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THE ALASKA EARTHQUAKE, MARCH 27, 1964; EFFECTS ON TRANSPORTATION,

COMMUNICATIONS, AND UTILITIES

EFFECTS OF THE EARTHQUAKE OF MARCH 27, 1964, ON

THE ALASKA RAILROAD

By David S. McCulloch and Manuel G. Bonilla

In the 1964 Alaska earthquake, the
federally owned Alaska Railroad sus-
tained damage of more than $35 mil-
lion: 54 percent of the cost for port
facilities; 25 percent, roadbed and
track; 9 percent, buildings and utili-
ties; 7 percent, bridges and culverts;
and 5 percent, landslide removal. Prin-
cipal causes of damage were: (1) land-
slides, landslide-generated waves, and
seismic sea waves that destroyed costly
port facilities built on deltas; (2) re-
gional tectonic subsidence that neces-
sitated raising and armoring 22 miles
of roadbed made susceptible to marine
erosion; and (3), of greatest impor-
tance in terms of potential damage in
seismically active areas, a general loss
of strength experienced by wet water-
laid unconsolidated granular sediments
(silt to coarse gravel) that allowed em-
bankments to settle and enabled sedi-
ments to undergo flowlike displacement
toward topographic depressions, even
in flat-lying areas. The term “land-
spreading” is proposed for the lateral
displacement and distension of mobil-
ized sediments; landspreading appears
to have resulted largely from liquefac-
tion. Because mobilization is time de-
pendent and its effects cumulative, the
long duration of strong ground motion
(timed as 3 to 4 minutes) along the
southern 150 miles of the rail line made
landspreading an important cause of
damage.

Sediments moved toward natural
and manmade topographic depressions
(stream valleys, gullies, drainage
ditches, borrow pits, and lakes). Stream
widths decreased, often about 20 inches
but at some places by as much as 6.5

ABSTRACT

feet, and sediments moved upward be-
neath stream channels. Landspreading
toward streams and even small drain-
age ditches crushed concrete and metal
culverts. Bridge superstructures were
compressed and failed by lateral buck-
ling, or more commonly were driven
into, through, or over bulkheads. Piles
and piers were torn free of superstruc-
tures by moving sediments, crowded
toward stream channels, and lifted in
the center. The lifted piles arched the
superstructures. Vertical pile displace-
ment was independent of the depth of
the pile penetration in the sediment and
thus was due to vertical movement of
the sediments, rather than to differen-
tial compaction. The fact that bridge
piles were carried laterally without
notable tilting suggests that mobiliza-
tion exceeded pile depths, which aver-
aged about 20 feet. Field observations,
largely duplicated by vibrated sandbox
models of stream channels, suggest that
movement was distributed throughout
the sediments, rather than restricted to
finite failure surfaces.

Landspreading generated stress that
produced cracks in the ground surface
adjacent to depressions. The distribu-
tion of this stress controlled the crack
patterns: tension cracks parallel to
straight or concave streambanks, shear
cracks intersecting at 45° to 70° on con-
vex banks where there was some com-
ponent of radial spreading, and orthogo-
nal cracks on the insides of tight mean-
der bends or islands where spreading
was omnidirectional.

Ground cracks of these kinds com-
monly extended 500 feet, and occasion-
ally about 1,000 feet, back from streams,

which indicates that landspreading oc-
curred over large areas. In areas of
landspreading, highway and railroad
embankments, pavements, and rails
were pulled apart endways and were
displaced laterally if they lay at an
angle to the direction of sediment dis-
placement. Sediment movement com-
monly skewed bridges that crossed
streams obliquely. The maximum hori-
zontal skew was 10 feet.

Embankment settlement, nearly uni-
versal in areas of landspreading, also
occurred in areas where there was no
evidence for widespread loss of strength
in the unconsolidated sediments. In the
latter areas embankments themselves
clearly caused the loss of bearing
strength in the underlying sediment. In
both areas, settlement was accompanied
by the formation of ground ecracks
approximately parallel to the embank-
ment in the adjacent sediments. Sedi-
ment-laden ground water was dis-
charged from the cracks, and extreme
local settlements (as much as 6 ft)
were associated with large discharges.

Landspreading was accompanied by
transient horizontal displacement of the
ground that pounded bridge ends with
slight or considerable force. The deck
of a 105-foot bridge was repeatedly
arched up off its piles by transient com-
pression. Bridges may also have de-
veloped high horizontal accelerations.
One bridge deck, driven through its
bulkhead, appears to have had an
acceleration of at least 1.1 to 1.7 g;
however, most evidence for high accel-
erations is ambiguous.

Limited standard penetration data
show that landspreading damage was
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not resgtricted to soft sediments. Some
bridges were severely damaged by dis-
placement of piles driven in sediments
classified as compact and dense.

Total thickness of unconsolidated
sediments strongly controlled the de-
gree of damage. In areas underlain by
wet water-laid sediments the degree of
damage to uniformly designed and built
wooden railroad bridges shows a closer
correlation with total sediment thick-
ness at the bridge site than with the
grain size of the material in which the
piles were driven.

Local geology and physiography
largely controlled the kind, distribution,
and severity of damage to the railroad.
This relationship is so clear that maps
of surficial geology and physiography
of damaged areas of the rail belt show

Within 2 hours after the first
tremor of the Alaska earthquake
of March 27, 1964, the federally
owned Alaska Railroad had sus-
tained more than $35 million
worth of damage. The destructive
agents took many forms. Seismic
sea waves, landslides, and waves
generated by slides from the edges
of deltas largely destroyed or se-
verely damaged complex and
costly port facilities at Seward
and Whittier — ports through
which passed most of Alaska’s
waterborne freight. The damage
was compounded by seismic shak-
ing, ground cracking, and burning
fuel carried inland by the waves
(Grantz and others, 1964 ; Kacha-
doorian, 1965 ; Lemke, 1967). More
than 100 miles of roadbed settled
or was displaced and broken by
ground cracks in areas underlain
by unconsolidated sediments. In
the same areas, 125 bridges and
more than 110 culverts were dam-
aged or destroyed. Landslides
overran or carried away several
miles of roadbed and destroyed

ALASKA EARTHQUAKE, MARCH 27, 1964

that only a few geologic—physiographic

units serve to identify these areas:

1. Bedrock and glacial till on bedrock.
No foundation displacements, but
ground vibration increased toward
the area of maximum strain-energy
release.

2. Glacial outwash terraces. Land-
spreading and damage ranged from
none where the water table was low
and the terrace undissected to se-
vere where the water table was near
the surface and the terrace dissected
by streams.

3. Inactive flood plains. Landspread-
ing, ground cracking, flooding by
ejected ground water, and damage
were generally slight but increased
to severe toward lower, wetter active
flood plains or river channels.

INTRODUCTION

or severely damaged buildings and
utilities. Other railroad structures
were destroyed or damaged by
seismic shaking. Tectonic subsi-
dence lowered the land as much as
5.5 feet along the railline and
made about 35 miles along the
shore susceptible to flooding at
high tide and to accelerated ma-
rine erosion.

The type and severity of the
damage to the rail belt were large-
ly controlled by the geology, the
physiography, and the proximity
to the area of strain release. Dam-
age was concentrated in areas un-
derlain by wet water-laid nonco-
hesive young sediments in which
grain size ranged from silt to
gravel. Similar structures on older
drier sediments, or on till or bed-
rock, were nearly undamaged. The
seismic shaking mobilized the sedi-
ments, which then spread laterally
toward topographic depressions
carrying along the overlying em-
bankments. At stream crossings
the bridge superstructures were
compressed, and their supports

4. Active flood plains. Landspreading,
ground cracking, and flooding were
nearly universal and were greater
than on adjacent inactive flood
plains.

3. Fan deltas. Radial downhill spread-
ing and ground cracking were con-
siderable near the lower edges of the
fan deltas and were accompanied by
ground-water discharge. Landslides
Wwere common from edges of deltas.
Damage, landspreading, ground crack-

ing, vibration, and flooding by ground
water generally increased with (1)
increasing thickness of unconsolidated
sediments, (2) decreasing depth to the
water table, (3) proximity to topo-
graphic depressions, and (4) proximity
to the area of maximum strain-energy
release.

crowded together as the sediments
moved toward the stream channels
(McCulloch and Bonilla, 1967).
In addition to being damaged by
these permanent displacements of
the foundation materials, bridges
were subjected to transient hori-
zontal displacements, some of
which had considerable force.
Spreading of unconsolidated
granular sediments commonly oe-
curred on fans and deltas, but was
more widespread and highly dam-
aging to structures on the exten-
sive flat or nearly flat areas. The
term “landspreading” is proposed
for this type of ground movement,
first to describe the distension that
occurs within the sediments, and
second to bring attention tothe fact
that it occurs on flat or nearly flat
ground as opposed to landsliding
which hasthe connotation of down-
slope movement. The phenomena
described as landspreading can
probably be largely attributed to
liquefaction. However, because
landspreading may have been due
in part to other causes, it is prefer-



able to avoid a term that specifies
a single mechanism.

This report has two parts. The
first describes damage to struc-
tures as an indication of the be-
havior of foundation materials
during the earthquake. These ob-
servations are then used to explain
the formation, location, and pat-
tern of some of the ground crack-
ing that occurred over very large
arcas. Other topical subjects are
included in this first part. In an
effort to be of use to designers
building structuresin similar areas,
the damage is described in some
detail and some estimates are
made of the forces that were
exerted on the structures.

The second part of this report
1s a mile-by-mile description of the
surficial geology and the damage
to the railroad and some of the
adjacent areas. This part docu-
ments the close relation of the
geology to the distribution, sever-
1ty, and type of damage; it serves
as a record which should prove
useful in the future development
of these and similar areas; and it
provides an opportunity to record
details of damage to particular
structures not included in the pre-
ceding topical discussions.

As a preface to the discussion of
railroad damage, the following
descriptions, by I. P. Cook (writ-
ten commun. 1969), chief engineer,
and from the Railbelt Reporter
(1964, p. 4-5), of the events fol-
lowing the earthquake are given
so that the reader may appreciate
the tremendous job that faced the
small staff of The Alaska Rail-
road, and their immediate and
energetic response.

I P. Cook wrote that, on Fri-
day, immediately following the
earthquake:

First to arrive at the dispatching
headquarters of the Railroad’s Termi-

nal Building was John Manley, the
General Manager. True to Railroad
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tradition, other Railroaders appeared
on the scene and each began to check
out his particular responsibility.

Communication with line points of
the Railroad was virtually wiped out,
and the only assessment that could be
made before darkness set in by head-
quarters staff people was that in the
immediate area of the Anchorage
Terminal.

With the first rays of dawn on Sat-
urday, various officials met with the
General Manager and a plan was out-
lined for assessing damages and cor-
rective action. Helicopters and fixed-
wing airplanes were brought into serv-
ice from commercial companies to gain
access for inspection and determination
of damage. On this first morning after
the earthquake, General Manager John
Manley, together with CIliff Fuglestad,
Engineer of Track, made a helicopter
flight as far as the Hunter Flats and
also over to Tunnel Door 2 on the Whit-
tier Branch. Simultaneously, Engineer
of Structures, Bruce Cannon, together
with Roadmaster Paul Watts, started
north over the Railroad as far as Wil-
low, determining damage. A fixed-wing
airplane was dispatched to Seward with
Assistant Chief Engineer Charles Grif-
fith. He was met at Seward by Chief
Engineer Irvin Cook, who had made
his way in from the Kenai Lake area.

Assistant General Manager, Dick
Bruce, and General Roadmaster, Jack
Church, traveling by car and on foot
were able to survey the damage be-
tween Anchorage and Suntrana, source
of the coal used to generate much of
the heat and power consumed in
Anchorage.

As these various flights and reports
arrived back in Anchorage and a sum-
mation was made of the damage, initial
loss could readily be placed at $20 mil-
lion dollars. Some 200 miles of railroad
were totally immobilized. The flights
revealed that in excess of 110 bridges
were rendered unserviceable. Miles of
track were warped out of line and rails
twisted. Landslides accounted for over
214 miles of lost grade. Numerous ava-
lanches which had been triggered by
the shock covered the tracks as much
as 20 to 30 feet and had carried away
communication lines. The port of Sew-
ard facilities were virtually wiped out
by a combination of seismic action, tidal
waves, and fire. Our secondary Port of
Whittier fared somewhat better, but
was far from operable. The vital car
barge slip was gone.
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Several major shops and industrial
structures were either 100 percent de-
stroyed or required extensive repair at
our Anchorage headquarters and other
line points; 225 pieces of rolling stock
were either lost, or badly damaged.

Emergency communication lines were
quickly restored to allow Railroad per-
sonnel at various points along the Rail-
road to gain communication and to
receive instructions as to restoration
procedures.

On Saturday, the Railbelt Re-
porter said that :

Communications employees were back
on the job and they managed to get the
microwave system south going as far
as Mile 92 by running all repeater sta-
tions on emergency power. Men started
north to clean up the open wire circuits.

In the office, employees were trying
to bring order out of the jumble. File
cabinets had toppled over, light fixtures
had fallen, spraying desks, chairs and
floors with glass; cabinets had opened,
spilling contents.

March 29, 1964 — By Sunday night,
our Communications people had the
microwave system in operation to Port-
age, despite the fact that both the 150-
foot tower and the wooden tower at
Portage had been severely damaged.

From March 30, 1964 on — After a
harrowing weekend, punctuated by over
40 aftershocks, Alaska Railroaders in
full force rolled up their sleeves and
started putting their railroad back to-
gether again.

Communications had a ‘whoop and
holler’ circuit into Seward by March
30 and by March 381, they had five
channels of communication into that
stricken city.

Train and enginemen offered their
services wherever they were needed,
and helped with the gigantic clean-up
job.

Anchorage Freight Depot employees,
their regular jobs temporarily elimi-
nated by the quake, were recruited for
other jobs. All through that first week
they worked, righting file cabinets,
pounding drawers back into shape, clean-
ing up broken glass and furniture, filling
Preco heaters, carrying water for rest
rooms, moving furniture. There was no
heat in the General Office Building and
no water. Employees brought jugs of
water for drinking and making coffee.
Of necessity, slacks, warm sweaters,
jackets, and fur-lined boots became the
accepted attire of women employees.

* % & % 0k
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During the next few days, Harriet
LaZelle and her girls in the Employ-
ment Bureau, hired between 200 and
300 temporary employees to assist in
the big job ahead. Long lines of men
extended into the passenger depot, as
they waited to be fingerprinted by the
special agents before being transported
to damaged areas.

Mechanical employees busied them-
selves tearing down the Wheel Shop,
two walls of which had collapsed dur-
ing the quake. They set up offices for
the chief mechanical officer and his
staff in the Diesel Building as fast as
furniture and equipment could be re-
trieved from the condemned Wheel
Shop.

The authors are grateful to
many employees of the railroad
who took some of their valuable
time during the busy days of re-
construction to be of assistance,
especially the following: J. E.
Manley, general manager; 1. P.
Cook, chief engineer; C. L. Grif-
fiths, assistant chief engineer; B.
E. Cannon, engineer of structures;
Clifford Fugelstad, engineer of
track; Jack Church, trackmaster;
James Morrison and Arnie Hes-
ness, engineers; Carl Nelson, elec-
trical supervisor; and Francis
Weeks, accountant. In addition,
subsurface and other information
along the highway was obtained
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Secretary to the Chief Engineer,
Fran Moore, had this to say about
Engineering :

“On Monday morning, following the
quake, the department moved ahead en
masse and despite much adversity (lack
of communication, transportation, etc.),
things began happening. Contractors
moved in along the line, and with their
huge machines began at once the clear-
ing and dozing operations needed in the
rebuilding of Uncle Sam’s farthest
north railroad.

“Within days, on April 6, the first
freight train moved north from Anchor-
age to Fairbanks; the Palmer branch
was opened, and work along the south-
ern portion of the line was progressing
rapidly.

“Fills were made, bridges repaired,
and rail was laid. Divers were sent to
Whittier to probe under the water for
possible salvage. ‘Whirly-birds’ air-
lifted personnel up and down the line,
surveying the wreckage, and brought
them back to report what they had
seen and what was needed for repairs.
Work-weary, red-eyed roadmasters and
supervisors reported in, received their
new instructions, and went back to the
job and their equally tired men. Sleep
was all but forgotten, but The Alaska
Railroad is being rebuilt.”

The story was the same, from devas-
tated Whittier and Seward to the south,
to Fairbanks in the north, Alaska Rail-
roaders rallied to do their bit in this
great catastrophe.
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LOCATION AND PHYSIOGRAPHIC

The southern terminus of The
Alaska Railroad is the deepwater
all-weather port of Seward, built
on a fan delta in Resurrection Bay
fiord on the Gulf of Alaska (fig.

1). North from Seward (mile 0)
the rail line runs about 64 miles
across the steep and rugged gla-
ciated terrain of Kenai Peninsula
to Portage, where it is joined by a

SETTING

12-mile spur line to a second deep-
water all-weather port at Whittier,
on Prince William Sound. From
Portage to Anchorage the rail line
is built along the north shore of
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Turnagain Arm at the foot of
steep mountains; at Potter it
swings inland over gently rolling
plains of glacial deposits to the
main rail yards in Anchorage,
mile 114, on the shore of Cook
Inlet. Leaving Anchorage, the line
continues across the glacial plain
along the southeast side of Knik
Arm to the wide flood plain of the
Knik and Matanuska Rivers that
empty into the head of the arm at
about mile 146. At Matanuska, on
the northern edge of the fllood
plain, the line is joined by a 22-
mile spur that follows the north-
west side of the Matanuska River
to Palmer, Sutton, Jonesville, and
Eska. The main line turns west at

The great Alaska earthquake
occurred at 5:36 p.m., Alaska
standard time, on March 27, 1964.
The epicenter has been located ap-
proximately 80 miles east-south-
east of Anchorage, on the shore of
Unakwik Inlet (fig. 2). The hypo-
central depth is not known, but is
thought to have been between 12.5
and 31 miles (20 to 50 km). The
epicenter lies between -elongate
southwest-trending belts in which
the surface of the earth was up-
lifted and subsided. The amount
and distribution of the land-level
changes have been mapped by
Plafker (1965, 1968), and he pro-
posed the following low-angle
thrust model to explain the re-
gional uplift and subsidence:
Prior to the earthquake, strains
were generated within the conti-
nental crust as it was underridden
by the oceanic crust and mantle.
At some critical strain, rupture
occurred along a major zone of
weakness, or megathrust, that may
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Matanuska, then swings north in
a long curve along the valley of
the Susitna River which it follows
through the mountainous terrain
near Mount McKinley National
Park. Crossing the drainage di-
vide of the Alaska Range at Sum-
mit (mile 812.5) the rail line con-
tinues north in the Nenana River
valley to the town of Nenana at
mile 411.7. From here it swings to
the northeast and reaches Fair-
banks at mile 470.3.

The mountainous topography
between Seward, Whittier, and
Potter, and in the Mount McKin-
ley Park area has restricted pos-
sible railroad Iocation. Across the

Kenai Peninsula the rail line is
built on the floors of steep-walled
elongate glaciated valleys, and,
except where crowded to the side
of the valley by lakes or rivers, it
is built far enough from the walls
to avoid snow avalanches and
landslides. Because of these re-
strictions, the rail line had to be
built on marshes, active flood
plains, and in the Nenana River
valley on known landslides
(Wahrhaftig and Black, 1958).
Thus much of the damage to the
rail lne that resulted from dis-
placements or loss of bearing
strength of the soft sediments
could not have been avoided.

THE EARTHQUAKE

coincide with the base of the con-
tinental crust along the continen-
tal margin. Wilson and Tgrum
(1967) have suggested that the
rupture was triggered by the co-
incidence of large-amplitude earth
tides which increased the stress
with low-water tides (Berg, 1966)
which reduced the resistance to
thrusting by unloading the surface
above the thrust. At the time of
rupture, that part of the strain
which had been stored elastically
in the continental rocks above the
rupture was released, and the
rocks were driven to the southeast
over the rupture surface. From the
surface deformation pattern and
seismic data, Plafker infers that
the rupture surface may have in-
tersected the Aleutian Trench, and
then dipped gently to the north-
west for a distance of about 300
km, to a depth of about 40 km.
Thus, with the release of elastic
strain a zone of surface uplift was
produced when continental rocks

were driven up the dip of the rup-
ture surface; while to the north-
west, the land surface was lowered
by elastic horizontal extension and
vertical attenuation of the crust
behind the thrust block. A thrust
is also favored by Stauder and
Bollinger (1966) who have dem-
onstrated that there was a uni-
formity of motion in one preshock,
the main shock and the aftershock
sequence. They believe the com-
bined P-wave first motion and S-
wave polarization in the after-
shocks favor movement on a low-
angle thrust plane, not on a steeply
dipping plane as suggested by
Press and Jackson (1965).

