considered “badly behaved,” and the
worst offenders, mélanges, are so much trouble to geopractitioners and Society that it is irresistible to suggest that “badly
behaved” mélanges are “antisocial,” particularly since “deranged”
mélanges cost Society considerably more effort, money, and time
than well-behaved stratified rocks.
GEOPRACTICE WITH MÉLANGES AND
SIMILAR BIMROCKS
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Characterizations are also based on laboratory tests of specimens that are inevitably disturbed to some extent by drilling,
transportation, and specimen preparation. If characterization is
performed correctly, potential construction issues will be recognized early in the project. But the geological-geomechanical
model is often only a sketch of the actual geological conditions,
and geopractitioners must accommodate uncertainty about the
likely behavior of ground masses by qualifying their characterizations and adding generous margins of safety to their estimates
of the mechanical properties of the soil or rock masses. The geopractitioner also has a duty to warn the client and the contractor about the uncertainties involved in the characterization and
design and to recommend methods to deal with problems anticipated during construction.
Design and construction follow characterization, although
they proceed together with characterization on large design-build
projects. Geopractice design is the commissioned (i.e., compensated) systematic conception, invention, and specification of the
appropriate means (geometry, loads, etc.) required for acceptable
performance of civil infrastructure as it relates to the geologic
environment. In practice, designs are subject to the constraints of
ground conditions, costs, time, and labor-equipment resources.
Construction is performed by contractors using the plans
and specifications prepared by the design engineer. Geopractitioners may work with, and for, contractors, although most often
they work for owners, who pay for the work. Flaws in the characterization and design will become evident during construction
and may cause ground failures, schedule delays, and contractor
claims for additional compensation. Table 1 summarizes some of
the construction issues, the design and analyses considerations,
and the characterization needs for excavations, slopes, foundations, dams, and underground facilities, some of which are
addressed in more detail below.
GEOPRACTICE METHODS FOR
CHARACTERIZATION OF MÉLANGES
A major geopractitioner concern is the evaluation of the
strength and deformation properties of soil and rock masses. For
mélanges, conventional engineering approaches using simple
stratigraphic-type characterizations are of little value. Instead,
there should be a focus on volumetric block proportions; block
and matrix lithologies; strength and discontinuity fabrics; block
sizes, shapes, and orientations; and groundwater regimes (Wakabayashi and Medley, 2004).
Characterization typically includes review of aerial photographs and available geological information, geological mapping, drilling and coring, and laboratory testing. Ideally, aerial
photos can be used with image processing techniques to identify blocks within mélanges, as tonal contrasts may discriminate
large blocks from matrix (Medley, 1994a). More typically, information about the blocks is collected by mapping and drilling. The
relative strengths of blocks and matrix of blocks can be evaluated
using a geologic hammer and reference to engineering geology

protocols such as that of the Geological Society Engineering
Geology Working Party (1995), a Schmidt hammer, or a Point
Load Test apparatus.
The geometry of blocks and fabric of matrix around the
blocks must be evaluated because of possible shears and ellipsoidal or prolate-shaped blocks adversely oriented into proposed
excavation slopes or tunnel walls. Observations about large
blocks buttressing slopes (such as is evident in Fig. 3), and existing failed rock masses can be used to back-calculate the overall
strength of mélange (Kim et al., 2004).
It can be difficult to recover good quality core in bimrocks
during drilling exploration because of the abrupt variations
between blocks and matrix, varying block lithologies, extensive
shearing, and the highly fractured nature of small blocks (Fig. 4).
Recovery of drilled core tends to be much better in blocks than in
matrix because the blocks survive the drilling process, whereas
the weak matrix generally does not (Riedmüller et al., 2001).
Good core recovery has been reported by using triple-tube core
barrels (Roadifer et al., 2009), and the Integral Method (Rocha,
1971). Downhole optical and geophysical techniques (such as
borehole televiewers) provide rock mass information of the walls
of the drilled holes, and are particularly useful when core recovery is poor. The lengths of blocks in cores, core photographs, or
televiewer records should be measured to estimate the linear proportion of blocks versus matrix, and to approximately indicate
the range of possible block sizes. Because the matrix of mélanges
is prone to slake quickly, it is prudent to promptly protect selected
specimens in wax or else protect them within shrink-wrapped
plastic film (Waeber, 2008).
It would seem that geophysical methods could be useful in
estimating the presence and geometry of blocks in bimrocks.
However, although successful in discriminating density contrasts, geophysical methods in mélanges are hampered by the
myriad of smaller blocks that mask the geophysical response of
the larger target blocks.

Figure 4. Typical Franciscan mélange recovered in drilled core.
Blocks (light gray) interspersed by weak, sheared matrix. Core
from exploration boring BH 103, for Richmond Transport Tunnel, San Francisco, California. Photo: E. Medley.
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TABLE 1. GEOPRACTICE CONSIDERATIONS WHEN WORKING WITH MÉLANGES AND OTHER BIMROCKS
Characterization
Common to all civil engineering works
Identify unusual lithologies
Drill rock core using triple tube samplers;
shrink wrap core
Measure block linear proportions from core
and mapping scan lines
Beware of optimistic cross sections
Perform triaxial strength testing at differing
block proportions

Slopes, excavations, and dams
Perform direct shear tests on discontinuities
and/or matrix
Map critical failure surfaces

Tunnels, pipelines, and underground spaces
Anticipate that observed ground conditions
may provide little basis for accurate
subsurface profiles and geological
characterization along tunnel alignments

Design/analysis

Construction

Decide soil engineering, rock engineering, or
bimrock approaches on basis of volumetric block
proportions
Evaluate potential destabilizing effects of large
blocks, block and matrix discontinuity fabrics,
shears, block orientations, and shapes
Evaluate variable groundwater conditions in blocks
and matrix
Predict long-term performance of rock mass
Evaluate how block proportions, size distributions,
lithology, and individual block and matrix
strengths affect construction method and
performance

Anticipate possible considerable
differences between site conditions as
characterized and conditions
encountered in construction
Review equipment limitations and
handling of oversize blocks,
fragmentation, rippability, and
excavatability of very hard blocks
Plan for possible unexpected large
pressurized groundwater flows when
blocks are penetrated

Assess destabilizing effect of stress and
groundwater concentrations
Analyze stabilizing/destabilizing effects of block
orientations
Anticipate through-going shears in matrix and/or
blocks

Monitor short-term stability of excavated
rock with abruptly variable shear fabric
Consider leaving large blocks to protrude
at grade or incorporate block stick-ups
into the work
Monitor potential for block fallouts

Analyze stress and groundwater effects of
encountering unexpected large blocks
Analyze effect of short stand-up times, squeezing
ground in weak matrix
Develop detailed geotechnical observation method
protocol

Select equipment and construction
procedures flexible enough to
accommodate possible extreme
mixed-face conditions
Develop procedures for penetrating
large, extremely hard blocks, and
handling many intact, small blocks
Perform detailed face mapping and realtime analysis of ground deformation
data

A common error made by geopractitioners is to map outcrops and draw cross sections (Fig. 5) of mélanges as continuous
strata because of the interlayered appearance of blocks and matrix
in drill core (Fig. 4). Boring logs in mélanges may include misleading expressions such as “interbedded shales and sandstones,”
which implies stratal continuity that does not exist. But blocks
may include coherent turbidite or sandstone-shale sequences; for
such cases, block boundaries can be discriminated because the
shale layers in intact sandstone-siltstone-shales will not contain
tiny blocks, whereas sheared matrix will. The upper and lower
limits of fragment-free sections of shale-siltstone are the boundaries of intact blocks of actual interlayered rocks.
Relatively undisturbed samples can be tested in a geotechnical laboratory to evaluate the density and moisture content of the
rock, and depending on the scale of interest, multistage triaxial
tests (Bro, 1996, 1997). Ideally, consolidated undrained tests
with pore pressure measurements will measure the strength of
specimens with various volumetric block proportions (Lindquist,
1994a) as a necessary step in estimating the overall strength of
the rock mass as explained further below. Unconfined compression tests are not recommended for mélanges where significant
shears exist prior to testing, as these may prejudice the test
results. Direct shear testing may be performed to measure the
strength of selected discontinuities in blocks or, if the specimen
is robust, in matrix.

SIGNIFICANCE OF BLOCK SIZES IN MÉLANGES
Geological terms for rock fragments that suggest size, such
as boulders, are generally taken to be larger than about 0.3 m in
size, with no apparent upper size limit. Such terms should not
be used to describe the rock inclusions in mélanges: The neutral word block is preferred. However, it is misleading to refer to
block “sizes” or block “diameters” on the basis of drill-core- or
outcrop-observed dimensions, because, as a matter of geometrical probability (Fig. 6), block measurements from field mapping
or drilling are chords that are almost always shorter than the true
“diameter” of a block. (A chord is a line with end points on a
curve.) In one dimension, dmod (the maximum observed dimension—Fig. 6) is the chord length formed by the intersection of
blocks with sampling lines traversing outcrops (scan lines of
Priest, 1993), or linear drill core (Figs. 6 and 7).
Franciscan mélanges are self-similar, or scale-independent,
having the same general appearances regardless of scale, with
a few large blocks and an increasing number of smaller blocks
(Cowan, 1985; Medley, 1994a; Medley and Lindquist, 1995).
Scale independence has also been observed at a large exposure
of an Italian olistostrome (Coli et al., 2008). Figure 8 and its
inset are photographs taken at different scales of the same outcrop of Franciscan mélange. Small blocks at one scale of interest
(detailed photo in Fig. 8) are part of the matrix at the smaller
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ogy, well graded) or fractal (i.e., conforming to negative power
laws), with a few large blocks and increasing numbers of smaller
blocks, as shown in Figure 9. Log-histograms, as developed by
Bagnold and Barndorff-Nielsen (1980), are useful in presenting
the measurements because the histogram size classes embrace
several orders of magnitude.
In the Franciscan mélanges measured, the range in block
sizes exceeds seven orders of magnitude between sand (millimeters) and mountains (tens of kilometers), as illustrated in Figure 10. Despite the considerable difference in scales, the mélanges
measured from outcrops and maps shown in Figure 10 indicate
individual scale-independent block-size distributions with similar
appearances. Consequently, blocks will always be found in Franciscan mélanges regardless of the scale of observation.
Figure 5. Bimrocks generally cannot be accurately depicted
on cross sections. Borehole contacts should be shown with
question marks and not connected by lines interpreted to be
stratal boundaries, here drawn between borings. After Wakabayashi and Medley (2004).

scale of the main photo in Figure 8. Many other geological mixtures and comminuted rocks, such as fault gouges (Sammis and
Biegel, 1989) and fractured rock masses (Nagahama, 1993), also
exhibit self-similar block size distributions.
Using geological maps and photographs of outcrop exposures of Franciscan mélanges at many scales, Medley (1994a)
measured almost 2000 dmod lengths. The resulting block size
distributions were poorly sorted (in soil mechanics terminol-

Figure 6. In two dimensions, such as at an outcrop, a block has
an apparent block size of dmod, the maximum observed dimension. In one dimension, such as in a drilled boring, the block
size is apparently indicated by the chord, the length of interception between the boring and a block. However, only rarely
will a dmod or a chord be equivalent to the actual “diameter” or
maximum dimension of a block. After Medley (2002).

DISCRIMINATING BLOCKS FROM MATRIX
A sufficient volumetric proportion of blocks in mélanges
provides mechanical advantages to a mélange. Since there is a
very large range in block sizes in mélanges, the geotechnically
significant blocks must be discriminated from matrix. Because
of scale independence, any reasonable dimension can be used
to scale a mélange rock mass for the problem at hand to bound
the range of significant block sizes. Medley (1994a) called such
a descriptive length the characteristic engineering dimension
(ced), Lc (the ced of Medley, 1994a), or simply, the characteristic
dimension. A characteristic dimension is analogous to showing a
measuring tape, coin, hand, or spouse in a photograph, without
which reference the observer cannot appreciate the scale of the
image. The characteristic dimension changes as scales of interest change. Lc may variously be (1) an indicator of the scale of
a site, such as √A, where A is the area of the site; (2) the size of
the largest mapped or estimated largest block (dmax) at the site;
(3) the thickness of a failure zone beneath a landslide; (4) a tunnel