Large horizontal displacements
were measured by the U.S. Coast
and Geodetic Survey during their
1964-1965 retriangulation of the
preearthquake triangulation net
(Parkin, 1966). Accepting Park-
in’s assumption that a station
about 35 miles northeast of An-
chorage was not displaced hori-
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ment along this latter part of the

zontally, the resurvey indicates a
general and increasing horizontal
displacement to the southeast in
the subsided and landward part
of the uplifted areas (fig. 3). The
horizontal ~displacements have
been interpreted as indicating a

widening of about 5 feet across
Matanuska Valley and a right-
lateral displacement of about 5
feet along the net between Sun-
rise and Seward (Wood, 1966, p.
121). There is as yet no indepen-
dent evidence for lateral displace-

net; however, from Moose Pass
to Seward the net follows a con-
spicuous topographictrough which
probably owes its origin to fault-
ing. The possibility of displace-
ment along the line from Moose
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Pass to Seward may be important
in assessing the damage to the
railroad, which lies in this trough.

Because much of the damage to
the railroad resulted from changes
in foundation materials that are
time-dependent and cumulative,
the duration of seismic vibration
was of extreme importance in de-
termining the kinds and degree
of damage. Wyss and Brune
(1967) have shown in an analysis
of P-phases on worldwide seismo-

grams that there were three dis-
tinct and an additional three prob-
able events during the main shock
(fig. 2). These events occurred at
increasing distances from the epi-
center at 9, 19, 28, 29, 44, and 72
seconds after the initial origin
time. The Richter magnitude of
the first P-pulse was 6.6; succes-
sive phases had larger amplitudes.
The largest P-wave amplitudes
had a magnitude of 7.8, and oc-
curred about 60 seconds after the

first arrival of the P-wave train.
The distribution of the epicenters
and the time of origin of the
events indicate that the railroad
was subjected to a long period of
severe shaking from seismic waves
that were generated over a wide
area.

Estimates of the duration of
strong ground motion along the
rail line range from 3 to 4 min-
utes, and estimates of the total
duration of perceptible ground



motion vary even more. In An-
chorage, shaking timed by watch
indicates that on unconsolidated
sediments strong motion lasted 3
to 4 minutes and perceptible shak-
ing had a total duration of about
7 minutes (Shannon and Wilson,
Inc., 1964a). At Portage, which is
underlain by several hundred feet
of water-saturated fine-grained
sediments, perceptible ground mo-
tion may have lasted as much as

BRIDGE DAMAGE CAUSED
BY DISPLACEMENT OF
FOUNDATION MATERIALS

Damaged railroad bridges have
been described in many studies of
earthquakes (Hobbs, 1908; Hollis,
1958 ; Japan Soc. Civil Engineers,
1960; Duke, 1960). Tt is difficult,
however, to compare these descrip-
tions and to understand the dam-
age-causing mechanisms because
(1) the bridges were damaged by
different seismic events, (2) the
bridges vary greatly, from those
built of bamboo to those built of
heavy masonry, and (3) the kinds
measurements taken by the various
observers are not consistent. In
contrast, for the Alaska earth-
quake it was possible to make com-
parable measurements of damage
to many bridges of the same de-
sign and construction.

Most of the bridges within the
area affected by the earthquake
are the type shown in Figure 4.
They are open wood trestles, sup-
ported on wood piling, with wood
bulkheads. Piles are driven to a
calculated bearing capacity of 15
tons. In larger and more complex
bridges on steel piles, the piles are
driven to a calculated bearing ca-
pacity of 35 to 50 tons. Some few

363-137 0—70——2
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15 minutes (Kachadoorian, 1965).
To the south, at the west end of
Kenai Lake in an area also under-
lain by at least 200 feet of uncon-
solidated sediment, John Ingra-
ham reported that after a period
of about 8 minutes, the large trees
were still swaying as if in a high
wind. John Kehdon made the
same observation in the same area
(Railbelt Reporter, 1964). In Sew-

D9

ard, at the southern end of the rail
line, also on unconsolidated sedi-
ments, strong motion lasted 3 to 4
minutes (Lemke, 1967).

The earthquake was followed by
a series of strong aftershocks with
magnitudes reported to be as high
as 6.7 (Wood, 1966, p. 68). Despite
the size of these aftershocks, there
is no evidence that any ecaused
additional damage to the railroad.

EARTHQUAKE EFFECTS

bridges have concrete or multiple
piers and steel decks.

Bridge damage resulted from
(1) permanent horizontal and ver-
tical displacements of foundation
materials, (2) transient horizontal
displacement of the ground, and
(3) high accelerations generated
within bridge structures by the
amplification of ground motion.
Because damage usually resulted
from some combination of these
elements, it is necessary to discuss
some details of the damage to
evaluate each of these elements.
In a few cases, observations pro-
vide approximations of the forces
that were exerted, which may be
useful in the design of similar
structures in other seismically ac-
tive areas. But of equal importance
is the conclusion that the observa-
tions provide evidence that the
gross behavior of a wide range of
noncohesive materials can be gen-
erally predicted without detailed
site information.

HORIZONTAL DISPLACEMENT

In nearly every damaged bridge,
bents were shifted both horizon-
tally and vertically, as shown dia-
grammatically in figure 5. Shift-
ing occurred without vertical ro-
tation ; thus bents remained nearly
vertical. Most horizontal displace-

ment took place in the line of the
bridge. In addition, where the
bridge deck buckled laterally there
were up- or downstream Imove-
ments of the bents, but these piles
appear to have been dragged by
the deflecting superstructure (see
p. D116).

Most displaced bents were torn
free of the superstructure. Some
pile caps remained attached to the
piles and were pulled from the
bolts that secured them to the
stringers (fig. 5). Other pile caps
remained secured to the stringers,
but the piles pulled free of the
drift pins that attach them to the
pile cap and the sway braces were
often split and detached from the
caps. In other bridges, the pile
caps were partially pulled from
the stringers and the piles and
were rotated between the shifting
piles and the deck. Displacements
of the bents probably very nearly
reflect the movement of the foun-
dation materials, because the con-
nections between the piling and
the superstructure appear to have
offered little resistance to the hori-
zontal displacement of the piles.
If the connections at the tops of
the bents had held, their bases
would have rotated streamward, as
were the bases of some of the piers
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5.—Typical displacement of bridge piles. Most piles were crowded toward the center
of the stream. The distance between piles increased at the bridge ends and decreased
toward the bridge center. Piles in the center usually stood higher than at the ends.

under the highway bridges whose
tops were held apart by steel decks
(fig. 6).

Relative horizontal displace-
ments between bents, as deter-
mined by measuring offsets be-
tween the pre- and postearthquake
position of the bents on the string-
ers, are plotted as bar graphs on
figures 7 and 8. Distances between
bents increased, remained un-
changed, or decreased. The dis-
placements are shown on the
graphs in terms of the interpreted
behavior of the foundation mate-
rial as extension, no change, or
compression.

In figure 9 the movements be-
tween bhents are summarized for
the short (12- to 45-ft), inter-
mediate (60- to 98-ft), and long
(105- to 150-ft) bridges shown in
figures 7 and 8. In order to com-
pare bent movement in bridges of
various lengths, the amount of
moverment between adjacent bents
is given as the percentage of the
bridge length.

Most bents were shifted toward
the streams. The fact that dis-

tances between bents generally
were increased near the bridge
ends and were decreased toward
the centers of the streams indi-
cates that there were zones of ex-
tension at the margins and com-
pression at the centers. This is
most clearly shown in the short
bridges. In intermediate and long
bridges the bent movements were
more complex. There was usually
extension at the margins but there
were often several zones of com-
pression and extension on the val-
ley floor. Some, but not all, zones
of compression were located at
distinct channels.

In all but six bridges, the net
compression shown by interbent
measurements exceeded the net ex-
tension (fig. 10). Net compression
was generally 20 inches or less,
regardless of bridge length, but
in two bridges compression was
as large as 64 and 81.5 inches.

In addition to having their sup-
porting bents torn free, most
stringers were put into compres-
sion by converging streambanks.
Distances between streambanks
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were decreased by as much as 6.5
feet (table 1). As a result, the
stringers acted as struts, and
either jammed into the fillers on
the bulkheads (fig. 11) or, where
compression was greater, drove
through the bulkhead planks (fig.
44). In some bridges most of the
compression was released at one
end, and the stringers were thrust
up over the top of the bulkhead
onto one of the approach fills.
Compressive forces not released
by failures at the bulkheads pro-
duced lateral deflections in the
decks of several bridges (those at
mile 37.0, 37.3, 63.0). Stringers
were either thrown into long hori-
zontal bends, or were broken at
sharp kinks, with as much as 8
feet of lateral deflection at the
apex of the bends (figs. 12, 18).
At mile 34.5 the distance between
bulkheads of a 105-foot wood
bridge was decreased by 2.0 feet.
The resulting compression jack-
knifed the deck up off its pilings
(fig. 13). The apex of the bend in
the deck occurred where four of
the elght stringers were butt-
jointed; the remaining four
stringers were broken. This is the
only bridge in which it is clear
that compression contributed to
arching. In other arched bridges
the decks lay in contact with most
of the piling, and arching resulted
primarily from vertical displace-
ment of piling (see p. D114), on
which the deck lay passively.

VERTICAL DISPLACEMENT

Displaced foundation materials
often had a vertical component of
movement; at many bridges the
tops of piles were higher at mid-
stream than near the banks. Less
commonly, there was no vertical
displacement, and pile tops were
level. There were no bridges in
which piling was lower in stream
centers. As a result, many bridges
were arched upward and others



6.—The pier of a highway bridge at Resurrection River that was rotated as its base
was carried toward the channel while its top was restrained by the deep central steel
deck beam. A crack that formed in the pier is visible just above the water.

remained relatively flat. In only
one bridge (63.5) was there a
downward arch in a superstruc-
ture. However, even in this bridge
the piling was higher in the stream
center. The downward arch was
formed when the stringers were
thrust upward over the top of the

bulkhead and onto the approach
fill which left the superstructure
unsupported to the place where
the sagging stringers again found
bearing on the piling (fig. 14).
Vertically displaced piles were
common in arched bridges in
which the stringers were put into

compression by streamward move-
ment of the banks. It is improba-
ble that the arching of the deck
pulled the piling upward because
the skin friction of the outward
battered piles would have greatly
exceeded the strength of the con-
nections between the stringers and
the piles. This is not to say that
compressional arching could not
have contributed to uplifting of
the piles to the point at which
these connections failed, for in one
bridge (34.5), as previously de-
scribed, compression alone pro-
duced arching in stringers torn
free of their supporting piling.
However, both in this bridge and
in most others, upward pile move-
ment occurred despite the fact that
these connections had been severed
by horizontal displacements of the
bents. Furthermore, piles were
also higher under the centers of
bridges in which the stringers
were not compressed—where arch-
ing decreased the distance between
the ends of the stringers sufficient-
ly to avoid compression between
converging bulkheads. Thus, ver-
tical pile displacements, whether
slightly assisted by the arching or
opposed by the weight and stiff-
ness of the stringers, indicate an
increasing vertical component of
movement of the foundation mate-
rials toward the stream centers.
The independence of vertical
pile displacement from deforma-
tion of the bridge superstructure
is shown clearly by an observation
of Lawson and others (1908, p.
218) after the great 1906 Califor-
nia earthquake:
* * * At the bridge over Coyote Creek,
on the Alviso-Milpitas road, the con-
crete abutments were thrust inward
toward each other about 3 feet. A pile
driven in the middle of the stream,
which had been cut off below the water-

level, was lifted about 2 feet and now
rises above the water.
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7.—Pile penetration length and relative horizontal displacement of bents of one- to seven-span open wood trestle bridges.
The horizontal displacements are shown in terms of interpreted behavior of the foundation material : Extension, distance
between bents increased; no change; and compression, distance between bents decreased. The shallowest, average, and
greatest depths of penetration in each bent are indicated by horizontal lines.
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8.-—Pile penetration length and relative horizontal displacement of bents of seven- to 14-span open wood trestle bridges.
The horizontal displacements are shown in terms of interpreted behavior of the foundation material : Extension, distance
between bents inereased: no change; and compression, distance between bents decreased. The shallowest, average, and
greatest depths of penetration in each bent are indicated by horizontal lines.
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71 EXPLANATION
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Seven-span bridges
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9.—Relative horizonal displacements between bents of open wood trestle bridges
plotted as the percentage of the bridge length. Horizontal compression of foundation
materials indicated by -+, horizontal extension by —.
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TaBLE 1.—Damage to

Measured stream-
bank convergence

Net compression or
extension of streambed

Com- (C) or divergence | sediments determined
Length i . . . X . pressed (D) (measured | by relative horizontal
Bridge (feet) Type Vertical distortion Horizontal distortion (C) or stringer length movement of bents
extended | minus measured
(E) distance between
bulkheads at level Com- Extension
of top of bents) pression
Mile 3.0 187 Two 80-ft through steel NOD®-eoeeccccmcieae Central pier 8 in, west L S N OSSR SR
girder spans with one and outer piers 2=in.
13.5-ft open wood trestle west of approaches.
on each end. X
3.2 135 Open wood trestle; nine 3-in.areh ... ________. Middle of bridge 10 in. [ 95100 e |
15=={t spans. west of approaches.
3.3 136 One 80-ft through steel None.... .- Middle span 30 in. west Co e e
girder span with two of south bulkhead and
14==1t open wood 6 in. west of north
trestles on each end. bulkhead.
3.7 105 Open wood trestle; seven 6-in. arch with 4th and 5th | North approach 1 ft west C....._ R I 55in._____ [\ I
15=1t spans. bent high. of south approach. T
4.3 42 Open wood trestle; three Arched Yin. . .| ..l (¢ SRS E I I
14=ft spans. | LT T e
4.8 105 Open wood trestle; seven Arched about®in.._________ 5-in. horizontal displace- B [ 3.51in
15=1{t spans. ment betweenapproaches. | | T T
6.0 165 Open wood trestle; eleven Y4-in. arch at 5th bent_ . .__ 5th through 12th bent Coo | e 1.881in._.__ ...
15=ft spans. moved 2in. towestof | | o T T
bents 1 through 4.
8.6 135 Ballast deck, wood; nine NON@. - ccmceee e ceeeeeee None.._ ...
15=ft spans.
DS O ) MUY (A opu sy up U PP PRI
15.2 14 Open wood trestle; one None......._...- South end bridge 18 in.
14+-ft span. east of north end.
15.6 45 Open wood trestle; three 2+n.arch ... . _______ South approach offset 20in. | C__.___.._| ___ I 1754in.___| 0. .___._.
1511t spans. east relative to north )
approach.
15.9 12 Open wood trestle; one None._.____ ... [ 1 L R, L 175in_____{ O _.___._.
) 121t span. :
5 O O ] F P [N N ST IR
16.6 60 Open wood trestle; four None. ... e None_ ... ... Neither_ .| .| .
154-ft spans. .
20.0 252 Open wood trestle; eighteen | 8-in. arch at 6th bent_.______ None.. . ... ) DT B R B
14:+ft spans. )
21.4 30 Open wood trestle; two Slhight_ ... ) O DRI SN N
154-{t spans.
23.5 105 Open wood trestle; seven NODe. oo None... ... .. Neither. .| .o\
15ft spans.
25.5 120 Open wood trestle; eight None.... ... None_.._ ... .oooo_co.__.. Neither_ | oo .
154-ft spans.
29.5 285 Open wood trestle; nine- None. ..o None._______ . ... [ o S S DU
33 teen 15+t spans.
200 Y Uy PV IRy E R
33.6 70 Open wood trestle; five 6-in, arch with maximum North approach offset to
144 ft spans. at 4th bent. west relative to south
approach.
34,5 105.3 | Open wood trestle; seven Jacknifed at 4th bent North approach offset 1.2 Co.. 206 Co .. 2.2 O ...
151t spans. breaking stringers. At ft west relative to south
peak deck approximately approach.
414t high.
34.7 105.0 | Open wood trestle; seven 2-ft arch over whole bridge  |___ . ... ... . ___.___ . B . it Do O ... 18in.__...
1541t spans. %vith maximum at 5th
ent.
34.8 105 Open wood trestle; seven 2-ft arch over whole bridge | North approach offset 2 ft ) N P RO 34in.__.__
154-ft spans. with maximum at 4th east relative to south
bent. approach.
35.6 98 Open wood trestle; seven 1.5-ft arch over whole North approach offset 2 ft 2 S R [ I 8in..__._.
1441t spans. bridge with maximum at west relative to south
4th and 5th bents. approach.
35.8 84 Open wood trestle; six 10-in. arech over whole | . .. . ... ... G . 1.55in__.__ [,
141t spans. bridge with maximum at
4th bent.
36.7 28 Open wood trestle; tWo | oo m e et e e
144t spans.
37.0 435 Open wood trestle; twenty- | Slight lowering of end North approach offset 2 ft Coaoe e e e e
nine 153-ft spans. bents and ends of bridge. east relative to south.
Sharp kink with 6-ft dis-
placement between bents
24 and 28.
37.3 75 Open wood trestle; five 6-in. arch primarily by North approach offset 2 ft Co el 7.250n o |
15+ ft spans. lowering of embankment west relative to south.
on north side of bridge. Sharp kink with 4-ft
displacement between
bents 1 and 4.
41. 6 70 Open wood trestle; five 3-in. arch due to lowerlng North approach offset 0.5 o RPN S B
14= ft spans. of fill on north approach. ft west relative to south
approach.
46.8 75 Ballasted deck truss on |- oo oo e i cmm e e e e e e
concrete piers on bedrock.
47.2 60 One 60-ft deck girder on | oo e | m e e c e e c [ m e ececmm e[| e
bedrock.
47.55 21 One 21-ft beam span ~ |. .o oo veeeim e omecic oo i e e e[ e
ballasted deck on piles
built of concrete capped
rails.
51.8 161 Omne 133t deek truss with | e e e | m e e m
one 14-ft beam span on
each approach.
52.0 85 One 85-ft deck truss. ..
52.45 29 One 29-ft beam span..
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Evidence of

Bulkheads

0 0

4 4

2 0

0 0

2 1
....... Several

____________ Yin______
[ [
[ [N
[ L
____________ 10in.____.
[ I, 1L5ft . .

D £ T O RN

D (T IS B

D - S IR EU

Yes_.... ~-3% -%

Yes..... 0 -3
.......... ~2 0

D % I R -3
.................... -3

Wi 0
0 El
........ W21z

Compression repetitive Bridge higher than
(C) or extension | compressive approach fills at
(E} measured blows at bulkheads Raised above (+) |Horizontal skew
at level of bridge ends Rammed Rotated or lowered below (inches) Remarks
stringers and (—) bridge (inches)
(or) steel spans
(inches)
South | North | South end | Northend | South North South North South North | South | North
165 Coeceens 0 2 5.6in...... [ Yes..... Yes__... Yes__... Yes__... 0 —0.75 | e
95C oaae. 0 0 8in_...... Sin._.____ Yes..... 0 -3 E7 |ocoen
21 Coiias 0 4 8in....... 84in ... | Yes..___ EN 3 P I W5.5
55Co . 0 [} 6in_.__... 4xin._.__ | Yes..__. Yes_.__. Yes..... Yes_._... ~2.5 L5 § 7 S N I
__________________ 0 0 Slightly._.| Slightly._.| Yes.....| Yes.....| Yes.....| Yes_....|-......._. 15 || W1l
15E .. 0 2 34-434in__| 1%4in_____ No...... Yes_.... No...... Yes_.... —~25% -3 | No El
2C et 0 0 [ I, 0. ... Yes..... Yes..... Yes..... D '€ R PO, No No
[ 0 0 L S [ No...... No...... No...... No.....- 0 0 No No
650 I o 0|l TIIlI Yes Il Wes LIl Wes. 1l| Wes. oL\l oIlIIIIInIIIIIIIIIITI T
L76Caeannns 1 0 Slightly___| Slightly.. | Yes.____ Yes..... Yes_.... (T I ISR PR MU
) W £ o 0 2 Slightly...| 2in..._... ' T R Yes..... Yes...-. 0 R 173 I

No damage to bridge.
Bridge on bedrock.
Report by B. E. Cannon;
noIt) see by authors.