Figure 7. Block-core intersections (chords) rarely indicate
true block sizes, or shapes, orientations, and distributions of
blocks. Note that shears in the matrix negotiate tortuously
around blocks. Sandstone-shale sequence in core is not “interbedded shale and sandstone.” Improbable juxtaposition of
rocks (e.g., greenstone and shale) strongly suggest mélange.
After Medley (2002).
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Figure 8. Franciscan Complex mélange, Northern California.
Note shearing in shale matrix adjacent to the large headland
block, in which smaller blocks are oriented subparallel to shearing. Block sizes range between tens of meters and meters. Detail
showing matrix in the circled area also has block-in-matrix fabric at the scale of the 3.1-m-long bar. Photo: E. Medley.
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mélange, blocks <0.05Lc in size (Fig. 10) constitute greater than
95% of the total number of blocks but contribute <1% to the total
volume of mélange and have a negligible effect on the mechanical behavior of the mélange (Medley, 1994a). For these reasons,
the threshold size between blocks and matrix at any scale is taken
to be 0.05Lc.
In practice, the most conservative block-matrix threshold
that can be justified should be selected and used to measure the
blocks between these limits. Blocks smaller than 0.05 Lc at one
scale (e.g., 1:1000) must be assigned to matrix at a smaller scale
(say, 1:10,000), although they may still be of substantial size. If
the scale of interest becomes larger, blocks previously demoted
into matrix are then promoted to geotechnically significant
blocks and must be included in the characterization. Also, large
blocks at one scale of interest (e.g., 1:10,000) are not geotechnically significant at a larger scale (e.g., 1:1000) because they are
then massive, unmixed blocky rock masses that can be characterized according to conventional rock engineering practice.
MECHANICAL PROPERTIES OF MÉLANGES

diameter; (5) a foundation width or length; or (6) the dimension
of a laboratory specimen.
Scale independence also means that a laboratory scale specimen of mélange is more closely a “model” of the parent rock
mass at site scale than is typically encountered in conventional
rock engineering. This concept was used by Lindquist (1994) in
his pioneering investigation into the strength and deformation
properties of mélanges by fabricated physical model mélanges
of different volumetric proportions and testing them under multistage triaxial loading to failure.
Medley (1994a) and Medley and Lindquist (1995) showed
that the largest geotechnically significant block (dmax) within
any given volume of Franciscan mélange is ~0.75Lc (Fig. 10).
Blocks greater than 0.75Lc result in such a diminished proportion of matrix in a local volume of rock mass that the volume
can be considered to be massive, unmixed rock composed mostly
of the block. Furthermore, for any given volume of Franciscan

The matrix of Franciscan mélanges is most commonly composed of sheared shale, argillite, siltstone, serpentinite, or sandstone, commonly weakened to the consistency of soil. Intact portions of these lithologies may be competent enough to be blocks.
Very weak matrix and the most intense shearing within mélanges
may be found in block-poor zones adjacent to blocks exceeding tens of meters in largest dimensions. Indeed, Savina (1982)
measured up to 800 shears per meter in a Franciscan mélange.
Because of highly sheared matrix, landslides are common in
block-poor Franciscan mélanges (Medley and Sanz, 2004),
although large blocks appear to add buttress support (Fig. 3).
The weakest elements in mélanges are commonly the contacts between blocks and matrix (Fig. 11). In some bimrocks,
such as welded tuffs, the contacts may be strong (Sönmez et
al., 2004). In outcrops and core, contacts may be marked by a
lustrous surface on the blocks and a wafer of sheared material
that weathers to a slick film of clay. Matrix shears generally pass
around blocks via the block-matrix contacts (Figs. 7 and 11) with

Figure 9. Left plot is a log-histogram
of dmods measured from the outcrop of
Franciscan mélange shown in Figure 8.
The right plot is a log histogram of dmods
of blocks measured from a map of Franciscan Complex in Marin County, California (Ellen and Wentworth, 1995).
The slopes of the log-log plots are the
fractal dimension D. The shapes of the
two plots are similar despite the extreme difference in scales. After Medley
(1994a).
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the most intense shearing commonly present adjacent to the largest blocks. Blocks within the shears are commonly entrained
within and oriented subparallel to shears (Fig. 8). Because shears
have a tortuous path through the rock mass, the overall orientation of entrained blocks can also abruptly change from place to
place within the rock mass.
Relatively modest block-matrix mechanical contrast is necessary for a block-in-matrix rock mass to be considered a bimrock. For physical models of mélange, Lindquist (1994) selected
a criterion based on the ratio between block stiffness (E, Young’s
modulus) and matrix stiffness to generate triaxially induced
shears along block-matrix contacts:
(Eblock/Ematrix)~2.0.
Sufficient contrast between block and matrix to deflect
failure surfaces can be evaluated by a friction angle ratio suggested by Medley (1994a) based on work by Lindquist (1994a),
Lindquist and Goodman (1994), and Volpe et al. (1991):
(tanφweakest block)/(tanφmatrix)>1.5–2.0.

Figure 10. Normalized block-size distribution curves
for 1928 blocks measured from outcrops and geological maps of several Franciscan mélanges ranging over
seven orders of magnitude in scale. The sizes of blocks
are indicated by dmod, the maximum observed dimension
of the blocks in the outcrops and maps. The block sizes
are divided by the square root of the area (√A) containing the measured blocks to yield dimensionless dmod/√A.
The dimensionless relative frequency for each plot is the
number of blocks in any size class divided by the total
number of blocks measured for the various data sources. The clustered normalized plots are similar in shape,
indicating that the block size distributions are scale
independent. The plots peak at ~0.05dmod/√A, which
is the block-matrix threshold size at any scale. Blocks
smaller than 0.05dmod/√A are assigned to the matrix; they
tend to be too small to measure and are undercounted.
The largest indicated block size is approximately equivalent to √A (at dmod/√A = 1), but 99% of the blocks are
smaller than ~0.75√A, which is defined as the maximum
block size (or dmax) at any scale. After Medley (1994).

However, rock strength is a function of both friction angle
and cohesion, and the block-matrix contrast will also be influenced by both strength components. Accordingly, as recommended by Prof. Harun Sönmez (2009, personal commun.) the
unconfined compressive strengths (UCS) of blocks and matrix
could be used to define a strength-based block-matrix contrast
criterion: assuming that reliable UCS tests can be performed on
weak matrix,
UCSblock/UCSmatrix >1.5.
For strength ratios or stiffness ratios less than the lower
bounds described above, there will be an increased tendency for
shears and failure surfaces to pass through blocks rather than
around them.
The overall strength of a mélange is directly related to the
volumetric proportions of the blocks and is largely independent
of the strength of the blocks (Lindquist, 1994a). The dependence
on volumetric proportion to overall strength is an apparent fundamental property of bimrocks, as indicated by Savely (1990) for
the boulder-rich Gila Conglomerate in Arizona; and by Irfan and
Tang (1993) for boulder-rich colluvium in Hong Kong. A sufficient block volumetric proportion and range of block sizes can
contribute to strength, because failure surfaces are forced tortuously to negotiate around blocks, thus increasing passive resistance to shear failures (Lindquist, 1994a; Medley, 2004; Sönmez,
et al., 2006a, 2006b). Where blocks are uniformly sized, failure
surfaces tend to have smoother, undulating profiles (figure 4.4 of
Medley, 1994a; Medley, 2004), and hence the mixed rock mass
has less shear resistance, and a lower overall strength. But there
is a dependence on the normal stresses to which the mélange rock
mass is subjected: At sufficiently high normal stresses, failure
surfaces will penetrate blocks regardless of the mechanical contrast between matrix and blocks. Inherent defects in the blocks
will aggravate the effect.

Figure 11. The weakest element in a bimrock is commonly the
block-matrix contact. Gwna mélange, Anglesey, Wales. Photo:
E. Medley.
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Figure 12. This plot shows that strength of bimrocks increases with volumetric block proportion. The increase is added to
the strength of the matrix. After Medley (2001), from data of
Lindquist (1994a) and Irfan and Tang (1993).

As shown in Figure 12, Lindquist (1994a) conservatively
established that <~25% volumetric block proportion the frictional
strength and deformation properties of a physical model mélange
was that of the matrix, a conclusion supported by the research of
Irfan and Tang (1993). However, Goodman and Ahlgren (2000)
and Roadifer et al. (2009) identified increases to overall mélange
strength at volumetric block proportions <~25%.
Lindquist (1994a) also showed that between ~25% and
75%, the friction angle and modulus of deformation of a physical model mélange proportionally increased, depending on the
relative orientation of blocks to applied stresses; and cohesion
generally decreased because of increasing weak block-matrix
contacts. Cohesion has also been noted to increase with increasing volumetric block proportions in mélanges (Goodman and
Ahlgren, 2000; Roadifer et al., 2009) and volcanic agglomer-
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ates (Sönmez et al., 2006b), possibly owing to block-matrix
contact strengths being greater than matrix strengths for the
materials evaluated.
Beyond ~75% block proportion, Lindquist (1994a) showed
there was no further increase in bimrock strength, as blocks
tended to be in contact, and the rock mass approached the condition of being a jointed rock mass with infilled joints.
Franciscan complex mélanges have been assigned strength
parameters varying between a block-poor mélange in a landslide: c′ (effective cohesion) of 9.6 kPa to 14.8 kPa (100–
200 pounds per square foot [psf]), and φ′ (effective friction angle)
of 25°–35° (Kim et al., 2004); for a block-rich mélange below
Scott Dam: c′ of 76 kPa (1590 psf), and φ′ of 39° (Goodman and
Ahlgren, 2000); and for mélange below Calaveras Dam: c′ of
6.9 kPa to 39.9 kPa (1000–5740 psf), and φ′ of 25°–45° (Roadifer et al., 2009). Sheared matrix in Franciscan mélange can be
extremely weak, with low to zero cohesion and effective friction
angles of <10°.
Based on the findings summarized above, it is apparent that
if geopractitioners follow soil mechanics convention and assume
that the mechanical behavior is adequately represented by solely
the properties of the weak matrix materials, any mechanical
advantage afforded by blocks will be discounted, hence penalizing the rock mass strength. Furthermore, ignoring blocks during characterization increases the risk that they will be neglected
during design, only to be rediscovered later by the earthwork
or tunneling contractor, with expensive consequences. Because
evaluation of the strength of mélanges is not straightforward, the
procedural steps of Table 2 may be helpful.
ESTIMATING VOLUMETRIC BLOCK PROPORTIONS
The direct and relatively simple relationship between
strength and volumetric block proportions for mélanges and
other bimrocks is appealing to geopractitioners. Nevertheless, to

TABLE 2. FLOWCHART OF STEPS TO CHARACTERIZE MÉLANGE STRENGTH
Step 1: Check block-matrix strength contrast using estimates of weakest block and matrix mechanical parameters and following criteria:
tan φblock/tanφmatrix ≥1.5–2.0
Eblock/Ematrix ≥2.0
UCSblock/UCSmatrix ≥1.5
Step 2: Select characteristic dimension Lc at scale of engineering interest; e.g.: height of landslide, width of tunnel face; length of foundation,
diameter of laboratory specimen, etc.
Step 3: Calculate block size thresholds:
dmin=0.05*Lc (block-matrix threshold)
dmax=0.75*Lc (block–blocky rock mass threshold)
Step 4: Drill and core exploration length of (preferably) ≥10*dmax
Step 5: Measure total linear block proportion LL
Step 6: Assume LL is equivalent to volumetric block proportion Vv and estimate uncertainty range in estimate of Vv (use Fig. 14)
Step 7: Establish conservative design values of volumetric block proportion, using lower bound for strength and upper bound for earthwork
construction
Step 8: Measure lab strengths of specimens with different Vv proportions and construct a plot of specimen strength vs. Vv (such as Fig. 12 or
Fig. 18)
Step 9: On plot of specimen strength vs. Vv identify critical volumetric block proportions and following three regions:
Lower bound strength controls if Vv <15%–25%, use soils or rock engineering analyses
Variable strength controls if 15%–25%<Vv<65%–75%, use strength from plot and rock engineering analyses
Upper bound strength controls if Vv >65%–75%, use rock engineering analyses
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evaluate the mechanical properties of a bimrock the volumetric
block proportion must be estimated, which may not be a simple
matter. The volume of blocks in laboratory specimens can be
measured by disaggregation, or estimated from specimen densities, if the individual densities of block and matrix materials are
known (Lindquist, 1994a).
Although the laboratory method does not work at site scales,
stereological techniques do. Stereology relates point, linear,
and planar observations to volumetric properties and is based
on the original work of the mineralogist Rosiwal (1898), who
evaluated the mineral content of rock specimens using microscope traverses of thin section slides. A fundamental principle
of stereology is that, given enough sampling, linear block proportions and areal block proportions are equivalent to volumetric block proportions (Ross, 1986; Underwood, 1970; Weibel,
1980; Medley, 1994a). Linear block proportions are the ratios
of the total lengths of blocks intersected by sample lines to the
total length of the sample lines, and depending on the scale of
interest, these can be estimated from scan-line measurements at
outcrops, measured from drilled cores (Medley, 1994a, 1994b),
or from laboratory specimens (Medley, 1994a, 1994b). The areal
block proportions can also be measured from outcrops, geological maps, or air photos, using image analysis (Medley, 1994a,
1994b; Coli et al., 2008).
As indicated in Table 2, a characteristic dimension (Lc) is
selected that describes the scale of the problem at hand (Medley,
1994a, 2004), and the block-matrix threshold selected as 0.05Lc.
During mapping, the dmod of the blocks are measured. When
logging core, all block-core intersections (chords) greater than
0.05Lc are measured. But in practice, block lengths greater than
~5 cm long could be measured, even if the block-matrix threshold
is larger, as this information will be useful for work performed at
laboratory scale, where 0.05Lc is 5% of typical 100-mm-diameter
core specimens.
Blocks in mélanges are not uniformly sized or distributed,
so the volumetric block proportion cannot be accurately determined from a few borings. Also the assumption that measured
areal or linear block proportions are equivalent to the required
volumetric block proportions is only valid if the sampling size is
large. However, if the total length of drilling or other liner sampling of at least 10dmax is performed, the linear block proportion
reasonably approaches the volumetric block proportion (Medley,
1994a, 1997). But in geopractice exploration, the desirable optimum total length of exploration drilling is frequently not performed because of the expense of drilling, which in mélanges can
be higher owing to the troublesome effort required to secure good
quality cores from mechanically variable rock.
Medley (1997) investigated the potential error in estimates
of volumetric block proportion based on the assumption that
they are the same as the measured linear block proportions.
Four physical models of mélange were fabricated with known
block size distributions and volumetric block proportions. The
models were explored with hundreds of model boreholes. The
extreme variability in linear proportions, even for adjacent bor-