0.

Slight spalling on abutments;
anchor bolts and expansion
joints not damaged. Re-
port by B. E. Cannon;
not seen by authors.

No damage to bridge. Built
on bedrock. Report by
B. E. Cannon; not seen
by authors.

Do.

Do.
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TaBLE 1.—Damage to

Measured stream-
bank convergence

Net compression or
extension of streambe

Com- (C) or divergence | sediments determined
Length . X i i . . pressed (D) (measured by relative horizontal
Bridge (feet) Type Vertical distortion Horizontal distortion C) or stringer length movement of bents
extended minus measured
E distance between
bulkheads at level Com- Extension
of top of bents) pression
54.1 256 One 200-ft through girder ... .. R U
with one 28-ft wood span
in each approach. i . -
58.7 180 Open wood trestle; twelve Slight lowering of bridge North approach offset Co e e
15= {t spans. ends with lowering of approximately 2.5 ft
approach fills. relative to south
approach.
59.6 44.95 | Open wood trestle; three 3-in. arch over whole bridge_| North approach offset C._.._.... 1456 C__._______ M5in.._ |
14= {t spans. approximately 8 in. east
relative to south
approach.
59.9 180 Open wood trestle; twelve | None___________ .. _________ North approach offset Co 1740, |
15= ft spans. approximately 3 ft east
relative to south
approach.
60.15 75 Open wood trestle; five 10-in. arch over whole ONe_ .. C o 10 e
15+ ft spans. bridge with maximum
at 3d bent.
60.4 45 Open wood trestle; three 4-in. arch over whole bridge | North approach offset [ & 2 25in. .| .
15= ft spans. with maximum at 2d approximately 2 to 4 in.
bent. east relative to south
approach.
61.1 60 Open wood trestle; four 5-in. arch by lowerlng of North approach offset Co 16,7510 | .o
15+ ft spans. north bulkhead bent. approximately 8 in to
west relative to south
approach.
61.3 60 Open wood trestle; four 6-in. arch over whole North approach offset Co o e Sin_ .|
1541t spans. bridge. 4 to 51in. east
relative to north end.
6.5 13.8 | Open wood trestle; one 1-in. arch over whole North approach offset C.. ... 4in. C__._._.._._. 4to6in.__|.o..______
span. bridge. approximately 18 in.
east relative to south
approach.
61.9 | 103.8 | Open wood trestle; 1-ft arch over whole North approach offset Co 186 C__ ... 2080 |
seven 154-ft spans. bridge with maximum at 2 ft west relative to
4th and 5th bents. south approach.
62,1 43 Open wood trestle; 10 in. arch over whole North approach offset C 6ft C___ ... 4in. .| ...
three 152t spans. bridge. unmeasured distance to
east relative to south
approach.
62.3 45 Open wood trestle; 6in_____ . ... North approach is old C o i 8in_ ..
three 1541t spans. bridge covered with
embankment. Now 1£ft.
east relative to south
approach
63.0 | 194.8 | Open wood trestle with 16ft. ... Sharp bend of 8 ft Co..... 446 C__ ... 83in. .o
planked walkways maximum displacement in
outside rails; thirteen 45 {t. North approach.
151t spans. approximately 14 in.
X west of south approach
63.5 | 149.6 | Open wood trestle; ten North half of bridge arched | North approach offset [ 64in. .o ..
154t spans. up 1 ft at bent 7; south 10 ft west relative to
half of bridge arched down| south approach.
1 ft at bent 3.
63.6 | 208.95 | Open wood trestle; 2.5-ft arch over whole North approach offset [ 2 DUt IR PRSI
fifteen 151t spans. bridge. 7 1t west relative to
south approach.
75.2 75 Open wood trestle; five | ... .. ... .| ... C oo e 4in_ .|
14-4-ft spans.
83.0 75 Open wood trestle; five 4-in. arch over whole Center of bridge [ A SRR DRSO RO
14+ ft spans. bridge with maximum at displaced 237 in.
4th bent. west.
83.5 75 Open wood trestle; five 6-in. arch over whole None_...._._____.__._ [ & 78 U PR RSO
14-+ ft. spans. bridge with maximum
between 3d and 4th bents.
93.46/ 60 One 60-ft steel deck () Y- O [ 2 DO RS Y
truss on concrete
abutments.
112.8 | 192 One 80-ft steel deck None. .. oo NONe. . oooiicieaeaas [ IR [ I
girder with four
14—+ ft open wood
trestle spans on each
approach pile pier at
end of steel span.
114.3 193 Omne 123-ft through steel None_ e L & SN (RSSO DI NPN FR U
truss with one 35-ft steel
beam span on each
approach. )
127.5 308 Five steel deck girders. 4tobin.arch_ . | ... Neither_ .| e[
From south to north
they are 74 ft, 40 ft, 80 ft,
40 ft, 74 ft. Concrete piers
and abutments.
136. 4 86 One 60-ft steel through || e Probably ||
girder with one 13-ft open neither.
wood trestle on each
approach.
140,8 80 Onme 80-ft steel through | | L et
girder on concrete piers.
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Evidence of Buikheads
Compression repetitive Bridge higher than
(C) or extension | compressive approach fills at
(E) measured blows at bulkheads Raised above (+) |Horizontal skew
at level of bridge ends Rammed Rotated or lowered below (inches) Remarks
stringers and (—) bridge (inches)
(or) steel spans
(inches)
South | North { South end | North end | South North South North South North | South | North

..................................................................................................................................... No damage to bridge.
Report by B. E. Cannon;

_________________________________________________________ ves.. | ves.oo oo not seen by authors.

145C. ... 0 0 156t .. . S5in__..... Yes_ ... Yes ... Yes..... Yes..... 0 0 0 0

17C e 0 0 21lin__.._. 3lin__.._. Yes..._. Yes..... Yes..._. D' T (SRR PRSP NP P,

................. 0 0 O |30 o { Noo.___.{ Yes.._. No...._. | Yes_____|......_.{ ... ._|----..._l.._..-..| Buried bulkhead three ties
north of bridge. Embank-
ment dropped 2.5 ft on
xﬁorﬁ{h si%e of this buried

ulkhead.

_________________ 0 0 0| O Yesoooo | Yes || Yes_ ||

_________________ 0 0 1t | 150t .| Yes.. .| Yes__...| Yes___._| Yes. _-.j .| aiofoemiaieas

[ o I 0 0 | 48in_.... 6in..____. Yes.._.. Yes..._. Yes_.._. D' T SN DR SR R,

_________________ 0 0 |6-10in___.| 1.56t__....| Yes..._.| Yes..__.| Yes.__..| Yes__. |-ccoo....fee. ... [WLS5 E

_________________ 0 0 leoeoeo ol 2o8ft .. ) Yes..._.| Yes..._| Yes_ ...y YeS . oo]eoomomooamamcnmmaafimmee e aeaeeas

_________________ 0 0 {oeeeee | 4in_......| Yes.....Q Yes..._.| Yes_.___| Yes_____|[ __....._. -3% | E3

[N PPN SO JU P FR Yes_.._. Yes_.... Yes__... D T IR DR S RPN,

_________________ 0 0 |8in._......|2ft._...._.| Yes.....] Yes.....| Yes.__._| Yes_...|-occeeoeii|eeeocooo| EB

_________________ 0 2 {0 1786 .| Yes_.._| Yes.....| Yes_c.| YeS_oooo|ocoooamoe]ooaamarafommmmmeafmmanas

................. 0 5 0 156t ... Yes..._.} Yes_._...[ Yes_._..| Yes_.___| o | femmoofeaiioon

—4 —638 || aaaane
0 {12 PSRN PP

3 Vol o SRS [N DR DRVt (R Ut (SPRUPUIRY (RPNt PSP ORI SRSPIUGUon FOps SRR PR Concrete abutment on north

end has rotated toward
. . stream at its base.

288 Coee | 10in.____. Slightly_..| Yes_.... No_..... ' RO IR DN PR R, Pile pier at south end of span
moved estimated 2 to 4 in.
streamward.

112 %% o JUU N (RSP PRI PRI RIIPON IPRIPIIIPI FURII (FIPPRIPRI N PRSI RN PRI SR PR

_____________________________________________________________________________________________________________________________________ No evidence of movement.

............................................. Slightly? - |« oo e |eeeeee]<eaeoo| No evidence of movement
of steel on concrete piers.
No data on wooden spans.

134 Coe e[ 1-2in..__. 1200 | e e e Concrete abutments
crowded together. Steel
jammed tight. B. E.
Cannon.
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TaBLE 1.—Damage to

Bridge

Length
(feet)

Type

Vertical distortion

Horizontal distortion

Com-
pressed
(C) or
extended
(E)

Measured stream-

bank convergence

(C) or divergence
(D) (measured
stringer length
minus measured

Net compression or

extension of streambed

sediments determined
by relative horizontal
movement of bents

distance between
bulkheads at level
of top of bents)

Com-
pression

Extension

142.9

146. 4

147.1

147. 4

148.3

152.1
152.3
154. 86

264.1

266.7
284,2

Open wood trestle; eight
1441t spans.

Ten 80-it steel through
girders and four 14+ft
open wood trestle spans
on north approach.

Three 123-ft steel through
trusses with one
25-ft 7-in. steel bearn span
on each approach.

One 123-ft steel through
truss with one 25-ft 7-in.
steel beam span on each
approach.

Open wood trestle; five
14+ ft spans.

Open wood trestle, two
14 4 ft spans.

Ballast deck, wood; seven
13-ft 6-in. spans.

8%%-in. arch over whole
bridge with maximum at
5th bent.

F L2
F21
F 5.7

F 9.4

F 10.7

126
211
196

56

98

Open wood trestle; nine
14 + ft spans.

Open wood trestle; fifteen
14 + ft spans.

Open wood trestle; fourteen
14 - ft spans.

Open wood trestle; four
14 =+ ft spans.

Open wood trestle; seven
14 + ft spans.

Slight arch over whole
bridge seen on oblique
aerial photographs.

Arch over whole bridge
with maximum at north-
west end seen on obligue
aerial photographs.

None visible on aerial
Pphotographs.

East end of bridge moved
1 to 2 ft north of west
end as seen on aerial
photographs.

Aerial photographs show
northwest end of bridge
moved southwest relative
to souttheast end of
bridge.

Probably
C.

Probably
C.

Probably
C.

SUTTON

A 12,0
A 12.6

A 17.0
A 18,0

12

302

70
98

Open wood trestle; eight
14 =+ ft spans.

Open wood trestle; four
14 + ft spans.

‘Two 14 4+ ft open wood
trestles; one 60-ft steel
through girder; six 14-ft
open wood trestles; one
60-ft steel through girder;
five 14 + ft open wood
trestles.

Open wood trestle; five
14 + ft spans.

Open wood trestle; seven
14 + ft spans.

Probably
C.

Oto7in._.
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railroad bridges—Continued

Evidence of . Bulkheads
Compression repetitive Bridge higher than
(C) or extension | compressive approach fills at ] -
(E) measured blows at bulkheads Raised above (+) |Horizontalskew
at level of bridge ends Rammed Rotated or lowered below (inches) Remarks
(—) bridge (inches)

stringers and
(or) steel spans
(inches)

South | North | South end | North end | South North South North South North | South North

‘“Erratic pier movement,
but not serious. Trestle
damaged.” B. E. Cannon.

Broken concrete pier (No. 3)
Base of pier shifted south
12 in. Expansion normal
in trusses. Tail spans
jammed; anchor bolts
spalled out of concrete.

B. E. Cannon.

North pier and abutment
shifted west about 12 in.
Pier 3 moved south about
12 in. off one roller of two
roller bearings. Tail spans
jammed. B. E. Cannon,
Seventy-foot span sheared
anchor bolts and jammed.
Lurch crack humped
bridge but did not break
piles. Pile bents 48 to 59
demolished. B. E. Cannon.

Piling moved out from caps

.............................................................. about 2 or 3 in. B.
Cannon.

No damage; on good ground.

B. E. Cannon.

Rocked on rocker joints.
Movement about 3 in.
Had to reset expansion
joints. B. E. Cannon.
Steel spans jammed
together.

Two deck truss spans
jammed against central
arch span. B. E. Cannon.

Tidal wave damage: broke
some piles. B. E. Cannon.
Undamaged. B. E. Cannon.

Out of shape. Three bents
at south and two at
north end crowded
toward center. B. E.
Cannon.

Had to add fillers over
some pile caps. B. E.
Cannon. (That is, bridge
was arched.)

Two bents at southeast end
of bridge moved north-
east; two bents at north-
west end of bridge moved
southwest. Threes
bents have been removed
but bridge is still 4 ft
out of line. B. E. Cannon.

BRANCH

Bents crowded toward
center and end bents
shoved in. B. E. Cannon.

No damage. B. E. Cannon.

Do.

Bents crowded toward
center. B. E. Cannon.
Thirty-inch offset in ap-
proaches. Piles moved
more than 24 in. in bent
2 and tipped. Heavy
movement in
bents 1, 6, 7, and 8.
B. E. Cannon.
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10.—Net horizontal compression or extension of bents, compared with the lengths
of bridges.

It should be emphasized that
the verticai displacements given
above are in relative terms only,
and that without some reference
one could also say that there was
downward displacement of the
end bents. The true sense of move-
ment is difficult to establish be-
cause of the lack of postearthquake
control, and the fact that damaged
bridges were in areas in which
there is reason to believe that
there was general, but unmeas-
ured, consolidation and settlement.

There 1is, however, some evi-
dence from the Portage area that
there was actual upward move-
ment of the piles in the stream
centers. In table 2 the preearth-
quake elevations of bridges are

compared with the postearthquake
elevations as determined by a
level survey made by Bonilla and
William Webb of The Alaska
Railroad. The effects of regional
subsidence are eliminated by re-
ferring both pre- and postearth-
quake elevations to nearby bed-
rock (U.S. Coast and Geod. Sur-
vey bench mark Q12). The survey
was run in a closed loop from
mile 64.21 to bridge 63.0 and in an
open-ended line from mile 63.0
south to bridge 61.9. Closure error
on the loop of 0.42 foot appears
from reoccupied stations to have
been cumulative, and is thus re-
distributed proportionally over
the loop.

TaABLE 2.—Adjusted relative postearthquake elevations, in feet, of bridges in the
Portage area

Bridge Preearthquake | Postearthquake Closure Elevation Elevation change
(mile post) elevation elevation ! correction 2 change corrected for 1.33 ft
consolidation 3
61.9 33.48 32,8 e —0.68 +0.65
62.1 32.99 b2 - T P —1.46 — .13
62.3 32,67 3.6 | ... —1.07 4 .26
63.0 32.14 3L3 +0.21 - .63 4 .70
63. 5 31. 86 317 4+ .14 — .02 +1.31
63.6 31.69 32.5 4 .115 + .93 +2.26

L Preearthquake elevations corrected for regional subsidence.
2 Distributed proportionally to horizontal distance on survey loop.
3 Consolidation measured at Union Oil well, Portage.

The differences in the pre- and
postearthquake altitudes indicate
that the tops of the arched bridges
varied from 1.46 feet below to
0.93 foot above their preearth-
quake positions. However, these
differences ignore consolidation.
Consolidation of 1.33 feet was
measured where the ground sur-
face settled around the 600-foot-
deep casing of the Union Oil Co.
well (fig. 111). Undoubtedly con-
solidation varied over the area,
and may have been less or greater
than 1.33 feet. If 1.33 feet is taken
as representative, at all but one
bridge (62.1) there was upward
movement of foundation materials
relative to the land surface—
movement that ranged from 0.26
to 2.26 feet.

It might be argued that differ-
ential consolidation of the founda-
tion materials played some role in
the vertical movements of the pil-
ing. If differential consolidation
were important, shallow piling
within surface materials, which
presumably would have undergone
the most consolidation, would be
moved farther downward than
more deeply driven piling, which
penetrated more compact layers.
However, the available pile-pene-
tration data for arched bridges
(fig. 15) suggest that penetration
depth and vertical displacement
are relatively independent. Arch-
ing always occurred in the stream
centers — regardless of the length
of pile penetration.

Vertical displacements of sedi-
ments in stream and channel cen-
ters have been noted in many
earthquakes, and it appears that
the phenomenon is general. For
example, H. H. Hayden (in Old-
ham, 1899, p. 285) showed a photo-
graph of a bamboo bridge over a
canal, about which he says:

The canal being, as already stated, a

line of weakness, it is not surprising to
find that the banks on each side are



cut up by fissures, while its bed has
risen, in some cases through several
feet, the central portion now being
above the water: this is well shown by
the bamboo bridges which have shot up
in the center. The same effect is seen
in numerous places between Rangpur
and Kuch Bihar, where bridges of small
span cross canals, small water chan-
nels or swamps. If the bridge has a
central pier, then this pier has been
thrust up and the bridge broken.

Similarly, Steinbrugge and Mo-
ran (1956, p. 25) state that in irri-
gated areas with a high water
table that were affected by the
Fallon-Stillwater earthquake of
1954 there were

* * % gpectacular cracks due to ground
movement of canal banks and adjoining
land, lurching toward canals or streams
were noted. * * * These cracks tended
to parallel the canals or streams. A
corollary to this type of ground move-
ment was the rising of the bottoms of
canals, which often rose above the
former water surface.

They show a photograph of the
central part of a canal bottom pro-
truding from the water and they
cite an unpublished U.S. Bureau

of Reclamation study that states
(p. 31):

In the Lone Tree and Stillwater areas,
canal banks settled from 1 to 3 feet, at
the same time the bottoms of canals
were raised from 1 to 2 feet, and in an
extreme case the bottom of a drain
ditch was forced up approximately 5
to 6 feet, by the heaving action of the
earthquake.

The great 1906 San Francisco
earthquake produced a similar
observation by Adams and others
(1907, p. 341) who state that

* % * on marsh land near the Bay
Shore, one mile west of Alvarado * * *,
During the quake the channel of the
creek [probably Alameda Creek] dis-
appeared, its bottom being raised to the
general level of the adjoining land.

This earthquake produced a
somewhat similar observation by
Jordan (1906, p. 298) in marshy
ground at the south end of To-
males Bay:
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11.—Stringers jammed into the bulkhead planking as the result of a decrease in
distance of 1414 inches between streambanks at bridge 59.6.

The two banks of the stream [Paper
Mill Creek] were forced toward each
other so that the length of the bridge
was shortened by about six feet and the
bridge was correspondingly humped at
its north end, an arch about six feet
high being forced up.

FOUNDATION MATERIAL
FAILURES INDICATED
BY BRIDGE DAMAGE

The patterns of damage to
bridges, and, in particular, the
horizontal and vertical displace-
ments of piles, piers, and abut-

ments make it possible to infer the
movement of the foundation ma-
terials at bridges and their mech-
anism of failure. Because connec-
tions between piles and super-
structures were so easily broken,
it can be assumed that piles were
carried nearly passively and that
their displacements generally re-
flect those of the foundation ma-
terials. A cross section of a typical
compressed bridge (fig. 16) shows
that piles were shifted streamward
and upward, and that the founda-
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12.—Laterally buckled and broken stringers of bridge 37.3, resulting from
714 inches of streambank closure.

tion materials were extended at
the the stream edges and com-
pressed in the middle of the
valleys. Because the piles were
shifted with little or no tilting,
movement of the foundation ma-
terials was probably as deep or
deeper than the pile tips. Pile
penetration in open wood trestles
ranged from about 10 to 30 feet,
but in longer bridges it was as
much as 125 feet. Bending of the
piles cannot be ruled out, and un-
doubtedly some occurred in the

very long piles; however, there is
no independent evidence to show
that any piles were bent. If bend-
ing did occur it was well below the
surface, and there probably were
no large differences in the amount
of horizontal displacement of the
foundation materials within the
depths of the average wood pile.
The absence of tilting in the
piling, or any other evidence of
rotational failures, and the atten-
uation and compression of the
moving foundation materials ac-

companied by an upward displace-
ment on the floors of the streams,
indicate that the foundation mate-
rials underwent a kind of flowage
in which there was rearrangement
of the materials at the intergran-
ular level. Sand ejected from
cracks on stream floors (figs. 13,
17) indicates that excess water
pressures developed within the
sediments. These observations sug-
gest that the foundation materials
may have undergone liquefaction.
Liquefaction is known to occur
during earthquakes (Seed, 1967)
and results when ground motion
compacts saturated granular sedi-
ments. If the water in the sedi-
ments cannot escape, or escapes
only slowly, the grains of the sedi-
ment become reordered in such a
way as to increase the load on the
interstitial water. As the pressure
of the confined water increases, the
sediment starts to liquefy and lose
strength ; when the water pressure
is equal to the load of the over-
lying materials, the sediment will
have become completely liquefied
and will have no strength.