ings, is indicated by Figure 13. Based on thousands of randomized realizations of the model boring data, Medley (1997,
2002) concluded that potentially serious errors result if volumetric block proportions, total block volumes, and block size
distributions are assumed, without qualification, to be equivalent to the linear block proportions measured from few borings
or outcrops.
Medley’s (1997) experiments showed that measured linear
block proportions have to be adjusted by an uncertainty factor
(actually, the coefficient of variation) to yield an appropriate estimate of the volumetric block proportion (Fig. 14). Uncertainty
depends on both the total length of the linear measurements,
such as from drilled core, and the linear block proportion itself.
In Figure 14 the total length of drilled core is shown as Ndmax, or
multiples of the size of the largest expected block, dmax, which can
be estimated from field exposures or else assumed to be 0.75Lc
at site scale.
The volumetric block proportion is within a range between
the adjusted lower and upper volumetric block proportions. It
is prudent and conservative to apply the uncertainty adjustment
downward for the calculated estimates of volumetric block
proportions for the purpose of assigning strength parameters
for a bimrock. On the other hand, for the purpose of assessments of excavation rippability and construction preparedness
in tunneling or earthwork construction, it is prudent and conservative to adjust upward the calculated estimates of volumetric block proportions.

Figure 13. Plan view of an array of 100 linear block proportions
ranging between 0% and 61%, measured for a physical model
bimrock with an actual volumetric block proportion of 32%.
This data representation clearly shows the spatial variability, the
extremes being indicated by the circled values. Coincidentally,
the average of the extreme values of liner block proportions
(30.5%) closely matches the actual volumetric block proportion
of 32%. However, other random pairings of data will generally
not yield average linear proportions that match the actual volumetric block proportion. Likewise, in geopractice explorations
of mélange, it is unlikely that two borings will yield average
linear block proportions that match the actual volumetric block
proportion of an explored rock mass. After Medley (1997).
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ESTIMATING BLOCK SIZE DISTRIBUTIONS
Given the economic ramifications for construction planning,
it is of great value to geopractitioners to be able to reasonably
estimate the volumes and block size distributions of bimrocks
to be excavated or tunneled (Attewell, 1997). Hard blocks in
mélanges that are larger than ~0.6 cm in diameter are too large
to pass through the apertures of earthmoving scrapers, which are
like the gaps in cheese parers and potato peelers. Blocks >~2 m
cannot be easily removed by conventional bulldozers. Because
blasting is often not permitted during earthwork in urban areas,
excavation of large blocks must be performed by fragmenting
them with hydraulic rock hammers, resulting in noise, dust, and
expensive delays to earthwork grading schedules, although nonexplosive chemical demolition agents are available.
As the primary means of obtaining subsurface data is by
drilling, it is logical to attempt to estimate block size distributions from chord length distributions. The degree to which 1-D
(one dimension) chord length distributions match actual 3-D
block size distributions is dependent on the orientation of blocks
relative to the boring directions, volumetric block proportion,
and total length of drilling. Because observed chord lengths
are almost invariably smaller than the actual block diameters
(Fig. 15) the frequency of larger block sizes tends to be underesti-

Figure 14. This plot provides the uncertainty in assuming that
measured linear block proportions (13% to 55%) are assumed
to represent volumetric block proportion. Uncertainty (coefficient of variation) in estimates of volumetric block proportions are a function of the total length of linear measurement,
expressed as multiples (N) of the length of the largest block
(dmax). The dashed line shows an example for Scott Dam,
California, where the total length of drilling performed was
equivalent to ~5 times the size of the largest block; i.e., Ndmax
was ~5. Based on the drilling, the linear block proportion
was ~40%. When assumed to represent the actual volumetric
block proportion, there was an uncertainty of 0.2. Hence the
adjusted volumetric block proportion was 40% – (0.2*40%),
or 32%. After Medley (1997).
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mated, and the frequency of smaller sizes overestimated. Indeed,
larger blocks are mischaracterized as smaller blocks to the degree
that small block sizes are indicated that may not even be part of
the actual 3-D block size distribution (Fig. 15). Estimates of 3-D
block size distributions from measurements of 2-D outcrop areas
also yield widely erroneous estimates (Haneberg, 2004).
It is thus unlikely that drilling and coring into a mélange
rock mass will yield actual 3-D block size distributions, so estimating 3-D block size distributions should be attempted with
great caution, or better yet, not at all. The practical consequence
of underestimating block sizes from exploration drilling is that
unpleasant and costly surprises may occur during excavation and
tunneling of bimrocks.
CONSTRUCTION IN MÉLANGES
The size and volumetric proportion of hard blocks, and
their individual lithology, strength, and discontinuity fabrics,
are critical considerations in the selection of the appropriate
method of excavation and the equipment required to safely
perform the excavation of weaker matrix material and stronger,
commonly very large blocks. Large blocks (greater than tens
of meters in size) indicate the possibility of generally weaker
sheared matrix adjacent to the block and potentially dangerous
ground conditions.
Stress distributions in mélanges influence the construction
behavior and long-term performance of dam and structure foundations, slopes (Medley and Sanz, 2004), and underground excavations (Button et al., 2003; Moritz et al., 2004; Riedmüller and
Schubert, 2002). Stress states depend on the in situ stress and
lithologies; size distributions, orientations, and shapes of blocks;

Figure 15. Comparison of true 3-D block size distribution
(3D BSD) used in the fabrication of each of four physical model bimrocks. The 1-D chord length distributions
(CLDs) were generated from measuring all chord lengths
in 100 model borings generated for each model. Despite
the 400 borings, the 1-D distributions do not mimic the
actual 3-D distribution. Instead, small blocks are indicated that were not incorporated into the actual models, and
the proportions of larger block sizes are underestimated.
After Medley (2002).
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orientations of matrix shears and groundwater; and the geometry and type of construction. High stresses may be transferred
into the sheared matrix surrounding unexpected large blocks as
tunnels or excavations under construction approach the blocks.
Such rearranged ground stresses, in combination with high in
situ tectonic stresses, and/or from topographic effects, may yield
problematic to disastrous “squeezing ground” conditions during
tunnel excavation (Hoek, 2001; Button et al., 2003).
A site evaluation must consider the general hydrogeologic setting and the potential for variable water flow or artesian pressures during and after construction, as groundwater
has an important impact on the stress conditions as well as the
mechanical properties. Haneberg (1995) demonstrated that
in heterogeneous colluvium, variations in the permeability of
matrix and blocks perturb fluid flow and influence local factors
of safety in mélanges and fault rocks. Unexpected inflows of
groundwater may also discharge from large fractured blocks, or
stress imbalances may arise from pore water pressure variations
around large blocks.
In mélanges, the permeabilities may also differ by orders of
magnitude over short distances, because intact blocks, fractured
blocks, intact matrix, and sheared matrix may have widely varied individual permeabilities. The impact of abrupt changes in
permeability, as well as the potential for preferential flow, needs
to be considered in the design and may impact construction. The
installation of piezometers prior to construction will help evaluate the local hydrogeologic regime. However, the common construction practice of using drilled sub-horizontal drains to lower
water levels in mélange rock masses at landslides is only erratically successful. Relatively impermeable matrix drains slowly.
Fractured and relatively permeable blocks penetrated by drains
may gush water for a while, providing an illusion of success, but
discharge often diminishes with time as the blocks empty.
GEOTECHNICAL OBSERVATIONAL METHOD
The confirmation of design assumptions during construction is important, but based on the generally limited investigations and characterizations of mélanges normally performed, the
geopractitioner may be unable to predict the performance of the
work during construction. Hence adherence to the geotechnical observational method (Peck, 1969) is essential. This method
requires that all possible modes of failure are anticipated and
observations and measurements in the field are used to identify
critical, potentially unforeseen, conditions. Different rock mass
strengths may be assigned for the different failure modes. For
example, in an excavation, there may be potential for large-scale
slope failures through the bimrock; or else the detachment of a
critically oriented block along adversely oriented matrix shears
could cause significant damage. Estimates are then made of the
likely progression of ground movements as the various failure
mechanisms develop, as ground failures are rarely instantaneous.
Once failure modes and scenarios are conceived, action criteria
based on critical thresholds of ground movement are established,

rock mass and groundwater monitoring programs developed, and
consequent remediation procedures prepared. During construction, ground deformations are monitored and ideally analyzed in
real time (Moritz et al., 2004). If ground movements approach
action thresholds, the construction remediation procedures are
implemented to deter the failures.
CASE HISTORIES
The following four case histories are summaries of experience in geoengineering practice that illustrate many of the points
made in this chapter.
Case History 1: Mischaracterization of a Landslide
As described by Medley and Sanz (2004), there are many
factors that should be considered when characterizing and analyzing the slope stability of mélanges and other bimrocks. However, the most fundamental consideration is the recognition that a
rock mass is a bimrock. The consequences of nonrecognition can
be expensive, as described here.
Hillside repairs were proposed to mitigate landslides that
intermittently disrupted a main road in California. Based on borings terminated ~2 m into apparent sandstone bedrock, the investigating geopractitioner concluded that each of the landslides was
composed of a shallow layer of clay and boulder colluvium sliding on the surface of underlying sandstone bedrock (Fig. 16). He
recommended that the most economical repair would be removal
of the failed soil down to the solid bedrock and re-grading of
the failed slopes. The successful contractor bid for the designed
repairs of the several landslides for a fixed price of more than a
million dollars.
During construction of the first landslide repair, the earthwork contractor encountered pervasively sheared shale containing abundant rock blocks up to several meters in size, which
required considerable effort to remove, as blasting was not
permitted. Neither solid bedrock, nor even a definite landslide
“failure surface” between the landslide and the bedrock was
observed; instead there were countless shear surfaces. In an
attempt to find continuous bedrock, the excavation was deepened to several tens of meters below the design depth of a few
meters. The project was halted when the repair for this first
landslide repair had cost almost all the total contract amount set
aside for repair of all the landslides.
The landslide was actually a deep-seated earth flow in pervasively sheared mélange rather than a shallow soil mass sliding on
top of apparent bedrock, as interpreted from exploration drilling.
The interpreted bedrock was the graphical artifact of connecting
straight lines between the soil-rock contacts intersected by the
borings (Figs. 5 and 16). Although the geological chaos was a
surprise to the geotechnical engineer, it should not have been,
as publically available geological maps showed the locale of the
landslide to be within Franciscan mélange, with large blocks protruding prominently from the hillside around the site.
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Case History 2: Estimate of Volumetric Block Proportion
in an Excavation
The Lone Tree Slide was a major landslide in Franciscan
mélange that blocked California State Highway 1 near San Francisco (Van Velsor and Walkinshaw, 1993). To stabilize the slope,
950,000 m3 of intact and failed mélange were excavated to an
average depth of 37 m. The drilled exploration of the landslide
intersected a maximum block chord length of ~8 m. Based on the
percentage length of drilled chords through blocks, the project
geopractitioners estimated that 5% of the total volume to be excavated would be blocks large enough to be troublesome to excavate and thus eligible for extra compensation as rock. However,
the sizes and proportion of the hard, large blocks encountered
during excavation were far greater than had been anticipated during design and caused delays and unanticipated expense (Van
Velsor and Walkinshaw, 1993).
To develop approaches useful for future construction
projects, Medley (1994a, 1994b) logged the drilled core and
mapped the slopes of the excavation at Lone Tree Slide. The
characteristic engineering dimension (Lc) for the landslide
was assumed to be the average thickness of the original slide,
some 30 m. The block-matrix threshold was selected as 1.5 m
(0.05Lc). Several large blocks protruded from the undisturbed
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hillside adjacent to the landslide the exposed parts of which
suggested that the intact blocks were at least 30 m or more in
size (Medley, 1994a). Accordingly, the size of the largest block
(dmax) was assumed to be ~30 m.
About 375 m of drilled core from the landslide exploration was reviewed. Block/core chords were measured between
1.0 m and up to 7.9 m in length. The linear block proportion for
all the mélange explored was ~10%, which was the weighted
average of block-poor mélange within the landslide (about zero
percent) and block-rich mélange beneath the slide (28%). The
375 m total length of drilling was equivalent in length to 12.5dmax
(where dmax was 30 m). Figure 14 indicates the uncertainty to be
at least 0.40 for a measured linear block proportion of 10%, total
drilling of 375 m equivalent to 12.5 times the length of the estimated dmax of 30 m (i.e., Ndmax of 12.5), and the assumption that
the measured linear block proportion of 10% was equivalent to a
volumetric block proportion of 10%. Hence the estimated range
of volumetric block proportions ranged between 6% and 14%
(10% ± 0.4 times 10%). In a similar situation, for excavation
purposes a conservative geopractitioner should adopt the higher
bound (in this case, 14%). For an estimate of volumetric block
proportion for evaluating the overall rock mass strength, the 6%
lower bound was too low to improve the geomechanical properties of the rock mass.
Nevertheless, if it had been available at the time, the higher
bound estimate of block proportion would have been useful for
construction cost purposes. According to the contractor, after
the excavation work was completed, the volumetric proportion
of excavated blocks was estimated to be between 6% and 11%,
which was greater than the original design estimate of 5% but
closer to the conservative post-project estimate of 14%. If the
estimation had been performed prior to excavation instead of
afterward, a suggested range of between 5% and 15% would
have been reasonable for estimating the volumetric block proportion as the basis for pre-construction cost estimates to excavate
and remove blocks.
Case History 3: Estimate of the Strength of a Mélange
Underlying a Dam