Field observations show that as
the foundation materials became
liquefied, they were subjected to
increasing hydrostatic forces fixed
in large part by the amount of
relief and shape of the stream
valley. The sediments responded
with flowlike displacement that
produced a general lowering of
the streambanks accompanied the
upward movement of the sedi-
ments under the stream floors. If
sediments moved upward only
under the floors of valleys in which
there was net horizontal compres-
sion, the upward movement might
be attributed to compression of
the sediments under the centers of
the stream floors resulting from
the extension of the adjacent sedi-
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13.—Bridge 34.5 jackknifed upward by com pression at the bulkheads. Note the mounds
of fine-grained sediments ejected with ground water through cracks in the stream

floor.

ments; however, bridges in which
all interbent distances were in-
creased, yet which were arched
(for example, 34.7, 34.8, 35.6),
make it clear that even though all
the sediments are undergoing ex-
tension, they still react to hydro-
static forces, and move upward in
an effort to fill the depression.
The fact that all bridges were
either flat or arched upward sug-
gests that the foundation mate-
rials maintained some strength
and did not become completely
liquefied. If liquefaction had been
complete, piling would have been
driven downward by the weight
of the decks. The static load per
pile of an open wood trestle with
piles 30 feet long would be ap-
proximately 2,820 pounds. The
buoyancy of the piles would re-
duce the effective downward force
on each pile; however, the buoy-
ancy of a 10-inch-diameter pile
embedded 20 feet in sediment hav-
ing a density of 2 would be only
1,360 pounds. This leaves a down-
ward force of 1,460 pounds per
363-137 0—70——3

pile. It also seems unlikely that
the sediments became completely
liquefied in a zone at some depth
below the surface, while the sur-
face materials retained enough
strength to support the piles, be-
cause the piles shifted without
tilting and the surface sediments

D25

underwent attenuation and com-
pression. It seems, rather, that
movement must have been distrib-
uted throughout the sediments for
most of the depth of the piles.
Borings indicate the sediments are
generally layered, inhomogenous,
and lenticular, and the varying
resistance to penetration indicates
that they are of differing density.
If such an inhomogenous soil sys-
tem is subjected to seismic vibra-
tions, one would expect that some
parts of the soil column would
become liquefied more easily than
others, because of the differences
in density and the ease or difficulty
with which water might move into
or out of a given soil layer. It is
also probable that, in addition to
the varying capacities of the ma-
terials to liquety, the water in the
soil was subjected to repeated
transient reversals in hydrostatic
pressure resulting from compres-
sion and dilation of the sediments
during seismic vibrations. It has
been demonstrated that such
changes in pressure occur during

14.—Streambank closure of 64 inches drove the deck of bridge 63.5 through the south
bulkhead up onto the top of the embankment. The tops of the piles beneath the deck
describe an upward arch, and the deck sagged at the right until it encountered the
piles. Photograph by The Alaska Railroad.
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15.—Arching of decks and pile penetration in open wood trestles. The shallowest, average, and greatest depth of
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of the distribution of the pile penetration.
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Zone of extension fractures
(as much as 1000 ft wide);
ground surface lowered
increasingly toward stream

Decreased channel width
and probable up-bulging
of channel bottom

Zone of extension fractures
(as much as 1000 ft wide);
ground surface lowered
increasingly toward stream

Ground surface

Rails co. 1pressed,
deflected, and
torn from ties

Rails compressed,
deflected, and
torn from ties

Deck compressed and arched

Deck and rails  Rails pulled apart Rails pulled apart

Distance between bents ———— Increased

I

Increased |Pecreased /Preearthquake ground surface
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16.—Generalized diagram of a typical compressed open wood trestle. Piles were displaced toward the stream and upward in
the stream center. The fact that interbent distances increased at the ends of the bridge and decreased under the middle shows
that the sediments were extended at the edges and compressed at the center of the stream channel. Extension, continuing

back from the streambanks, formed fractures in the ground and embankments and pulled rails apart.

earthquakes if the water is con-
fined (Leggette and Taylor, 1935)
as it must be if liquefaction is to
oceur. It has also been pointed out
by Eaton and Takasaki (1959)
that all four major types of earth-
quake waves produce changes in
pressure; P and Rayleigh waves,
being dilatational and compres-
sional, cause pressure changes di-
rectly, while § and Love waves,
being shear waves, may produce
pressure changes by originating
additional P and Rayleigh waves.
Fluctuations in hydrostatic pres-
sure resulting from seismic waves
cannot be calculated without con-
siderable knowledge of the geom-
etry of each confining body (Coop-
er and others, 1965). However, it
is possible that the hydrostatic
pressures generated by seismic
waves make a small but critical
contribution to pore-water pres-
sures which allow some layers to
liquefy, while with succeeding
dilation the reduction in pore-
water pressure allows the layer
to develop some strength. Because
the Alaska earthquake was accom-
panied by a long period of P-wave
generation (see p. D8), changes in

pore-water pressure due to the
passage of seismic waves may
have been an important factor in
the degree of mobility reached by
the sediments.

In addition to undergoing fluc-
tuations in pore-water pressure,
the vertical component of ground
motion of the sediments would
alternately increase and decrease

the weight of the overburden on
any given layer. Because of their
generally inelastic behavior, soft
wet sediments respond more to
low- than to high-frequency vi-
brations (Gutenberg, 1957). If
such sediments are relatively deep,
and lie within a bowl, there is
some evidence that the sediments
may resonate (Newmark, 1965).

17.—Mounds of sand ejected with ground water from cracks in the floor of the stream
at bridge 34.7 on Hunter Flats.
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Mobile seismic arrays of the U.S.
Geological Survey have recorded
resonancelike oscillations on tide
lands adjacent to San Francisco
Bay (R. Borcherdt, oral commun.,
1968). If resonance occurs, it
would increase the magnitude and
velocity of the surface displace-
ments by generating nearly peri-
odic loops of ground motion, with
successive positive and negative
peaks which in turn would maxi-
mize the change in the overburden
load on any given layer. Because
the degree of liquefaction (partial
or complete) depends upon how
closely the pore-water pressure
approaches the overburden load,
periodic changes in the overbur-
den load might produce changes
in the degree of liquefaction. Thus
the soil mass might be character-
ized as containing many discrete
areas in which varying degrees of
liquefaction occur during a suc-
cession of pulses. The soil mass
would thus be able to flow in-
termittently while maintaining
enough strength to support the
bridges.

In addition, the discharge of
ground water to the surface that
occurred throughout the shaking
must have lowered pore-water
pressure, and is likely to have re-
sulted in partial rather than com-
plete liquefaction of the sediments.

Movement of the sediments to-
ward the stream valleys extended
for some distance back from the
streambanks. Embankments were
broken by tension fractures and
the rails pulled apart (fig. 18) as
the underlying sediments moved
toward the stream valleys. Ten-
sion fractures in embankments as
much as 600 feet from a stream
valley (fig. 19) suggest that the
sediments became mobilized long
distances away from the streams.

ALASKA EARTHQUAKE, MARCH 27, 1964

18 —View to the south of bridge 63.0. Compression, which deflected the deck 8 feet to
the east in a sharp kink, broke the stringers. A wide tension fracture in the fore-
ground broke the embankment; it shifted to the right at the fracture and skewed the
bridge.

MODEL STUDY OF
FOUNDATION FAILURES

An approximation of both the
horizontal and vertical movements
at some depth within the sedi-
ments can be made by comparing
pre— and postearthquake positions
of piles, if one makes the follow-
ing assumptions: that the piles
were not bent below the ground
surface, that the movement of a
pile is representative of the dis-
placement of the sediments along
its entire length, and that the ver-
tical displacements are upward.
Figure 20 shows the inferred sedi-
ment movement for a three- and
a seven-span bridge. At each
bridge the inferred direction of
particle movement as represented

by flow lines is directed toward,
and steepens in, the center of the
valley. However, the number of
assumptions makes this interpre-
tation suspect.

To get some feel for the distri-
bution of particle movement with
depth, several sandbox experi-
ments were performed. The box
containing the model (fig. 21)
was 24 inches square by 8 inches
deep, and had a removable side.
Rounded quartz-sand of the grain-
size distribution shown on figure
22 was spread in horizontal layers
alternating with either one or four
layers of 100-mesh carborundum.
The carborundum was sifted in a
thin layer onto the sand surface.
The position of each dark layer




and the top of the sand were trans-
ferred to a record on the top of
the box with a sliding wire gage
mounted on a rider.

The sand was then saturated by
slowly admitting water through a
perforated plastic tube at the base
of the side walls. When the sand
was thoroughly wet, each side of
the box was raised an inch or so
off the table and then quickly
lowered to strike the table top to
consolidate the sand. During con-
solidation, water rose above the
surface of the sand. The water was
then very slowly withdrawn with
a pipette from the plastic filler
tube until it was just below the
level to which a channel was then
cut by making successive passes
with a trough-shaped metal scoop.
The position of the surface was re-
measured, and the shape of the
channel recorded. Water was add-
ed slowly until there was about
one-sixteenth of an inch standing
on the channel bottom: the model
was again repeatedly raised and
quickly lowered to the table top
until the channel edges were seen
to have converged. The box was
then drained, and the sand cut
away to expose a face in the mid-
dle of the box where the surface
measurements had been taken.

In a one- and a four-layer mod-
el (figs. 21, 23, 24), the surface
outside the channel was generally
lowered. The amount of lowering
increased toward the channel
edges. The channel edges also
moved together, and the slope of
their sides decreased. The channel
bottoms were raised above their
original positions.

Beneath the channels, the dark
layers were arched upward. If one
assumes that the lowering of the
surface well back from the channel
was due only to consolidation and
that consolidation decreased pro-
portionately with depth, then the
central arched portions of the

EFFECTS ON THE ALASKA RAILROAD

AN

‘\z

[¢] 100

Seryice
statio

200 FEET
L ;

\l

T

AvmuoiH |

~—

N

Bridge 63.6
7 ft horizontal
offset

Bridge 63.5
10 ft horizontal offset;
4 in. compression

YMSYIV 3FHL

—qQYoNTIvY —

D29

RN

19.—Ground cracks at Portage Creek, as mapped from aerial photographs.
Note the open network of fractures south of the service station, on the island,
and on the point of land southeast of the island; note also that the
tension fractures are generally perpendicular to the highway and railroad

embankments.
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20.—Sediment movement suggested by displacement of bents in two arched bridges, based on the assumptions given
in the text. The preearthquake bent positions are indicated by dashed lines, on which the shallowest, average, and
deepest pile penetration lengths are indicated by horizontal lines.

black layers also were raised above
their original positions.

The rising of the channel bot-
toms to above the preshake posi-
tion clearly indicates that some
material moved upward, and
therefore also laterally. However,
having only horizontal layers in
the model, lateral movement could
only be measured by relative thin-
ning or thickening between dark
layers — because consolidation oc-
curred during the final shaking,
changes in thickness of these beds
might also be attributed in part
to differential compaction.

To measure lateral movement
more directly, a four-layer model

was built into which a vertical
grid of carborundum was injected
through a cannula (fig. 25). The
pre- and postshake grids are com-
pared in figure 264. The preshake
positions of the horizontal layers
have been lowered, as described
for previous models, to allow for
consolidation.

The distribution of particle
movement throughout the model
1s shown by vectors that originate
at the preshake positions of the
grid intersections, and pass
through the postshake positions
(fig. 268) ; the length of each vec-
tor is doubled in the figure to
make small movements visible.

The vectors make it possible to
draw particle flow lines —lines
drawn in the direction of particle
movement — as indicated by the
displacement of the grid intersec-
tions. The flow lines show that, to
the sides of the channel, material
rose obliquely toward the channel
to about the height of the channel
bottom, where it converged with
material moving somewhat down-
ward and more directly toward
the channel. Under the channel,
flow lines become progressively
steeper and become vertical in an
area of convergence to the left of
the channel center. Eight addi-
tional vectors were drawn between
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21.—Sandbox with one side removed. The box measures 24 inches square and 8 inches
high. Water was injected through a perforated plastic pipe at the base of the side
walls. Measurements were transferred with a sliding wire gage from the model to
a record above. The point of the wire gage is at the top of an arched carborundum

layer under the center of the channel.

the upper dark layer and the sur-
face by connecting the midpoints
of four of the pre- and postshake
vertical lines on either side of the
channel. The asymmetry of the
flow Iines and the development of
diverging flow lines at the lower
outside edges of the model are
probably the result of unequal
application of the distorting force,
sidewall effects, and some consoli-
dation around the plastic filler
pipe at the base of the sidewalls.
The particle displacement can
also be treated quantitatively, and
in figure 268 contours are drawn
in which each contour interval is
one-ninth of the length of the
largest vector, and the value at
any vector is taken to be located
at the postshake position of the
grid intersection. The large dis-
placements at the channel side-
slopes suggest that they are local
failures not related directly to
particle movement in other parts
of the model. Distortion of the
vertical lines at the sideslopes (fig.

25) indicates that these local fail-
ures occurred by movement dis-
tributed throughout the sideslope
material, rather than on a single
failure surface. Counterparts of
these local failures in the model
did not occur in the field.

These models show the follow-
ing movements of material that
are similar to those observed on
the surface at stream crossings, or
are inferred from pile displace-
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PARTICLE DIAMETER, IN MILLIMETERS

22.—Grain size distribution of well-
rounded quartz sand used in the
sandbox model.

23.—A four-layer model showing upward arching of the carborundum layers beneath
the channel. Note that the amplitude decreases in successively lower layers.
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24 —Upper: A single-layer model showing the location of the earborundum layer and model surface before consolidation,
the location of the surface and the channel cut after comsolidation, and the final postshake position of the surface,
channel, and carborundum layer. Note that the surface of the model was progressively lowered toward the channel
The edges of the channel were displaced toward the channel; the bottom of the channel rase to above its postconsolidation
position, and the carborundum layer was arched above its original position. Lower: A four-layer model showing lowering
of the surface toward the channel and arching of the carborundum layers beneath the channel.

ments to have taken place beneath

the surface.

1. Areas of lateral extension on the
surface adjacent to the channel
(the areas of extension fractur-
ing in embankments and ground
surface).

2. Progressive lowering of the sur-
face toward the edges of the
channels.

3. Closure of the channel edges.

4. A pattern of flow lines similar
to those inferred from displaced
piling (fig. 20).

5. Rising of the channel bottoms
(as shown by bridge arching).

6. Horizontal extension of material
to some depth to the side and
under the edges of the chan-

nels and compression under the

central part of the channel.

Zones of horizontal compression
and extension in the model are
shown in figure 260. If a properly
scaled imaginary bridge (pile pen-
etration of 20 ft and maximum
unsupported pile length of 10 ft)
were built across the model chan-
nel, it would be a five-bent bridge,
with bents located as shown in fig-
ure 26C. Horizontal displacements
of the sediments would have pro-
duced compression between cen-
tral bents and extension, or no
compression, between the outside
bents. Assuming that the vertical
displacement of each bent was the
mean of the vertical displacements
of the material at the bent, the

deck would have developed an
upward arch of about 4 inches,
with the crest of the arch at the
central bent. Thus the horizontal
and vertical displacements of the
imaginary bents would have been
quite similar to those observed in
real bridges.

Although these models appear
to produce effects similar to those
observed at stream crossings, in
the absence of a dimensional anal-
ysis, we hesitate to draw direct
conclusions about the real case
from the model. It should be point-
ed out, however, that in real cases
the displacements of sediments
are similar through a wide range
of physical parameters and prob-
able energy inputs. Thus the pa-



rameters to be used in a dimen-
sional analysis vary greatly. For
example, the size of the materials
varies by several orders of mag-
nitude, from silt to coarse cobble
gravel ; stream valley widths vary
by at least one order of magnitude,
from less than 15 feet to more than
400 feet; and the bridges, which
lie in diverse orientations and
different physiographic situations,
45 to 90 miles from the epicenter,
undoubtedly were subjected to
seismic energy that differed in
frequency distribution, amplitude,
direction, and duration.

The foregoing model of dis-
placement distributed throughout
the soil differs from previously
proposed explanations for similar
surface observations in other great
earthquakes. Decreases in stream
channel widths have usually been
attributed to block gliding of a
soil mass on a horizontal incompe-
tent layer that is exposed in the
side or at the bottom of a stream
channel (for example, Oldham,
1882, p. 52-54; 1899, p. 87; Fuller,
1912, p. 48). It has been suggested
that if the force of the horizontal
component of ground motion ex-
ceeds the tensile strength of the
soil mass, a block of soil will be
detached and move on the incom-
petent layer toward the free or
unconfined face at the stream
channel. Large block-glide slides
did occur in Alaska (Hansen,
1965) ; however, no evidence for
block gliding was found at the
edges of stream channels (see p.
D56-D57). This mechanism is re-
strictive, for it necessitates the
presence of an incompetent layer
at the proper depth in all places
where stream channel widths are
decreased. The large areas over
which stream narrowing occurred
makes the presence of such a layer
unlikely.

The upward movement of the
bottoms of stream channels has

EFFECTS ON THE ALASKA RAILROAD
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25.—Postshake view of a four-layer model with a vertical carborundum grid shown
in figure 26.

also been widely observed in great
earthquakes. A good example is
given by R. D. Oldham (1899, p.
105-106; also see p. D22-D23, this

paper) :

This filling up of river channels took
place over a large area, but probably
nowhere so conspicuously as in the tract
of lowland which lies between the foot
of the Garo Hills and the Brahma-
putra. This tract is intersected by nu-
merous channels, which carry a limited
drainage in dry weather, but, when the
Brahmaputra is in flood, help to carry
off the surplus waters that would other-
wise submerge the country they drain.
Before the earthquake these channels
were from 15 to 20 feet deep, and in
the dry weather the country was inter-
sected by steep-sided depressions of this
depth, at the bottom of which flowed a
shallow stream. During the earthquake
the bottoms of all these channels were
forced up till level with the banks on
either side, and during the ensuing dry
weather the drainage of this tract, in-
stead of flowing in deeply sunken chan-
nels flowed nearly level with the gen-
eral surface of the land in shallow
sandy channels.

Oldham (p. 105) suggested that at
some depth beneath the alluvium
into which the stream channels are

cut, there is a bed of loose sand in
which (hydrostatic?) pressure is
built up during the earthquake.
The stream channels, being the
thinnest part of the alluvium over
this layer, are forced upward in
response to the pressure within
the sand bed.

This mechanism has the distinct
disadvantage of no substantiation
for the existence of a sand bed.
Further, it requires the special
circumstances of such a sand layer
over very large areas— not only
in India but also in Alaska.

In addition to the objections
given above, these explanations
for narrowing and uplifting of
stream channels do not account
for the simultaneous occurrence
of both narrowing and uplift. The
model of movement distributed
throughout the sediment, as in-
ferred from the pile displacements
and the sandbox model, appears to
have the advantage of predicting
that both should occur. This model
also seems more realistic because
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26.—A, Deformation of a four-layer model with a vertical grid (fig. 25). Light lines indicate the pre- and postconsolidation
positions of the surface and the vertical grid, and the positions of the horizontal layers in which the preshake consolidation
has been distributed proportionately with depth. Dark lines indicate postshake positions of the surface and vertical and
horizontal grid. B, Particle flow lines indicated by vectors drawn from the pre- to the postshake positions of the grid
intersections shown in A. The length of each vector has been doubled to make small displacements visible. Contours of
equal particle displacement are drawn as ninths of the length of the longest vector. €, Areas of horizontal compression
in the model shown in B, and the preshake and postshake positions of bents of an imaginary bridge. Light and dark grid
lines same as in A.



it does not require a special geo-
logic situation.