Figure 16. The upper sketch shows a geopractitioner’s
landslide characterization based on shallow borings and
an observed outcrop: a shallow soil landslide sliding
on an assumed underlying continuous bedrock surface.
The lower sketch shows the actual bedrock conditions in
which the four borings intersected discrete blocks in a
mélange composed of sheared shale matrix and blocks of
various dimensions and lithologies. After Medley (2001).
BH—borehole.

This case history outlines the approach adopted to characterize the bedrock underlying Scott Dam, which impounds the Eel
River at Lake Pillsbury, 160 km north of San Francisco. Built in
the 1920s, the dam is a masonry gravity structure ~40 m high.
The dam is underlain by a Franciscan mélange (Goodman and
Ahlgren, 2000; Hovland et al., 2000).
In the 1970s conventional geotechnical analysis indicated
that if the strength of the mélange under the dam was the same
as the strength of the weak, sheared shale matrix (the thenconventional assumption), the foundation rock would be too
weak to resist lateral sliding and the dam would fail by sliding
mode along the base contact with mélange. But the dam was still
intact more than 50 years after it was built, so the mélange bedrock was clearly stronger, possibly due to the presence of blocks
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in the sheared shale, as suggested by Volpe et al. (1991). A recharacterization of the Franciscan mélange and a reevaluation of
the foundation strength was commissioned by the dam owner, an
investigation which funded the Ph.D. research of Medley (1994a)
and Lindquist (1994a).
Characterization required selection of the block-matrix
threshold, which in turn required selection of Lc, the characteristic dimension scaling the problem at hand. In general, flexibility
is inherent in the selection of Lc for dam foundations. The dam
width, dam height, square root of the area (√A) of the dam footprint, or thickness of a critical failure zone could all have been
used for Lc. But the likely critical mode of failure was considered to be basal sliding at the contact between Scott Dam and
the Franciscan mélange foundation rock. Accordingly, Lc was
selected as a postulated 3 m thickness of a basal failure shear
zone within the mélange rock at the base of the dam.
As described above, geotechnically significant blocks
that influence bimrock strength range between ~0.05Lc at the
block-matrix threshold, and 0.75 Lc, for the largest block, dmax.
For the Scott Dam project, the block-matrix threshold was
selected as 0.15 m, or 5% of the postulated 3-m-thick basal
shear zone. This criterion was used to discriminate blocks from
matrix when reviewing drill core and drill logs. Measurement
of block chord lengths in drill logs and photographs (Fig. 17)
of Scott Dam core in the assumed critical potential failure
zone indicated that the linear block proportion was ~40% for
the postulated critical 3-m-thick shear band of failed mélange
below the dam.
The total length of exploration core required to yield a
reasonably accurate estimate of a volumetric block proportion
from drilling should be at least 10 times the size of the expected
largest block dmax, or 10dmax. At Scott Dam, based on field observations and drilling, the size of the largest block was estimated
to be between 30 and 43 m (Medley, 1997), so greater than 300
to 430 m of drilling would have been preferable. In actuality,
only ~150 m of core (representing at least 5dmax) was recovered

Figure 17. Typical core from an exploration boring at Scott Dam,
California, showing matrix of sheared shale containing blocks
that were smaller than 0.05 Lc (0.15 m) and assigned to the matrix, and a measurable block. Photo: Richard E. Goodman.