FOUNDATION
DISPLACEMENT DAMAGE
TO LARGE BRIDGES

Many large bridges of complex
structure were damaged by move-
nments of the foundation materials.
Being generally more deeply
driven than in small bridges, the
displaced piles of the large bridges
may present evidence of still deep-
er movements in the foundation
materials, In the following sec-
tions of this report, three bridges
just north of Seward are first dis-
cussed as a unit to show the gen-
erally similar pattern of damage
to somewhat dissimilar bridges in
the same physiographic and geo-
logic environment. This discussion
is followed by brief descriptions of
damage to five large bridges, the
northernmost of which is at mile
146.4 on Knik River. Damage to
other large bridges is recorded in
table 1 and in the mile-by-mile
description of the railroad.

RESURRECTION RIVER-MINERAL
CREEK BRIDGES

Three railroad and three adja-
cent highway bridges that cross
the flood plain shared by Resur-
rection River and Mineral Creek
just north of Seward were severe-
ly damaged. All three railroad
bridges had to be replaced with
entirely new structures. The low-
relief flood-plain surface was se-
verely fractured. Fracturing (figs.
27, 28) was accompanied by the
cjection of a considerable amount
of water.

All the railroad bridges were
damaged by compression at the
deck level, and their supporting
piles were shifted streamward. In
addition, the railroad embankment
shifted to the southeast, parallel
to the contours, and carried the
ends of the bridges along with it.

EFFECTS ON THE ALASKA RAILROAD

The damage to cach of the three
bridges is described below.

Bridge 3.0 crosses the southern
branch of Resurrection River and
1s 187 feet long (fig. 29). Its two
13.5-foot open wood-trestle end
spans bear on a seven-pile bent at
the bulkheads and a cribbing on
pile-supported piers that carry
two 80-foot through steel girders.
The central pier rests on four rows
of nine piles, and the outer piers
have three rows of nine piles.
Compression at the deck level
totaled 1314 inches. The steel deck
beams were driven 4 and 514
inches into the ends of the wood
stringers, and the wood stringers
were driven 1.5 and 2.5 inches into
the bulkheads. Compression was
accompanied by endways pound-
ing (shown by pebble dents be-
tween the last tie and fillers on the
north bulkhead).

Piles at the bulkheads and piers
were shifted streamward. All
moved with no detected vertical
rotation. The horizontal displace-
ments ranged from 114 to 11
inches; there was extension of the
valley bottom sediments at the
stream edges and compression in
the center (fig. 29). The centers of
the piers, originally under the
bridge shoes, were displaced as
shown by vertical chalk lines
drawn up from the centerline of
the central row of piles (fig. 29).
As the piers shifted, rockers on the
bridge shoes were driven to their
extreme positions, and with con-
tinued movement of the piers, the
cribbing was rotated, which placed
more weight on the outside row
of piles in each pier. The redis-
tribution of the weight may have
caused the vertical movements
that occurred in piles under the
piers. The tops of the piles in each
row stood successively higher to-
ward the streams. Despite the
greater heights streamward, the
cribbing was cantilevered off most

D35

of the streamward row of piles. In
the south pier, only three of the
nine piles in the row were bear-
ing; the rest ranged from three
quarters of an inch to 6 inches
below the eribbing. In the north
pier all the streamward piles stood
an inch or so below the cribbing.
The transfer of the load to the
outside piling and the decrease in
skin friction which must have oc-
curred during the movement of
the sediments probably caused the
outer row of piles to be driven
downward into the sediments. Be-
cause these piers are closely spaced
and depend primarily on skin frie-
tion for most of their bearing ca-
pacity, it also secems likely that
downward movement of the over-
loaded piles may have produced a
negative skin friction which pulled
the unloaded streamward row of
piles downward.

In addition to moving stream-
ward, the outer piers shifted 8
inches downstream of the central
pier, and the bulkheads and ap-
proach fills were carried 4 to 5
inches more; the central pier was
thus left 12 to 13 inches upstream
of the approaches. As shown in
figure 29, the downstream edges
of the steel girders were jammed
together, and the metal shoes were
rocked inward, their bases lifting
3/ and 134 inches off the cribbing.
On the upstream side of the same
pler the girders were pulled 3-
3/16 inches apart. The compres-
sion of the steel spans at the down-
stream edge of this central pier
may have exerted some downward
force, for the top of the pier was
tilted about 2 inches in the down-
stream direction,

For comparison, the adjacent
highway bridge is shown in figure
30. Deck level compression drove
the steel into the abutment, break-
ing the back wall. The abutment
and pier were shifted streamward.
The top of the pier was prevented



D36

ALASKA EARTHQUAKE, MARCH 27, 1964

NN 99 I i
S —— — _@s A
Ve Do L
A

A T —— /

4\\/\ o lridg%\ )
NN w04
TR
N A\t
it _‘( . ¢

EXPLANATION
@“.

Boring location

o] 500 FEET

27—Ground cracking on the flood plains of Resurrection River and Mineral Creek. Numbers
indicate borings, the logs of which are given on figures 29, 81, and 32. Cracks were mapped from
aerial photographs taken by Air Photo Tech, Anchorage.
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28 —Aerial photograph of area mapped on figure 27 of Resurrection River and Mineral Creek
flood plains. Photograph by Air Photo Tech, Anchorage.
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29.—Bridge 3.0; construction, damage, and subsurface information. Subsurface data projected to rail line at proper altitude.
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30.—Looking southeast toward highway bridge (No. 596) at Resurrection River.
Streamward movement of the foundation materials compressed the deck, breaking
the abutment backwall, and carried the abutments and bases of the piers toward the
channel, Being restrained at the top, the pier was broken at the ground line. Similar
damage occurred at the other end of the bridge.

from moving laterally by the deep
central steel span, but its base was
carried streamward, rotating the
pier and cracking it at the water-
line. Damage to this bridge was
typical of the adjacent highway
bridges—in all of which the abut-
ments were rammed by the steel,
and the piers were broken and
shifted streamward at their bases.

Bridge 8.2, a nine-span 135-foot
open wood trestle (fig. 31), crosses
the northern branch of Resurrec-
tion River. Pile data for this
bridge are shown in figure 8. Deck-
level compression drove the string-
ers 11/ inches into the north bulk-
head, crushed the fillers, and drove
the top of the bulkhead back into
the fill. At the south bulkhead the
stringers were driven 8 inches
past the piles into the bulkhead,
and here, too, the top of the bulk-
head was shoved back into the fill.

There was no appreciable settle-
ment of the south approach fill,
but the north fill settled about 5
inches relative to the bulkhead,
and the bulkhead was pulled down

about 3 inches below the deck by
the fill. Settlement of about this
same amount continued to the next
bridge (fig. 31).

As shown in figure 31, the down-
stream shifting of the bents in-
creased away from the center of
the stream, the ends of the bridge
and the approach fills being car-
ried about 10 inches downstream
from the center of the bridge.
There was also some crowding
of the piles toward the stream,
but the displacements were not
measured.

Mineral Creek bridge, at mile
3.3, has a total length of 136 feet
and is built with an 80-foot cen-
tral steel through girder and two
14-foot pile-supported open wood
trestles at each end (fig. 32). The
damage to this bridge was very
much like the damage to the simi-
lar bridge at mile 8.0. Compres-
sion, totaling about 19 inches de-
veloped at the deck level, driving
stringers into bulkheads and into
the central steel spans. At the
north bulkhead the stringers were

shoved at least an inch past the
piles, forcing the top of the bulk-
head bents into the fill. Multiple
pebble dents between the last tie
and the filler show that compres-
sion was accompanied by at least
four compressive blows.

At the south bulkhead the
stringers drove about a foot past
the piles. The pile cap was torn
nearly free of the piles, and the
stringers shoved the bulkhead
planks back into the fill, tearing
the planks free of one of the fill-
ers. The stringers were driven at
least 2 inches into the north end
of the steel girder and 4 inches
into the south end, crushing the
intervening ties.

Piles in the bents and piers
shifted streamward, horizontal
displacements ranging from 1 to
20 inches. The valley bottom sedi-
ments were extended at the valley
margins and compressed in the
center (fig. 32). There was no de-
tected vertical rotation of the
piles, with the exception of the
piles between the southern wood
trestle, whose tops were tilted 4°
toward the stream.

As the pier piles shifted stream-
ward, the nested rollers in the
south bridge bearings were driven
to their extreme positions, and the
northern fixed bearings were ro-
tated, their streamward edges lift-
ing up off the cribbing about 34
of an inch. Rotation of the crib-
bing streamward at its base in-
creased the weight on the outer
row of piles. As at bridge 3.0, the
outer row of piles were all bearing
on the cribbing, most of the cen-
tral piles were bearing, and the
cribbing was cantilevered an inch
or more above the inner rows of
piles.

Settlement of the grade of about
half a foot both north and south of
the bridge left the bridge standing
high, and tore the track from the
ties on the approach fills. The set-
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31.—Bridge 3.2; construction, damage, and subsurface information. Subsurface data projected to rail line at proper altitude.
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left and 4 inches below

Ties crushed and crowded as wood stringers weré driven into the
steel central span; stringers driven 2 inches into the steel at

- Anchorage

View north over bridge, showing end spans and embankments offset downstream
(right) from highway fill located at left
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Piles shifted streamward in the piers, rotating the
cribbing and driving the nested rollers in the
bridge shoe (at right) to its extreme position

\ﬁ___/

Streambanks moved closer together, driving wood stringers into the central span and about 1 foot past the bulk-
head piles. The bulkhead was rotated and driven into the fill, and the guard timber was shoved over the top of
the bulkhead. The rails were pulled free of the ties on the approach fill. The piles between the wood spans were
shifted 22 inches to the left of the pile cap. Light-colored pile in foreground from older bridge
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tling of the fill and possibly the
lowering of the sediments under
the fill pulled some of the bulk-
head piles downward and left
them about an inch below the caps.
The bulkheads were also pulled
down. The lower plank and east-
ern filler of the northern bulkhead
were pulled 2 inches downward
and 2 inches eastward with the
shifting fill, while the upper
planks and bulkhead cap were
held by the stringers to which
they were bolted.

As at the adjacent bridges, the
grade was shifted to the southeast,
parallel to the stream which
skewed the approach spans and
left the central span about 30
inches upstream. The bulkhead
bents were carried with the grade;
the bents under the wood trestle
spans between the bulkheads and
plers were carried a somewhat
lesser distance.

The foundation materials in-
volved in the displacements that

Moved
0.5 in.
upstream
and across
south\ pier

0.12in._

Oin, ~——=0in~—-

Moved
north

Moved north
and south,
last to
north

0.75in.  0.75in.
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damaged the three bridges just
described are known from borings
made in 1964 along the highway
just west of the rail line. The loca-
tions of the borings are shown in
figure 27 and the subsurface data
are projected at their proper alti-
tudes in relation to the rail line
in figures 29, 31, and 32. All the
sediments are mnoncohesive; field
identifications range from sandy
and silty gravel to fine gravel to
gravel. With the exception of hole
2, at bridge 8.0, in which cobbles
were found below 20 feet, the
gravel averaged less than three-
fourths of an inch in diameter,
with a maximum of about 3 inches.
All the sediments were saturated,
the ground-water table lying at,
or within 2 feet of, the surface.
Penetration resistance generally
increased downward, although
there were some inversions. With-
in the depth of the sediments pen-
etrated by the piling, the materials
were compact to dense. Penetra-

MOVEMENT OF SPANS ON PIERS

3.5in.

Slight

Seward

/

] ‘ L /
/ /
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tion resistance on a standard pene-
trometer (140-lb hammer, 30-in.
drop, 2-in. sample spoon) was 30
to 40 blows per foot, and a second
penetrometer (342-1b hammer, 30-
in. drop, 2l%-in. penetrometer)
encountered resistance of 20 to 25
blows per foot. In summary, the
materials were noncohesive, satu-
rated, and compact to dense.

SNOW RIVER BRIDGE

Construction and displacements
of the sub- and superstructure of
the Snow River bridge (14.5) are
shown in figure 33. The concrete
piers and abutments rest on steel
piling composed of three 70-lb-
per-yd railroad rails welded at the
crowns. In piers 4-7 and the north-
ern abutment, these piles gain
their bearing by friction, while at
the south end of the bridge the
abutment and piles of the first
three piers probably bear on bed-
rock. These latter piers and abut-
ments did not move. The remain-

-
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Net compression=3.25 in.

g
4
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EXTENSION COMPRESSION

PIERS

Movement between piers

!
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Ty fied depth according to fore-

35in.

Pier movement

101t 8 in.-\
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Stream profile,
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33.—Construction and damage to Snow River bridge (14.5).
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34— Fixed end bearing lifted from pier at north end of sixth span of bridge 14.5.
Anchor bolt pulled free of concrete. In adjacent expansion bearing, nested rollers
were driven to the extreme position.

der move generally toward the
river. Maximum displacement was
5.5 inches. Piers shifted without
tipping, and, if the piling was not
bent, sediments to depths in excess
of 45 to 55 feet must have been
involved in the displacement.
There was neither upward move-
ment nor settling of the piers, and
no noticeable upstream or down-
stream displacement. Rollers on
expansion bearings of piers 5 and
6 were driven to their extreme
positions. Fixed bearings were
shifted, and on the north end of
the sixth span, where compression
was maximum, the edge of the
bearing was rocked upward off
the pier (fig. 34). Anchor bolts
were bent and stretched but none
were sheared. No boring data are
available for this bridge.

TWENTYMILE RIVER BRIDGE

The long heavy Twentymile
River bridge (64.7) is built of
seven 70-foot 1-inch steel deck
trusses supported on concrete piers
and abutments (figs. 35, 36). Re-

pairs were made before the authors
had the opportunity to record dif-
ferential movements of all spans
on all piers; thus real displace-
ments cannot be determined. Dis-
placements shown on the figure
are only the larger movements of
two piers relative to the bearings
of the overlying spans. Movement
of the piers must have been more
general, because compression at
the deck level jammed all the
trusses together, and drove the end
trusses into the abutments and
broke away the backwalls (fig. 37).
Anchor bolts were sheared on three
piers and the abutments. The po-
sitions of the rebuilt abutment
backwalls and the base of the pre-
earthquake abutments indicate
that total compression was about
5 feet 2 inches. The piers and abut-
ments were carried on 11 to 14
piles composed of three 65- to 70-
Ib-per-yd railroad rails welded at
the crowns. Penetration ranged
from about 32 to 49 feet, and, as
noted on p. D132, the sediments
into which the piles were driven
consisted of 2 to 20 feet of sandy
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fine gravel underlain by sand,
often containing small amounts of
fine gravel (holes 8-13, fig. 112).

No rotation of the piers was ob-
served, but there was some down-
ward displacement. Postearth-
quake releveling by The Alaska
Railroad shows that the northern
abutment was displaced down-
ward 0.88 foot relative to U.S.
Coast and Geodetic Survey bench
mark Q12 located on bedrock 1.8
miles to the north. Because there
were no differential vertical dis-
placements in the substructure,
similar downward displacements
probably occurred in all substruc-
ture elements, and may have re-
sulted from compaction of sedi-
ments, rather than downward
movement of the piers through
the sediment.

SHIP CREEK BRIDGE

Ship Creek bridge (114.3) has
two 35-foot steel-beam span ap-
proaches and a central 123-foot
through truss carried on pile-
supported concrete abutments and
piers (fig. 38). Abutments and
piers shifted streamward, the deck
was put in compression, and each
end span jammed against the cen-
tral span and into the abutment
backwalls. Total compression at
the deck was about 13 inches.
Movement of the piers was so great
that the expansion bearings were
reset 914 inches from their former
positions and the fixed bearings
were displaced 515 inches. Al-
though reported to be undamaged
(Fisher and Merkle, 1965, p. 255~
256), the bridge was closed to traf-
fic until new bearing surfaces were
constructed on the pier tops.

Piers are carried on 45 wood
piles 30 to 35 feet in length. Piles
in the abutments are three 70-1b-
per-yd railroad rails welded at the
crowns; their lengths range from
66 to 128 feet, and the outside rows
are battered outward at about 13°.
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35.—Railroad bridge (64.7) and highway bridge at Twentymile River, Portage. All concrete deck sections of the highway bridge
except one were knocked from their piles, and some piles were driven through the concrete. The railroad bridge was compressed
and some of its piers shifted (see fig. 36). Note the severe cracking in the embankments, flood-plain, and tidal sediments (see pl.
3). Photograph by Arthur Kennedy, U.S. Forest Service, Anchorage.
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37—Damage to Twentymile River bridge. Left: Concrete abut-
ment broken away after earthquake to relieve pressure on spans.
Note tilted bearing shoe and missing sheared-off anchor bolt.
Right: North abutment backwall broken by thrust of steel deck.
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38.—Construction of and damage to Ship Creek bridge (114.3).




The surface sediments at the
bridge site are estuarine, probably
predominantly in the silt-clay size
range (fig. 126). No subsurface
data are available at this location;
however, it is likely that the deep-
er piling in the abutments may
enter the gravels that form low
terraces a short distance upstream.

KNIK RIVER BRIDGE

The Knik River bridge (146.4)
crosses the southernmost channel
of Knik River (pl. 1). Its ten 80-
foot through steel girders are sup-
ported on piers of two types—
most are wood cribbing on wood
piles, but those near the channels,
where scour is greatest (piers 1, 8,
9), were replaced prior to the
earthquake by concrete piers on
welded-rail piling (fig. 39). The
southern span rests on a concrete
abutment built on bedrock. The
northern steel span is joined to
four 15-foot open wood trestles.
Displacements of the piers and
decks show a maximum of 9.12
inches for a pier and 6.37 inches
for a deck. No measurements were
made of the displacements of the
wood trestles on their pile bents.

The next four large bridges to
the north (147.1,147.4,147.5,148.3;
pl. 1) were damaged by similar

0 (I}  L0in.—> {2)

1.5in. >

3)  LOin.—>
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displacements of piling and decks.
This damage is described on page
D156 and is summarized in table
1. The properties of the underlying
sediments are described in the sec-
tion on the relationship of damage
to grain size, thickness, and density
of foundation materials (p. D66-
Deé7).

SUMMARY

1. Damage to the long complex
bridges followed the same pat-
tern as that of the small wood
trestles. Decks were compressed
with considerable force (con-
crete abutments broken, anchor
bolts sheared, bridge bearings
torn free of piers, and stringers
crushed), as the piers and abut-
ments were generally crowded
toward the rivers. With the ex-
ception of Knik River, where
sediment displacement was com-
plex, sediments were extended
at river margins and compressed
in the middles, in the pattern
typical of smaller creeks.

2. Vertical arching so common in
wood trestles was absent or very
small in long bridges. The ab-
sence or near absence of arching
in long bridges may be due in
part to downward movement of
the heavily loaded piles through

{4} «<1ll12in. (5) «425in. (6) <—6.5in

(4]
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the mobilized sediments (as sug-
gested by differential vertical
pile displacement at Resurrec-
tion River and Mineral Creek
bridges, and by releveling to
piers and abutments on T'wenty-
mile River bridge). It may also
reflect the fact that sediments
everywhere achieved nearly the
same general degree of mobility,
so that in a given duration of
shaking only a certain amount
of movement could occur to-
ward topographic depressions.
This suggested relation of shak-
ing duration and degree of mo-
bility would explain why, for a
wide range of channel widths,
compression usually amounted
to about 20 inches or less (fig.
10). The bridges that had larger
total compressions were in the
Portage area, where eyewit-
nesses described considerably
longer ground motion.

3. Long piles did not prevent dam-
aging streamward displacement
of piers and abutments,

4. Where piles were on, or close to,
bedrock (Snow River and Knik
River bridges), there was no
permanent lateral displacement
of the substructure but there
was some minor displacement of
the overlying deck.

No data on
movements
of decks

-<5.5in.

(8) «-4.87in. (9) «—6.37in,

wood trestles

(10)  or bents of
N
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39.—Construction of and damage to Knik River bridge (146.4).
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TRANSIENT HORIZONTAL
DISPLACEMENT OF
GROUND, AND RELATED
BRIDGE DAMAGE

Endways pounding damaged
both railroad and highway
bridges. The steel girders of high-
way bridges were slammed repeat-
edly into their concrete abutments,
and wooden stringers of railroad
bridges rammed and damaged the
wood bulkheads.

The force of the repetitive hori-
zontal blows is difficult to estimate,
because their effects are combined
with those produced by compres-
sion resulting from streamward
shifting of bulkheads and abut-
ments. However, Charles P. Smith
(1965, p. 25), chief bridge engi-
neer for the Alaska Department
of Highways, concluded from a
study of damaged highway
bridges that “most of these struc-
tures were subjected to large hori-
zontal acceleration which resulted
in almost every case in failure of
the superstructure to substructure
connections.” From the strength
of sheared anchor bolts and the
deadweight of the superstructures,
he concluded (p. 23) “a horizontal
force approaching 2 ¢ was neces-
sary to shear such bolts. Actual
forces may have been greater.”

Among our observations on rail-
road and adjacent highway
bridges, there were none which
showed that the shearing of an-
chor bolts could clearly be attrib-
uted solely to large horizontal ac-
celerations. Anchor bolts were
sheared where there was stream-
ward shifting of the abutments,
and, because these compressive
forces were great enough to break
concrete abutments and piers and
tear pilings from decks, there is
little doubt that they were suffi-
ciently great to shear anchor bolts
as well.

The series of dents made by
pebbles that were caught between
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bulkhead fillers and end ties of
bridge decks provide one source
of evidence for transient horizon-
tal displacement. During compres-
sion the pebbles were driven into
the wood, and during relaxation
the pebbles fell, only to be caught
again by the succeeding compres-
sion. Repetitive pebble dents were
common (table 1) despite the spe-
cial circumstance of requiring that
pebbles be in the proper place dur-
ing the earthquake. Thus, tran-
sient horizontal displacement must
have been the rule, rather than the
exception.

Not only were pebble dents
common, but they occurred in all
types of displacement—in bridges
highly compressed by streamward
movement of sediments, and in
bridges pulled apart endways on
fans and deltas by radial down-
hill spreading of the sediments.
At the bridges that pulled apart,
the dents provide evidence that
considerable force was associated
with the transient horizontal dis-
placement. For example, the fol-
lowing three bridges were ulti-
mately pulled apart, yet all were

damaged by transient horizontal
displacement: (1) At bridge 34.8
the stringers hit the north bulk-
head with sufficient force to crush
and split the fillers; (2) the
stringers of adjacent bridge 34.7
drove the top of the south bulk-
head back into the fill; (3) and at
bridge 21.4 pebble dents record at
least four blows, and the stringers
rammed the bulkhead planks, tore
them from the fillers, and forced
them back into the fill.

The pounding rate can be ap-
proximated at one bridge by in-
terpreting a series of pebble dents.
The pebble dents shown in figure
40 range from about 1 to 114
inches apart. Assuming that the
pebble was in free fall between
dents, the time that elapsed be-
tween dents can be calculated by

t:\/ﬁ, where ¢ is the time of
g

fall in seconds, s the distance in

centimeters, and ¢ the force of

gravity. Times required for the

free fall of 1 to 114 inches are

0.07 to 0.09 second.

40.—Multiple dents on the end tie of a bridge deck made by a pebble that was caught
as it fell between the filler (foreground) and tie during endways compression.



Using 0.07 to 0.09 seconds for
the free-fall times making the
assumption that the pounding was
harmonic, a pounding rate can be
estimated. If one assumes a wide
range for the part of the compres-
sion-relaxation cycle during which
the pebble was in free fall, the
real rate should lie between the ex-
tremes. Assuming that the free-
fall time was from 1/5 to 1/2 the
cycle, the pounding rate should lie
between 2.22 to 7.14 cycles per
second. Clearly the assumptions
make these figures questionable;
furthermore they represent data
from only one bridge. However,
their magnitude suggests that this
transient horizontal displacement
is produced by considerably high-
er frequency ground displace-
ments than those of observed sur-
face waves, where periods are in
the range of several seconds. (See,
for example, Coulter and Magliac-
cio, 1966, p. C10.)

Although pebble dents provide a
means of estimating the pounding
rate, they do not distinguish hori-
zontal motion of the ground from
horizontal motion of the bridge.
Further, they do not give an in-
dication of the forces involved.
However, both the sense of hori-
zontal ground motion and a mini-
mum estimate of the forces in-
volved in the transient horizontal
displacement can be determined
from the damage to a 105-foot-
long open wood trestle at mile 34.5
on Hunter Flats (see p. D114). The
deck of this bridge was alternately
arched upward off the piles by
compression, and dropped down
onto the piles during relaxation.
Impact holes in the pile tops, made
by the drift pins that normally
connect the pile caps to the piles,
record from two to four compres-
sive episodes, and there may have
been more (fig. 41).

Although it is clear that tran-
sient horizontal displacement re-

EFFECTS ON THE ALASKA RAILROAD
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41.—Two impact holes made by a drift pin in the pile cap as the deck of the bridge
was alternately raised and lowered onto the piles (see also figs. 13, 95). Stream

channel is to the right.

sulted in compression of the bridge
deck, it is difficult to assess the
forces involved. For example, had
the deck been flat and firmly se-
cured to the piles, the force needed
to arch the structure would have
been extremely large. On the other
hand, if the connections between
the deck and piles had already
been severed, or if the deck had
been initially arched by vertical
pile movements, the requisite force
would have been less. Some con-
nections to piles may have been
severed, because there is evidence
of streamward movement of pil-
ing during the transient compres-
sion. This movement is indicated
by the shift in position of the im-
pact holes from the drift pins;
they lie toward the streambank
side (left) of the original position
of the pin (fig. 41). The bridge
was also probably slightly arched
by the vertical pile displacements
that accompanied streamward
shifting (fig. 42).

Assuming that connections to
the piles were severed and that

there was some initial arching due
to vertical pile displacement, the
minimum force required to arch
the deck a small but finite amount
up from the supporting piles can
be calculated as follows (Pro-
fessor Arvid Johnson, Geology
Dept., Stanford Univ., written
commun., 1968):
1 3/8wL*
b=£ [ﬁ_ BT |
where
w=weight per linear inch of
deck per stringer (6 1b),
L=length of deck (1,260 in.),
E=Young’s modulus for the
stringer (1.4X10°),
I=[moment of inertia=stringer
width (9 in.) Xstringer
depth (17 in.) X 7]=+12,
h=height of initial arch in
bridge deck,

and
_P,
P_F s
where
7|'2
=1 ()

Fs=horizontal compressive
force exerted on each
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stringer. Thus, the total
compressive force needed
to lift the deck from the
piles is FsX8 (number
of stringers).

The force necessary to arch the
deck off the piles is calculated for
initial arches of 1 to 40 inches
(fig. 43). The initial arch in the
deck, resulting from vertical pile
displacement, is unknown, but it
was probably less than the 24
inches described by the pile tops
after the earthquake (fig. 42).
(The force that would have been
exerted by the embankment on the
bulkhead to develop the compres-
sion on the deck is also shown in
figure 43).

It should be emphasized that
these are minimum forces, because
the arching is treated as static,
rather than dynamic; the addi-
tional resistance to arching that
must have resulted from both the
inertia of the deck and the in-
creased resistance to rapid bend-
ing of the stringers is ignored. If
the compression was as rapid as

40'— ]
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was suggested by the pounding
rate indicated by the pebble dents,
the actual forces would have been
considerably greater.

As noted earlier, the evidence
for high horizontal accelerations
in bridges is made ambiguous by
the effects of compression that re-
sulted from streamward displace-
ment of foundation materials.
However, the ambiguity does not
mean that the possibility of high
accelerations can be safely ig-
nored. Accordingly, an estimate of
horizontal accelerations is war-
ranted.

At mile 61.9, the stringers of a
105-foot open wood trestle were
driven through the planking of
one bulkhead. The fact that the
ends of the stringers were not
broomed or battered (fig. 44) sug-
gests that penetration occurred
either as the result of slow con-
tinuous compression, which seems
unlikely in light of the widespread
evidence for horizontal pounding,
or as the result of rapid horizontal
acceleration.

An estimate can be made of the
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42 —Postearthquake positions on bents and deck of bridge 34.5. Relative interbent
movements shown in graph.

force needed to penetrate the
planks. Static resistance to pene-
tration of washers as much as 214
inches in diameter on bolts pulled
across the grain of Douglas-fir
reaches a maximum of 1,000
pounds per perimeter inch of
washer (Scholten, 1966). If the
force is dynamic rather than static,
the wood offers considerably more
resistance; William Bohannon
(U.S. Forest Products Labora-
tory, Madison, Wisc., oral com-
mun., 1968) suggests that the dy-
namic resistance would be in-
creased to between 2,000 to 3,000
pounds per perimeter inch.

If one considers the stringers
in bridge 61.9 to be a single pene-
trating body, and disregards
breakage parallel to the length of
the bulkhead planks along the top
and bottom of the packet of
stringers, penetration can very
conservatively be said to have oc-
curred only along the two 17-inch
vertical edges of the penetrating
body. Thus, penetration occurred
for a length of 34 inches. If pene-
tration resistance varied from
2,000 to 3,000 pounds per inch, the
force exerted on the bulkhead
must have exceeded some value be-
tween 68,000 and 102,000 pounds.

It must now be asked if the
embankment fill would have been
able to withstand such force
without failing. By assuming that
the embankment was not frozen
and that it would fail as a wedge,
as shown in figure 45, the force
needed to produce failure can be
calculated by Coulomb theory
(Taylor, 1948, p. 499):

P=}vH’Kp,

where P is force per horizontal
foot of bulkhead, v the unit weight
(assumed to be 100 lbs per ft?),
H the height along the bulkhead,
and Kp the passive pressure co-
efficient. Assuming the angle of
internal friction for the granular



noncohesive fill to be 30° and the
force directed normal to the bulk-
head, Kp=3 (Taylor, 1948, p.
500). By this equation, P=630
pounds. Treating the fill as if its
vertical transverse cross section
were rectangular and its width
equal to the longest bulkhead
plank (20 ft) rather than tapering
upward (to a width of 14 ft), a
somewhat liberal estimate of the
force required to produce failure
would be 20P or 12,000 pounds.
Thus, the force needed to produce
passive failure is only about one-
third that needed to produce
static penetration of the bulkhead
by the stringers and between
onefifth and one-fourth that
needed to produce dynamic pene-
tration. If the embankment fill
did not have sufficient seasonal
frost to significantly change its
shear strength, resistance to pene-
tration would have been developed
by the inertia of the fill rather
than by its resistance to failure
along a plane, and thus penetra-
tion may have been due to the
rapid application of force.

If penetration resulted solely
from horizontal acceleration of the
bridge deck, the acceleration, as
calculated by the dead weight of
the entire superstructure (16,932
1bs) and the penetration resistance
of the bulkhead planks would
range from 1.12 to 1.68 ¢g. Even the
lowest of these values must exceed
ground-surface accelerations that
occurred in this area; thus, the
high accelerations may have been
produced by amplification (whip-
ping) within the bridge structure.
As shown by Parmelee and others
(1964) in a theoretical study for
the design of a pile-supported
bridge for Elkhorn Slough, Calif.,
high accelerations, which greatly
exceed ground-surface accelera-
tion, can be developed within this
type of structure. In the bridge
which they studied, they conclud-
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ed that, given ground-surface ac-
celeration of 0.28 g, an accelera-
tion of 1.2 ¢ would be developed
at the bridge deck.

GROUND CRACKING

Ground cracks formed during
the earthquake over an extremely
large area—an area approximately
the size of the state of California.
The ground cracking occurred in
a coastal belt that extended from
the southwest end of Kodiak Is-
land to the northeast. The area
includes the Kenai Peninsula, ex-
tends about 150 miles north of

D53

Valdez along the northern edge of
the Copper River Basin, and then
swings to the southeast to the vi-
cinity of Yakutat. Much of this
ground cracking has been de-
scribed in the U.S. Geological Sur-
vey Professional Paper series on
the Alaska earthquake, as well as
in other papers such as those by
Reimnitz and Marshall (1965)
and McCulloch and Bonilla
(1967).

Most ground cracks, exclusive of
those associated with landsliding,
occurred in granular water-laid
deposits on fans, deltas, flood
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43.—Compressive force on the stringers of a 105-foot open wood trestle neces-
sary to lift the superstructure just free of the piles, given some initial arch
in the deck. The force exerted on the bulkhead by the embankment is also

given.
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44— Unbattered stringers of bridge 61.9 driven through the south bulkhead planks.

plains, and tidal flats. The few
exceptions were (1) cracks in gla-
cial till that have been attributed
to movement along a possible
deeply buried fault on the north-
west side of Kenai Peninsula
(Foster and Karlstrom, 1967) and
(2) a few cracks in till, observed
by the authors at Portage Lake,
which may have propagated up-
ward from the underlying glacial
outwash. Cracks were also ob-
served in sandy till on steep slopes
adjacent to lakes in the Copper
River Basin (Oscar Ferrians, oral
commun., 1968). The position of
the water table had an important
influence on the presence or ab-

45—Location of a possible Coulomb
failure surface in an embankment due
to force exerted on the embankment by
bridge stringers.

sence of ground cracking and on
the horizontal displacement of
foundation materials. For exam-
ple, the most severe ground crack-
ing occurred in low-lying active
flood-plain terraces that were
nearly at the water table. Inac-
tive flood-plain terraces in these
same areas, the tops of which
stand somewhat higher above the
water table, were considerably less
fractured. The exact depth to the
water table is not known in most
places, but in the areas of severe
cracking it probably was less than
10 feet below the surface. Similar-
ly, on most alluvial fans and
deltas, cracking was limited to a
fringe at the distal edge, where
the water table approaches the
surface; water was commonly
ejected from cracks at the lower
edge of this fringe of cracking.
The following types of ground
cracks were most important in
their effects on the railroad struc-
tures: (1) cracks resulting from
landspreading—permanent lateral
displacement and spreading of un-
consolidated sediments, and (2)
cracks formed by embankments.

CRACKS CAUSED BY PERMANENT
LATERAL DISPLACEMENT OF
FOUNDATION MATERIALS

One of the most common kinds
of ground cracking was that
which occurred along the margins
of streams, gullies, and other topo-
graphic depressions (pls. 1-3; figs.
19, 27, 100, 136). The location and
pattern of much of this cracking
appear to be related to stress
formed in the ground surface in
response to the relatively deep per-
manent lateral displacement and
spreading of the underlying sedi-
ments toward topographic depres-
sions (McCulloch and Bonilla,
1967). It is clear from the hori-
zontal offsetting and tension frac-
turing in embankments and from
the pull-aparts in the rails, which
commonly occurred as much as
500, or a maximum of about 1,000,
feet back from the edges of
streams, that wide areas under-
went lateral displacement toward
depressions. It is also evident from
the horizontal displacements of
embankments at stream crossings
that sediments moved more or less
directly toward the adjacent de-
pressions.

The probable relationship be-
tween the surface stress distribu-
tion and cracking adjacent to
stream valleys is shown in figure
46, in which the inferred stress
directions are shown by arrows. In
areas affected by this kind of
ground cracking that were bound-
ed by straight or concave stream-
banks (4, fig. 46), the movement
of the underlying sediment was
somewhat convergent or unidirec-
tional. Cracks that formed were
generally paralle] to the stream
and normal to the stress, suggest-
ing that they are tensional fail-
ures. Adjacent to convex stream-
banks (B, fig. 46), where the
cracking resulting from stream-
ward movement did not extend far



back from the stream edge, the
spreading of the underlying sedi-
ments formed two perpendicular
principal directions of stress, the
major stress perpendicular and the
minor stress parallel to the stream-
bank. The resulting cracks formed
at an intermediate position be-
tween the strain axes, and inter-
sected at about 45° to 70°, suggest-
ing that they were shear fractures.
Cracks of this type were the most
common kind on the distal edges
of fans and deltas where the dis-
tortions of embankments and pow-
erlines and the extension of
bridges indicate that radial down-
hill spreading of the sediments
occurred at some depth beneath
the surface (see Sections 5, 6, 9,
10). In areas where the sediments
spread in many directions, such as
on the insides of meander bends
and on small islands (C, fig. 46),
the dominant crack pattern was
an open network of curved or
linear fractures that commonly in-
tersected at right angles. The pat-
tern of these cracks is similar in
several respects to orthogonal
thermal contraction cracks in
frozen ground (Lachenbruch,
1962) that result from progres-
sive tension failures. Where the
stress in the surface layer is iso-
tropic, orthogonal contraction
cracks are curvilinear, intersecting
at about 90°, and the crack-bound-
ed blocks are randomly distrib-
uted. Where there is some pre-
ferred stress, the crack pattern
can become highly rectilinear. In
the formation of thermal contrac-
tion cracks, the preferred stress
may result from a local heat
source, such as a stream, whereas
the rectilinear orthogonal frac-
tures produced during the earth-
quake appear to have been due to
the concentration of stress in the
axes of abandoned channels that
form small, elongate, generally
parallel depressions in the surface.
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46.—Relationship between probable stress and ground cracking produced by land-
spreading toward a topographic depression. Arrows indieate directions of principal
stregg. Tension cracks form at right angles to the stress on straight and concave
banks (4) : shear fractures form on convex banks where the largest principal stress
is perpendicular to the bank (B); cracks are orthogonal where stress is omnidirec-
tional, as on islands or highly convex areas (C).

It was commonly observed that
the distances between adjacent
fracture-bounded surface blocks
increased toward the streams and
depressions. This observation is
consistent with the model of sur-
face failure, in which lateral dis-
placement of the underlying sedi-
ments is initiated at the depres-
sion, and then progresses outward
to the adjacent area.

On the cracked parts of fans,
deltas, and flood plains, ground
cracks commonly formed at the
external corners of buildings. One
such building, the U.S. Forest
Service crew house on the flood
plain in Portage valley, is shown
in figure 47. The ground cracks
went through the foundation, and
the building had to be moved to
a new foundation (Arthur Kenne-
dy, U.S. Forest Service, Anchor-
age, written commun., 1967). Sim-
ilar cracking on fans, deltas, and
flood plains is shown in figure 48,
in which the general direction of
the lateral displacement of the
sediments beneath the surface was
to the right. Three of the houses
shown in this figure are from a
map by R. W. Lemke and R. D.

Miller (in Lemke, 1967, fig. 15)
of the cracking on Jap Creek fan
just north of Seward (see p. D98).
On this map, 14 houses are shown
to have been intersectéd by 46
cracks, 36 of which extend diag-
onally from the corners of the
buildings. Lemke noted that such
cracks were common but gave no
explanation of their occurrence.
If, as suggested above, the sur-
face materials were put in tension
by lateral displacement of the un-
derlying sediments, any sharp ex-
ternal angle in a hole through the
frozen plate of surface sediments
would concentrate the strain, and
should be the site of a fracture.
Once a fracture has been formed,
the amount of force necessary to
propagate the crack is reduced,
because the sides of the fracture
act as lever arms and increase the
stress at the point of rupture;
Inglis (1913) has shown that the
stress at the apex of a crack in a
plate is proportional to the square
root of the length of the crack
and inversely proportional to the
radius of curvature of the angle
at the apex of the crack. Because
these cracks are initiated at weak
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47.—Photograph and sketch of ground cracks localized at the corners of the U.S.
Forest Service crew house on Portage Creek flood plain. Cracks broke the foundation
and the building was moved to a new foundation. Photograph by Arthur Kennedy,

U.8. Forest Service, Anchorage.

points in the surface and because
the force needed to produce con-
tinued fracturing decreases as the
fracture develops, such fractures
should form early in the develop-
ment of surface stress and the
cracks should be relatively long.
Similar cracks, located at the
corners of houses, were common
behind the scarps of the big block-
glide slides in the Anchorage area
(see, for example, Shannon and
Wilson, Inc., 1964a, pl. 8.2). This
stress in the surface appears to

have extended back from the slide
scarps.

LANDSLIDING AND LURCHING

Ground cracks that form beside
streams and rivers during earth-
quakes have commonly been as-
cribed to landsliding and lurching.
The sliding is often described as
being of the block-glide type, in
which surface blocks move on
some weak nearly horizontal stra-
tum, such as a clay or liquefied

sand layer, Oldham, 1899 ; Fuller,
1912) at or above the level of the
river bottom. The lack of tilting
in the displaced bridge piles sug-
gests that landsliding of the rota-
tional type did not occur along
the streams. Lurch cracks, as de-
fined by Steinbrugge and Bush
(1960), are “* * * surface cracks
due to horizontal vibration forces
(as opposed to gravity forces as-
sociated with landslides).” Al-
though these mechanisms clearly
produce ground cracks, there is
little evidence that they were im-
portant in the stream-margin
cracking in the areas studied along
the railroad.