from the several extensive exploration campaigns performed
since the 1970s.
Because there were insufficient data, the estimated volumetric block proportion had to be adjusted for uncertainty. As shown
in Figure 14, using the procedure described by Medley (1997) the
estimated linear block proportion was 40%, the uncertainty was
0.2, and the adjusted estimate was 32% to 48% (40% ± 0.2 times
40%). For purposes of strength estimates, it is prudent to use the
lower bound, so a conservatively adjusted volumetric block proportion of 32% was selected for the volumetric block proportion
of the Franciscan mélange below the dam. The estimate was subsequently lowered to 31% on the basis of additional exploration
drilling (Goodman and Ahlgren, 2000).
Because of scale independence, mélange and other bimrocks
at the scale of laboratory specimens are closer to being scale models of the parent rock masses than is generally true in geotechnical engineering. Laboratory specimens of Franciscan mélange
from the dam foundation (Goodman and Ahlgren, 2000) were
tested using multistage triaxial compression tests such as those
described by Lindquist (1994), Lindquist and Goodman (1994),
Bro (1996, 1997), and Goodman and Ahlgren (2000). Given that
the diameter of the laboratory specimens was the characteristic
engineering dimension Lc, blocks in the specimens were those
intact inclusions that had maximum dimensions between ~5%
and 75% of the specimen diameter. The volumetric block proportions of each specimen were measured after specimen disaggregation and wash-sieving to retrieve the blocks.
Strength testing of Scott Dam laboratory specimens with
different block proportions yielded a plot of effective friction
angle as a function of volumetric block proportion (Fig. 18). The
overall strength of the foundation rock mass was evaluated using

Figure 18. Plot of effective angle of friction (φ′) as a function of volumetric block proportion, generated from laboratory testing of Franciscan mélange specimens obtained
from core drilling at Scott Dam, Northern California.
From Medley (2001), after Goodman and Ahlgren (2000).
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the adjusted estimate of rock mass volumetric block proportion
and the laboratory plot of effective friction angle as a function
of volumetric block proportion. For the mélange beneath Scott
Dam, the friction angle was estimated to be 39° for the overall
31% volumetric block proportion (Fig. 18).
Additional geotechnical engineering analyses confirmed
that the strength of the mélange bimrock at the dam foundation
was considerably greater than the strength of the matrix alone.
On the basis of the geotechnical characterization and analysis of
the mélange, both the California Division of Safety of Dams and
the Federal Energy Regulatory Commission agreed that Scott
Dam was safe and did not require any of the initially proposed
structural reinforcement (Goodman and Ahlgren, 2000; Hovland
et al., 2000). Essentially the same procedure described here for
Scott Dam was used for the evaluation of the shear strength of
Franciscan mélange below Calaveras Dam (Roadifer et al., 2009).
Case History 4: Evaluation of Permeability of a Mélange
In February 2000 a high excavated slope failed at a longestablished residential area of Millbrae, California (Snell and
Medley, 2008). The slide was largely within Franciscan Complex mélange. Litigation proceedings followed shortly afterward,
during which several allegations were made, one being that the
San Andreas Lake water-supply reservoir, some 1500 ft from the
landslide, had leaked groundwater through the intervening low
broad ridge and caused the landslide.
Geological and geotechnical investigations revealed Franciscan mélange within the ridge, consisting of a chaotic mixture
of clayey, highly sheared matrix with blocks composed of sandstone, shale, greenstone, and other lithologies. Hydrogeological
observations and analyses concluded that the permeability of
the mélange ranged between 2.1 × 10−8 and 1.4 × 10−7 cm/s.
Detailed hydrogeological analyses showed that the alleged
contribution to the landslide of groundwater leaking from the
reservoir through the ridge was invalid. Following additional
investigations and analyses, it was apparent that other factors
had contributed to the landslide. These included long-term degradation of the mélange exposed in the excavated slope, which
was aggravated by lack of slope maintenance and the effects of
poorly controlled surface drainage.
CONCLUSIONS
Mélanges, fault rocks, weathered rocks, and similar bimrocks are common and problematic for geopractitioners (geotechnical engineers, geological engineers, engineering geologists, and rock engineers) working in geologically complex areas
of the world. Hence it is vital that geopractitioners have at least
a conceptual understanding of the existence of bimrocks and are
able to recognize them, even if they are unfamiliar with the processes of formation and other geological details.
Despite their heterogeneity, mélanges and other bimrocks
can be characterized for the purpose of geoengineering design
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and construction, even where there is great uncertainty in the
characterization, or where the volumetric proportion of blocks
is too small to provide geomechanical benefit. Simple procedures are available to characterize and analyze mélanges, and
implementation of these procedures may reduce expensive
surprises by focusing the geopractitioners’, owners’, and contractors’ attentions on the difficulties that may be encountered
during design and construction. Accordingly, Society will be
better served if geopractitioners working with mélanges learn
to expect the unexpected.
We have written this chapter to increase awareness by geologists of the practical problems faced by engineers working (often
heroically) with geologically exciting but chaotic mélanges and
other troublesome bimrocks. Geologists have much understanding, which, if shared without unnecessary geological jargon,
could assist engineers in recognizing mélanges and other geologically complex rocks with a view to improving the simple
approaches described here for their characterization, design, and
construction. The writers hope that geologists and geopractitioners are more cautious the next time they use the expressions
interbedded or soil with boulders in boring logs or reports, and
that they persuade engineers to critically review the cross sections
they develop from their field observations of sites in mélanges.
Overall, we believe that better geologist-geopractitioner collaboration will reduce the expensive surprises that so often occur in
the design and construction of Society’s constructed works.
SUGGESTED RESEARCH
We suggest the following avenues of cooperative research
between geologists and geopractitioners:
• Understand better the effects of block-matrix contrast
strength on the overall mechanical behavior of bimrocks.
• Develop virtual bimrocks using numerical modeling
methods to simulate under-controlled conditions of bimrock masses, and investigate geomechanical behaviors
of model bimrocks with variations in block-matrix and
strength-stiffness contrasts, block shapes and sizes, block
size distribution, and spacing. Pan et al. (2008) have made
a start on such research.
• Survey how various geological disciplines characterize
the complexity of the range of geological mixtures, such
as ore bodies within waste rock, fault rocks, and discontinuous contaminated soil and groundwater within pristine geology.
• Develop statistical, geostatistical, and stereological
approaches to understanding and predicting the uncertainties of our estimates of rock block volumes, sizes,
shapes, orientations, etc., based on the limited drilling
and mapping exploration tools available to geologists
and geopractitioners.
• Understand better the complex hydrogeological interactions within stressed rock-soil mixtures by learning from
structural geology and geomechanics.
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• Develop a database of characterization design and construction experience in bimrocks, such as the recent tunneling experience of Spreng et al. (2008) and Roadifer et
al. (2009) in Franciscan mélanges.
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