The evidence against the impor-
tance of landsliding and lurching
is as follows: If shallow block-
gliding or lurching were impor-
tant, the horizontal displacement
of the surface material should ex-
ceed that of the underlying mate-
rial. However, the net horizontal
displacement of sediments beneath
the surface as measured by dis-
placements of bridge piles closely
approximated that of the surface
sediments as measured at the deck
level (table 1). In three of the
bridges, in which interbent meas-
urements indicated net extension
of the underlying sediments and
in which measurements were also
made at the deck level, there was
exact agreement in two and a dis-
crepancy of only 2 inches in the
third (table 1). Thus, even where
the bridges exerted no compressive
force on the adjacent surface ma-
terials, there was no evidence of
lurching or landsliding.

Lurching and shallow landslid-
ing are also argued against by the
fact that in most areas the ground
was frozen, and it is unlikely that
either the horizontal vibrations or
shallow slides, in which the
strength of the surface material
would have been important, could
have developed sufficient force to




break frozen ground (the strength
of the frozen ground is discussed
on p. D58). In addition, lurching
and shallow block-gliding would
not produce the commonly ob-
served upward movement of ad-
jacent midstream sediments. Fi-
nally, the fact that cracking was
omnipresent and omnidirectional
would necessitate either omnidi-
rectional vibrational forces of suf-
ficient strength to produce such
fractures or the presence every-
where of materials at the proper
depths to provide glide surfaces
along which sliding occurred. Nei-
ther of these possibilities seems
likely.

In summary : All the evidence—
(1) the patterns of many ground
cracks, (2) their location beside
topographic depressions and on
fans and deltas, where displaced
embankments and bridge pilings
indicate deep lateral displacement
of underlying materials, (3) the
concentrations of cracks at corners
of buildings, (4) the increasing
distances between fracture-bound-
ed blocks toward topographic de-
pressions, and (5) the evidence
that lurching and landsliding
were not important in producing
these cracks —1is consistent with
the proposition that many ground
cracks result from stress generated
in the surface materials by lateral
displacement and spreading of the
underlying sediments. Although
these cracks were important in
ausing damage to railroad and
highway embankments, bridges,
and buildings, possibly of even
greater importance is the fact that
they clearly indicate that even on
relatively flat areas, where the
only topographic relief 1s provid-
ed by a local depression, the de-
pression may cause permanent
lateral displacement of both the
surface and underlying material
for a distance of as much as sev-

363-137 0—170

5

EFFECTS ON THE ALASKA RAILROAD

D57

48.—Ground cracks localized at the corners of houses on flood plains (1, 2, 4-6),
on deltas (3, 7), and on alluvial fans (8-10). All houses oriented with the principal
direction of landspreading to the right. Houxes 1 and 2 on Portage Creek flood
plain ; 3, Lowell Creek delta; 4-6, Resurrection River flood plain; 7, Rocky Creek
delta ; 810 on Jap Creek fan (after Lemke, 1967, fig. 15).

eral hundreds of feet in the ad-
jacent sediments.

The term “landspreading” 1is
proposed for this type of ground
movement : first, to describe the
spreading within the sediments,
and second, to bring attention to
the fact that it occurs on flat or
nearly flat ground, as opposed to
“landsliding,” which has the con-
notation of downslope movement.
Probably many of the phenomena
aseribed to landspreading resulted
primarily from liquefaction with-
m the sediments. However, other
imechanisms may have been oper-
ating; therefore the term “land-

spreading” is used, for it includes
the effects of liquefaction and all
other means by which similar dis-
placements might occur.

CRACKS PRODUCED BY
EMBANKMENTS

Embankments produced anasto-
mosing cracks that were subparal-
lel to the embankments, some
within the embankment toes, some
in the side drainage ditches, and
others in a zone about 23 to 30
feet wide in the adjacent sedi-
ments. The embankments super-
imposed this erack pattern across
areas of ground cracks on deltas,
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fans, and flat-lying ground in
which other cracks were due to
lateral displacement of the under-
lying sediments (pl. 3; figs. 19,
49). The embankments also pro-
duced these cracks where there
were no other ground cracks.

Similar cracks have been ob-
served in other great earthquakes.
Oldham (1899, p. 89) described
such cracks in the 1897 Indian
earthquake: “A very noteworthy
point about the fissures, formed
away from and independent of,
the river courses, is the manner in
which they usually run parallel to,
and along either side of, any road
or embankment.”

It is not clear how these cracks
formed. Grossly similar cracks in
surface sediments adjacent to an
embankment are ascribed to block
gliding by Newmark (1965). He
believes that the embankment be-
came detached on a buried hori-
zontal glide surface and, in sliding
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back and forth, produced tension
fractures in the sediments at some
distance from the embankment.
The likelihood that liquefaction
occurred beneath the embank-
ments in Alaska and allowed them
to oscillate sidewise, as if on a
glide surface, makes this mecha-
nism attractive (see p. 75). How-
ever, because the surface sediments
were frozen, they would have had
considerable tensile strength, and
seemingly not enough force was
available to produce fracturing by
this process. For example, in fig-
ure 50, the inertial force per
linear foot of 3-, 4-, and 5-foot-
high embankments are plotted
against horizontal gravitational
accelerations. The inertias are cal-
culated on the assumption that the
embankment underwent horizon-
tal displacement without internal
deformation. Seed and Martin
(1966) have suggested that this
approach may be valid for low,

49.—Ground cracks generated by an embankment in Portage. Note dark areas flooded
by ground water. Photograph by U.S. Army.

stiff embankments. Also on figure
50, inertias are calculated on the
assumption that there was an
equal mass of consolidated sedi-
ment beneath the embankment
that did not liquefy (fig. 54) and
whose mass was added to that of
the embankment. Even the lower
set of these inertial forces prob-
ably err by being too large. Fur-
thermore, the peak ground acceler-
ations were probably below 0.3 ¢;
for example, Cloud (1967, p. 320)
suggests, with reservations, that
maximum accelerations in An-
chorage may have been 0.14 g,
and Newmark (1965, p. 142) cites
estimates of 0.15 and 0.18 g.

A minimum value for the force
needed to produce tension frac-
tures in the frozen sediments can
be estimated by using a low value
(30 psi) for static (rather than
dynamic) tensile strength of a
granular soil (U.S. Army Corps
of Engineers, 1952). Such a frozen
layer, with a thickness of 4 feet,
would have a tensile strength of
17,280 pounds per linear foot of
embankment. This strength far
exceeds the probable inertial force
developed by the embankment.
Thus, even a maximum inertial
force and a minimum tensile
strength appear insufficient to pro-
duce tension failures in the frozen
sediments.

In addition, the fact that there
were usually several fractures on
each side of the embankment also
argues that they were not pro-
duced by tension generated by
block gliding of the embankment,
for unless all fractures are formed
simultaneously, a single fracture
would preclude additional tension
fracturing.

A possible explanation for the
formation of these ground cracks
may be that, as the embankment
sank into the underlying sedi-
ments, it depressed the immedi-
ately adjacent frozen surface,




while at some distance the surface
was bulged upward slightly by the
displaced, possibly liquefied, sedi-
ments. The formation of a trough
and bulge would have produced a
zone of increased stress in the
frozen surface sediments approxi-
mately parallel to the embank-
ment. Then perhaps with the pass-
age of surface ground waves, and
in some areas the development of
additional stress due to land-
spreading, the localized stress may
have produced the cracks beside
the embankment.

EMBANKMENT AND
TRACK DAMAGE

Nearly all damage to embank-
ments and their overlying tracks
and tles occurred in areas under-
lain by water-laid unconsolidated
sediments. The only damaged em-
bankment on till or bedrock was
along Turnagain Arm, where re-
gional subsidence exposed the em-
bankment to marine erosion. Em-
bankment damage can be divided
into three categories:

1. Fill failures, in which failure
was restricted to the fill.

2. Active failures,in which the em-
bankment played an active part
in producing changes in the
foundation materials that re-
sulted in damage to the embank-
ment.

3. Passive failures, in which dis-
placement or cracking in the
foundation materials produced
damage to the embankment
which acted passively. It should
be noted that the terms “active”
and “passive” are used here in
the general rather than the spe-
cific sense of soil mechanies
nomenclature.

Because the types of damage are
¢enerally related to the behavior
of the foundation materials and
these in turn are largely governed
by the physiography, it is possible
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50.—Inertial force per linear foot of 3-, 4-, and 5-foot-high
embankments (with and without a comparable mass of consoli-
dated sediment beneath the embankment) at horizontal accelera-

tions of 0.05 to 0.3 g.

to predict the damage to embank-
ments subjected to a similar seis-
mic condition.

A typical design cross section
of the railroad embankment is
shown in figure 51. Most of the
embankment was constructed as
follows (Cliff Fuglestad, engineer
of track, oral commun., 1967) : The
line was cleared by hand, and the
organic layer was left. The sub-
grade fill was usually side borrow,
and it included organic material.
Subgrade fill was placed by hand
with a Fresno scraper. Berms on

the subgrade were fixed by eye,
and the side slopes determined by
the angle of repose of the sub-
grade fill. The subgrades were a
maximum of 20 feet wide; in the
Portage area, they were closer to
18 feet. The ballast was end-
dumped and raised, and from
Seward to Indian (fig. 1) it is
composed of crushed gravel. Most
of the embankment was placed
prior to 1914 ; in addition to year-
ly maintenance since that time,
the Seward to Portage line had a
major rehabilitation in 1955-56.
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51.—Design cross section of a typical railroad embankment.

FILL FAILURES

Failures solely within the em-
bankment (not related to shifting
of, or interaction with, the foun-
dation materials) were difficult to
recognize, for several reasons.
There was a virtual absence of
easily identifiable discrete surface
failures, either rotational or on in-
clined flat surfaces, that were re-
stricted to the fill. The only rota-
tional failures that affected the
embankment, other than the large
slides from deltas, occurred at
mile 4.6 (see p. D99), where bor-
row had been removed at the em-
bankment toe, and there the fail-
ure surface probably passed into
the foundation materials. Other
failures on discrete surfaces, al-
though more common than rota-
tional failures, appeared to in-
volve the underlying sediments,

There is some evidence for fail-
ure by shear distributed through-
out the fill, as shown by spreading
of embankments at bridge bulk-
heads. Commonly, bulkhead fillers,
rammed and compressed for the
full stringer depth in the early
part of the shaking when the bulk-
head was vertical, were later ro-
tated, their bases being pushed
streamward by the spreading fill
during the continued shaking (fig.
52). At several bridges the spread-

ing fill covered the bulkhead piles
—which also suggests that move-
ment was distributed throughout
the fill.

Spreading may have been more
general, but if so it was small, and
the lack of strict adherence to de-
sign cross sections and the absence
of as-built cross sections would
have made it very difficult to de-
tect. Where undeniable spreading
occurred, it was associated with
the displacement of sediments be-
neath the fill.

According to C. L. Griffith, as-

Filler dented by
stringer before
rotation of
bulkhead

~ Piles covered by spreading
?mbban'kment fill

52.—A bulkhead filler that was ram-
med and dented by the stringer while it
was still vertical. With continued shak-
ing the base of the embankment fill
spread over the bulkhead piles and the
bulkhead was rotated.

sistant chief engineer, the sea-
sonal frost within the embank-
ments from Portage to Seward
probably extended to a depth of
4 or 5 feet. The lack of failures
restricted to the fill, either on dis-
crete surfaces or as distributed
shear, may have been due to the
increase in shear strength afforded
by the interstitial ice.

ACTIVE FAILURES

Damage to the embankment
from changes in the foundation
materials, resulting from the load
of the embankment fill, was
widespread and severe in areas
underlain by wet noncohesive
sediments. These failures took sev-
eral forms. The most damaging
was the general and irregular set-
tling of the embankment fill,
which lowered long sections of the
embankment as much as 6 feet.
Cross sections of the embankment
in the Portage area made at local
dips in the generally settled em-
bankment are shown in figure 53.
Each postearthquake profile is
compared with design profiles at
the preearthquake position and at
the height of the postearthquake
embankment. The comparisons of
the design and postquake profiles
show that the embankment fill
settled largely en masse. At places
there was almost no lateral spread-
ing, and even where spreading was
greatest, it does not appear to
have been great enough to account
for the total lowering.

Settlement was almost universal
in areas underlain by wet uncon-
solidated noncohesive sediments
and was greatest in areas of wide-
spread ground cracking, such as
active flood plains and the highly
fractured margins of fans and
deltas. Generally less severe, but
locally as large, settlements oc-
curred where the only ground
fracturing was produced by the
embankment. These latter settle-
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ments were in the otherwise un- 1
fractured parts of deltas, fans, 9 9ft
and inactive flood plains. Settle- _ e
ment was usually accompanied by
the expulsion of sediment-laden
water from the adjacent ground
cracks. A close relationship be-
tween the ejection of sediment-
laden ground water and settle-
ment was seen in some areas where
local extreme settlements occurred
where large volumes of sediments,
as coarse as cobble gravel, were
brought to the surface beside the
embankment. (See, for example,
mile 16-16.2 p. D103.)

The fact that the embankments
were lowered more than can be
accounted for by spreading, and
that they appear to have settled
where ground water was expelled
(even where the only ground
cracks present were produced by
the embankment), suggests that
the foundation material became
liquefied.

It is of note that in many places
where there was no other evidence
of liquefaction in adjacent areas,
the embankment still settled and
produced high pore-water pres-
sures in the underlying sediments.
Thus the embankment appears to
have been the cause of liquefaction
of the underlying sediments. A
somewhat similar observation was
made by Shiraishi (1968) who re-
ports that during the 7.8 magni-
tude Tokachioki earthquake in
Japan on May 16, 1968 «“* * *
liquefaction took place only under
and around objects such as parked
freight cars in a railroad marshal-
ling yard, and not in open areas.”

Figure 54 is a hypothetical
sketch of liquefaction beneath an
embankment. Although the field
observations do not determine
where liquefaction started, they
strongly suggest that the embank-
ments produced the liquefaction, 53.—Transverse pI.'Oﬁles of settled railroad embankments in the Portage area meds-
and that sediments beneath the ured by M. G. Bonilla and R. Kachadoorian. Each profile is compared with the design

A profile at the original and postearthquake height of the embankment. Profiles are
embankments became liquefied. located on figure 114.

Preearthquake position of design profile

\.(POStearthquake profile
~

Design profile drawn at position
of postearthquake embankment
to show earthquake caused changes
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pu— ,,‘/f/\/Preearthquake embankment

54.—Hypothetical sketch through an embankment underlain by liquefied sediments
into which the embankment setfled. Cracks formed by the embankment tapped the
zone of high pore-water pressure, and sediments were carried to the surface by the

escaping water.

Heavy traffic over the roadbed un-
doubtedly had densified the sub-
fill materials and made them less
susceptible to the increased densi-
fication needed to produce lique-
faction than the adjacent mate-
rials. It is possible that inertial
differences between an embank-
ment and the adjacent sediments
increase the stress locally during
shaking and initiate liquefaction
adjacent to the fill, in much the
same way that differential move-
ments of piles and their enclosing
sediments might produce liquefac-
tion locally surrounding the piles
(Seed and Idress, 1967). Once
high pore-water pressure had been
developed in the soil adjacent to
the fill, it could propagate down-
ward and laterally, possibly ex-
tending under the embankment.
With the formation of cracks in
the frozen surface sediments ad-
jacent to the fill, some of the high
water pressure would be relieved.
The close relationship observed
between surface discharge and
local sags suggests that in some
cases liquefaction had occurred
beneath the fill at the time of dis-
charge. If it had not, the sinking
fill would not have been able to
displace the underlying material.

PASSIVE FAILURES

Discussions of embankments
subjected to seismic loading com-

monly consider the distorting
forces within the embankment
and failures in foundation mate-
rials produced by the embank-
ment. Passive failures in embank-
ments that traverse areas in which
there was ground cracking or
permanent displacement of the
ground are generally not con-
sidered. However, the widespread
cracking and ground displace-
ments that accompanied the
Alaska earthquake made passive
failures an important cause of
damage. Because passive embank-
ment failures depend upon the
response of the underlying ground
to seismic loading, it is possible to
describe these failures in geologic
and physiographic terms.

Passive failures are described
in detail in Sections 1 to 19 (p.
D95-D157), and will only be sum-
marized here, examples being re-
ferred to generally by section or
specifically by mile.

Passive failures have caused
damage in other large earth-
quakes. For example, Wallace,
Phillips, Drake, and Boggs (1907,
p. 349) state that in the 1906 San
Francisco earthquake “[Rail-
road] embankments across marsh-
es, or with soft strata underlying
them, settled more or less. In some
cases the settlement was vertical;
in other cases there was consider-

able horizontal with the vertical

movement.”

STREAM CROSSINGS

The most damaging passive
failures of the embankments were
at stream crossings, where land-
spreading was greatest. Be-
cause displacement was generally
toward the stream valleys, em-
bankments that approached val-
leys obliquely were offset hori-
zontally in opposite directions on
opposite sides of the streams (fig.
55) and the bridges were skewed
horizontally. Horizontal offsets
between embankment centerlines
on opposite sides of stream chan-
nels measured at 27 bridges
ranged from several inches to 10
feet (table 1). Twenty-one of
these bridges are shown in figure
56; the offsetting of each bridge
isdescribed in pages D98-D157. As
can be seen in figure 56, offsetting
generally occurred as the result
of movement toward the stream
channels, but it also was produced
by movement toward depressions

Preearthquake railroad

Postearthquake
streambank

centerline

55.—Bridge skewed by streamward
movement of sediments. Landspreading
toward stream moved the banks closer
together, and railroad grades that
crossed streams at acute angles were
carried sidewise in opposite directions
on opposite sides of the stream, skew-
ing the bridges.



(often wet) beside the embank-
ments (bridges 33.6, 34.8, 37.0,
61.5). In one bridge (62.3), dis-
placement was in the opposite
sense, possibly because of local
displacement of the high, narrow
embankments of this bridge on
the low active flood plain. In three
large bridges (3.0, 3.2, and 3.3),
the bridge ends and adjacent em-
bankments were displaced later-
ally in the same directions paral-
lel to the contours, offsetting them
from the centers of the spans
(figs. 29, 81, 32).

The absence of tilting in the
displaced bridge piles driven
largely through fill (bridges 3.0,
3.3) or the underlying sediments
(bridges 8.0, 3.2) demonstrates
that lateral shifting was not re-
stricted to the fill, but that the
fill was carried passively as the
underlying material shifted. The
minimal lateral displacement of
the bridge centers suggests that
movement parallel to the contours
resulted from some force on the
interstream areas. On the inter-
stream areas the railroad lies
adjacent to a large highway fill
(fig. 27). Both the highway and
railroad fills settled, and as shown
by the extensive ground fractur-
ing, expulsion of ground water,
and streamward displacement of
the foundation materials, the sed-
iments were extensively mobilized
by the shaking. The sinking of
the large highway fill probably
produced an outward flow of foun-
dation materials that carried the
adjacent railroad fill sidewise (fig.
57). This outward flow is also sug-
gested by the fact that where the
highway swings away from the
rallroad just north of bridge 3.3,
the railroad fill was not displaced
laterally (fig. 58). In the middle
ground of this same figure, a lat-
eral kink can be seen where the
rails crossed a small road (Nash
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Road, fig. 27). This road fill, lying
at right angles to the railroad fill,
appears to have resisted the lateral
displacement, possibly because of
its resistance to longitudinal com-
pression.

In addition to being displaced
laterally, bridge approach em-
bankments were broken by frac-
tures in areas where the under-
lying materials spread toward the
stream valleys (pls. 2, 3; figs. 18,
19). The resulting fractures varied
considerably in detail, but most
were tension fractures that crossed
the embankment at nearly right
angles. The fractures were nearly
vertical, and the block on the
streamward side was often down-
dropped. At many places where
the underlying materials were
displaced laterally, there was
also some horizontal displacement
along the fractures. This fractur-
ing is shown diagrammatically in
figure 59.

Despite the fact that most of
the bridge approaches were put in
tension, the ends of the embank-
ments abutting the bulkheads
were deformed by compression
resulting from the thrust of the
compressed bridge decks. Bulk-
heads, driven back into the fills,
bulldozed up the fills, some as
much as a foot or more. As a re-
sult, the rails were torn from the
embankment and either the ties
were pulled upward out of the bal-
last, or, if the ballast was frozen,
the rails were torn free of the fish
plates that secured them to the
ties (figs. 104, 106, 109).

Embankments built over filled-
in channels or filled-over bridges
behaved somewhat like those at
stream crossings. For example, at
miles 34.3 and 34.4 embankments
were moved toward filled-in creeks
and were bulged upward over the
old stream channel. The accom-
panying compression deflected the
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rails laterally at the bulges and
pulled the ties sidewise through
the ballast. The embankment set-
tled around filled-over bridges at
miles 60.2 and 62.1; at 62.1 the
north end of the embankment was
offset abruptly 3 feet and the rails
were also deflected by compression
{fig. 60).
FLOOD PLAINS

Principal passive damage to
the embankment on flood plains
was caused by permanent horizon-
tal displacements of the under-
lying flood-plain sediments that
carried some embankment sections
more than 1,000 feet long out of
horizontal alinement. These dis-
placements were as great as sev-
eral feet and were the rule rather
than the exception on active flood-
plain sediments. Displacements
oceurred toward bodies of water,
nearby stream channels, borrow
pits, areas of low ground, or other
topographic depressions. Gener-
ally, where the flood-plain sedi-
ments were fractured, the embank-
ment was also fractured. Com-
monly, fractures that approached
the embankment obliquely swung
normal to the rail line as they cut
across the embankment (see, for
example, fig. 19).

Rails were occasionally thrown
into compressive kinks, even at
long distances from bridges (fig.
27). It is possible that the em-
bankment was compressed longi-
tudinally. However, the kinks
may have been formed as the re-
sult of a transient compression
developed during the passage of
surface ground waves. That sur-
face ground waves do form com-
pression at the surface is sug-
gested by many eyewitness reports
from large earthquakes in which
ground cracks open on the crest
of a wave and close, often with
the ejection of water, as the trough
passes.
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EXPLANATION

\—\(:_.
’ 2in.
5in

/ . 1] Terrace scarp
; Hachures on
|

/7

low side

Bridge 4.8 Bridge 6.0

TN

Bridge 15.6

Bridge 15.2 Bridge 33.6

Shaded areas were low and flooded
due to tectonic subsidence

North approach
carried toward
side-borrow

w

i

Bridge 34.5 Bridge 34.8 Bridge 35.6 Bridge 37.0

56.~—Bridges that were skewed horizontally by landspreading toward stream channels or topographically low areas.
All figures oriented with increasing mileage from bottom to top.
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North approach \
fill carried >
toward side- |
borrow trench
o
24in. 6in. / '[F—//
| 30in.
—> 36in.
i M
Bridge 41.6 Bridge 58.7
Bridge 59.9
Bridge 37.3
I
Water-filled
side-borrow
. trench Shaded areas were
= 8in 18in. low and flooded
as result of
tectonic subsidence
Bridge 61.9
. —>
Bridge 61.1 Bridge 61.5

i-Bridge 63.6

Bridge 62.3

Bridge 63.0

Bridges 63.5 and 63.6

56.—Continued.
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DELTAS AND FANS

The unconsolidated materials of
deltas and fans spread radially
downhill. The overlying embank-
ments were carried laterally as
much as 4 feet, and, having little
tensile strength, were broken by
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tension fractures running normal
to the embankment. Tension frac-
tures in the embankments were
particularly well developed on the
margins of deltas and fans, where
radial spreading was pronounced.
In some places, tensional fractures

—

30 in. maximum
horizontal
displacement

|
settlement
—— J_i_\\ men
~“Railroad fill } S

P 2 . LY S

30 ft. /

Minimum depth of mobilization
as indicated by shifted, non-
rotated piles at the bulk-
head bents

8 in. maximum observed

18 in. maximum
observed
settlement

/-i-—-——-—-\
<,

0
~ Highway fill B,

<

Maximum depth of mobilization unknown

Presumed movement of
mobilized sediments
under highway fill

57.—Cross section of the railroad and highway fills at Resurrection River (fig. 27).
Sediments displaced laterally beneath the sinking highway fill displaced the railroad
fill and ends of bridges a maximum of 30 inches laterally, parallel to the contours.
The lack of tilting in the bridge piling indicates that the depth of lateral displacement
probably exceeded the pile depths. Dashed lines indicate preearthquake positions of

embankments and piles.

Al g o

58.—Sinking of large highway fill (at left)
carried the railroad embankment to the right and kinked the rails at smaller road
fill (Nash Road, mile 3.4 figs. 27, 28) that was unaffected by the displacement, pos-
sibly because of its resistance to longitudinal compression. Lateral displacement
decreased where the highway turns away from the railroad.

displaced adjacent sediments that

occurred at about 30- to 50-foot
intervals for as much as 1,000 feet.
Some of the tension fractures
were 1 foot wide. Tension skidded
the rails over the ties, opened ex-
pansion joints to their extreme
positions, and at several places
sheared bolts in the angle bars
that connect the rails and pulled
them as much as 17 inches apart.
Bridges on fans and deltas
(bridges 20.0 and 21.4) were also
pulled apart. Because the distances
between the bents was increased,
stringers were pulled partly off
end bearings and ties and guard
rails were split.

BRIDGE DAMAGE
RELATED TO GRAIN SIZE,
THICKNESS, AND DENSITY

OF FOUNDATION

MATERIALS

Almost all damage to bridges
resulted from transient and per-
manent displacements of the
foundation materials into which
the pilings were driven. Thus, the
degree of damage is largely gov-
erned by the level of mobility
attained by the foundation mate-
rial and by the length of time
during which it moved ; these fac-
tors in turn are determined by
the ease with which a given foun-
dation material becomes mobi-
lized and by the duration and the
intensity of the ground motion.
In the following discussion, the
severity of bridge damage is com-
pared with these variables, by
using (1) the dominant grain size
of the foundation material into
which the piles are driven as a
measure of the propensity for
mobilization and (2) the total
thickness of the unconsolidated
sediments at the bridge site as a
measure of the duration and in-
tensity of ground motion. These
variables are compared in tables
3 and 4.




In these tables the dominant
grain size of the foundation mate-
rial at some bridges is known from
adjacent borings (for example,
Resurrection River, Portage area,
Knik and Matanuska crossings).
At others, the grain size of the
sediment is based on field exam-
ination, the landform in question,
and inferences from the surficial
geology. Some of the total or
minimum sediment thicknesses
are also known from borings;
others are estimated from a com-
bination of the adjacent bedrock
relief, seismic refraction data
(near Seward), the areal extent
of the unconsolidated sediment,
and the geologic history of any
given area as outlined in the mile-
by-mile description of the damage.

The degree of damage to any
bridge is assigned on the basis of
the necessary repairs as follows:

Severe—replacements required :

Entire bridge (or culvert sub-
stituted).

All or some new piling, pile
caps, and sway braces.

All or some new stringers.

All or some new deck, walk-
ways, and guard rails.

New abutment backwalls and
bulkheads.

New bearings built on con-
crete piers and abutments.

Moderate—repairs required :

Some new piles, pile caps,
and sway braces.

Some to deck and bulkheads.

Installation of wide caps to
carry shifted stringers.

Steel spans reset on piers and
abutments that shifted.

New anchor bolts for steel
spans.

Slight—repairs required :

Minor repairs to bulkheads
and decks.

Blocking shims added to bents
to compensate for vertical
pile displacements.
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Minor horizontal readjust-
ments.
Repositioning steel spans to
relieve endways shifting.
In terms of damage to the struc-
tures, these divisions represent
gradations in the amount of (1)
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horizontal and vertical displace-
ment of piles, piers, bulkheads,
and abutments, (2) ramming of
bulkheads and abutments, (3) lat-
eral buckling or rupturing of
stringers by compression, (4) lat-
eral skewing of the bridge, and

59.—Typical fractures at a bridge approach. A block of fill was lowered at the
bulkhead and along a fracture (A) running perpendicular to the embankment.
Fractures (B) formed on both sides of the embankment and ran diagonally back
from the upper edge of the fill and joined fractures (C) that were approximately

parallel to the fill in the adjacent ground.

60.—Lateral offsetting and compression at the end of filled-over bridge (looking
north toward bridge 62.3). Note the ends of pile caps exposed to left of the ties.
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(5) endways shifting of steel
decks. Where the repairs were not
known, the bridge was assigned
to one of the divisions in which
the observed damage to the struc-
ture was comparable.

The comparison of damage to
foundation materials in table 3
shows:

1. A1l bridges damaged by dis-
placed foundation materials
(this excludes three bridges on
till or bedrock damaged by lat-
eral displacement of decks, not
displacement of piers) werebuilt
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on foundation materials that
have the following common

characteristics :

a. All are water-laid sedi-

ments.

b. All are noncohesive (no
railroad bridges were
built on clay).

c. All are either modern
sediments or are very
young geologically.

d. All have a high water
content, the water table
lying at or within a
few feet of the surface.

TaABLE 3.—Damage to bridges, related to material in which piles were embedded

Materials Damage to bridges
in which
piles were .
embedded None Slight Moderate Severe
S M
Silt M D
M
DDD D
DDD D
M D M D bDD D
Sand
[0] D p D D [D]
[0]
sss s |DDDD
s s MMM M DDD D
Sandd DDD D
g?;vel M 5 M MDlE]@DDDIEI
M M
R EE
Gravel > @ M M
® [o]
an'gig)r) D [:l D D E]
bedrock D D D O l
Depth of unconsolidated sediment  Type of bridge

(to bedrock on glacial drift)
S 0-50

M 50-100

D >100

S Open wood trestle

Wood and steel deck or steel on wood

and (or) concrete piers

@ Ballasted wood trestle

The relation of the distribu-
tion of ground cracks to
permanent lateral displace-
ment of foundation mate-
rials and the distribution of
damage to embankments
show that little displacement
occurred in sediments that
are older and (or) drier.
2. The table shows that the sever-
ity of bridge damage increases
as the grain size of the founda-
tion material decreases. How-
ever, the grain size of water-laid
sediments commonly decreases
away from margins of sediment-
filled basins. Thus, sand is more
common than gravel where the
sediment thickness is great.

The obvious tie between sedi-
ment thickness and damage imme-
diately raises the question as to
whether the grain size of the
material (its propensity for mobi-
lization) or the total thickness
(the intensity and duration of the
ground motion) is more impor-
tant in determining the severity
of damage to a bridge or embank-
ment (and other structures af-
fected by displacement of founda-
tion materials). By replotting the
damage against the sediment
thickness (table 4) it appears that
there is a stronger correlation be-
tween total sediment depth and
the severity of the damage. All
severely damaged bridges were
underlain by more than 100 feet
of sediments, and of all the
bridges underlain by more than
100 feet of sediment, 88 percent
were severely damaged.

The relative dependence of
severe damage on the thickness
and grain size can be demonstrated
as follows: By considering only
the grain size of the foundation
materials, one would predict that
71 percent (17 of 24) of all bridges
on sand and 47 percent (18 of 38)
of all bridges on sand and gravel
would be severely damaged. How-



ever, if one used sediment thick-
ness greater than 100 feet as re-
lated directly to severe damage,
one could predict that 81 percent
(17 of 21) of those on sand and
82 percent (18 of 22) of those on
sand and gravel would be severely
damaged. The same dependence
of damage on sediment thickness
is shown in the case of slight ver-
sus moderate damage on sand and
gravel (table 4). The data avail-
able for damage on silt are scant,
but they suggest a similar de-
pendence of damage on sediment
thickness. Four of the bridges
built on silt are along the north
shore of Turnagain Arm, where
the silt is probably thin and rests
on glacial drift that veneers the
adjacent bedrock. The one bridge
built on silt overlying a thick
section of unconsolidated sedi-
ments (bridge 63.0) was severely
damaged.

The relative dependence of
damage on the grain size of the
foundation material and the thick-
ness of the underlying sediments
can be compared in figure 61. In
these graphs open wood trestles
on wood piles are distinguished
from other bridges. Open wood
trestles are built uniformly to a
standard design. Thus, one of the
major variables—the differences
in individual structures—which
makes it difficult to evaluate the
relation between structural dam-
age and seismic ground response,
is largely eliminated. Again, these
graphs make it quite clear that
the thickness of the sediments is
a far more reliable indicator of
potential damage than the grain
size of the foundation material.

The discussion presented above
ignores the density (compaction)
of the sediments involved in foun-
dation displacements. Is one justi-
fied in doing so? The strong rela-
tion of total sediment thickness to
damage suggests that whatever
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the range of the densities of the
foundation materials at the sites
of the 76 bridges built on water-
laid sediments, it had no great
effect on the severity of the dam-
age. However, for design pur-
poses, it is useful to know the
range in densities. Densities are
sometimes estimated from stand-
ard penetrometer resistance values
(¥ values: blows per ft of a 140-
b hammer falling 30 in. on a 2-in.-
diameter penetrometer) ; however,
there is some question as to the
validity of this approach (Peck,
1967). To avoid the problem of
translating N values to densities,
only the ¥ values are shown for
the two areas in which they are
available.

N values determined in six bor-
ings in the Portage area are plot-
ted against depth in figure 62, and
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an estimated average N curve is
drawn. As shown by a generalized
geologic section, the average N
value which is low (15-20) in the
upper 10 feet of gravel, increases
to a maximum (50) in the under-
lying sand, and decreases as the
section becomes silty near the
base.

N values are also plotted from
borings along the highway that
was under construction across
Knik-Matanuska River flood plain
at the time of the earthquake (fig.
63). The generalized geologic sec-
tion (based on 24 borings) shows
sand and gravel to a depth of
about 40 feet. The base of the
sand and gravel is interbedded
with silt and fine sand that con-
tinue, in beds several feet thick,
to some unknown depth below the
bottom of the deepest hole (~152

TABLE 4.—Damage to bridges, related to total sediment thickness at bridge site

Estimated Damage to bridges
total sediment
thickness at the
bridge site None Slight Moderate Severe
(feet)
00 1 ()1 3 3
(D[] | 3
i —
1 2
50'-100 3
33 3|4
34
1 22 2 2 2
2 22 2 2 2
2 2 3
100 2 222 2
TIRER
333 3 33
533 [3[5]

Material in which piles
were embedded
1 Silt
2 Sand
3 Sand and gravel
4 Gravel

Type of bridge
1 Open wood trestle

Wood and steel or steel deck on
wood and concrete or concrete

@ Ballasted wood trestle
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ft). The estimated average pene-
tration resistance increases with
depth.

Also shown in figure 63 are the
depths of the tips of steel and
wood piles in five large railroad
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bridges. The construction and
damage to these bridges are de-
scribed in table 1, in the discus-
sion of damage to large bridges
(p- D49), or on pages D155-D156,
and can be summarized as follows:

All steel and wood pile-supported
abutments and piers beneath steel
spans were dis placed streamward.
Anchor bolts on steel spans were
commonly sheared, and steel
spans jammed together, damaging

span bearings. Streamward dis-
placement of wood pile bents oc-

20 o curred in those with open wood
T trestle approach spans (1464,
B 148.3). Three of the bridges were
o 15ﬂ — - 15 severely damaged (147.1, 147.5,
g M 148.3) and the remaining two
o=
5 0 were moderately damaged. The ¥
S 7 I values at the tips of the piles of
[¥%) .
] these damaged bridges are com-
2 . 5 pared with those of four severely
damaged open wood trestles in the
Portage area in figure 64. (Dam-
. , 1, age to the Portage bridges is de-
123 12'3" "'2'3'4 1234 scribed in section 12b p. D128, and
Silt Sand Sand and gravel Gravel pﬂe displaoements are shown on
w0 PILE EMBEDMENT MATERIAL 1 figs. 7, 8). Each bridge is indicated
by a horizontal line that crosses
35 r‘ I—35 Generalized
geologic
section
| - R
20l EXPLANATION 30 i | -
stimated average o, °| Grave
Damage N-value curve —10 °o%
J 1—None ;' e
2 2—Slight 25 W e
g 3—Moderate i I
g 4—Severe . o
w20 Open wood trestles 20 30 .
= on wood piles — |1 Ssand
o) w o
2 Steel and steel-wood spans " i
2 on wood and steel piles ! =
15— and concrete abutments —15 -
and piers—aiso, ballasted : e
trestles -50 %
10| TIO 60
5— [] F5 . L 70
180
—_ ] T [N —-0 I U D
1234 1234 1234 150 100 50 0
0-50 50-100 >100 BLOWS PER FOOT (N)

TOTAL SEDIMENT THICKNESS AT BRIDGE SITE, IN FEET
62.—Standard penetrometer values (N,

blows per ft) and an estimated average
N curve for six borings in the Portage
area. Borings are located in figure 111,
and logs are given on figure 112.

61.—The degree of damage to bridges compared with the grain size of the ma-
terial in which the piles were embedded and the total thickness of all unconsoli-
dated sediments at the bridge sites. As shown in table 8 and 4, the severity of
the damage appears to be related most directly to the total sediment thickness.
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its respective average NV curve ?Lt Bridges (identified by mile) Geg:;ﬁ:'gz.id
the average depth of the piles in 146.4 147.1 1474 147.5 1483 section
the bridge. The ends of the hori- | T T L
zontal lines indicate the V values
at the tips of the deepest and
shallowest pile in each bridge. 10
The considerable range in the
density of the sediments associated
with displaced foundations of
these damaged bridges is shown
in figure 64; those at Portage lie
within the compact to dense range,
and those at Knik-Matanuska
crossings within the slightly com-
pact to compact range. The more
severe damage to bridges in denser
sediments at Portage probably is
due to the fact that Portage is 20
considerably closer to the area of
high strain release (fig. 2). Thus,
in these two areas in which the
sediments are relatively thick, the
large difference in density of the .

foundation material appears to - . ' w0
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have had less effect on the degree o »
of damage than the severity of EXPLANATION tet e
the ground motion. Depths of tips of piles [P0 T
An informative comparison can P pRevp ) 5N
be made between these two areas x Wood pile in open wood trestle tail spans s L
and damage associated with the ® Wood pile in piers W RN 5 1 I R
1964 Nu.g.ata earthquake in Japan. @ Steel pile (3 rails welded at crown) in piers T -
The Niigata ,ea'rthquake was @ Steel pile (3 rails welded at crown) in abutments . ) L 110 o
smaller (magnitude 7.3) and
closer to Niigata (35 miles) than :
either the Portage or Knik-Mata- .
nuska area was to any of the large . }

Fine sand and silt

o 120 - =

Alaska events. The shaded area in o
figure 64 is the range of penetra- _ . o, 130 A
tion resistance values at the tips Estimated average |- R

-

N-val o A
of piles under heavily damaged edne -

structures in Niigata (Seed and o I N s U

Idress, 1967; Koizumi in Seed . 3

and Idress, 1967), and damaged ) o [

Knik-Matanuska bridges lie with- e -

in this zone. However, the Knik- LN =

Matanuska area is nearly twice as 100 50 0

far from the epicenter (65 miles) BLOWS PER FOOT (N)

as Niigata and four times as far

from the largest event (event C, 63..—Standard penetrometer values (N, blows per ft), an estimated average N-value
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sediments than those that were
severely damaged at Niigata.
These comparisons show that the
choice of the magnitude, location,
and duration of the “design earth-
guake” are extremely important
when considering the possible
behavior of foundation materials,

BLOWS PER FOOT (N)

;

{__ B
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i) I~ Knik-
Matanuska

—60

average
N curve }_70

Dense
Loose

Slightly
compact
Very loose
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64.—Range of N-values (horizontal
line) at tips of shallowest and deepest
piles in damaged bridges in Portage
and Knik-Matanuska areas, plotted on
their respective average penetration re-
sistance curves. Bridges in less dense
sediments, far from the area of strain
release at Knik-Matanuska area, were
less severely damaged than those in
denser sediments, nearer the area of
greater strain release at Portage. The
shaded area is the range of penetrom-
eter values in sediments under severely
damaged pile-supported structures in
the 1964 Niigata earthquake in Japan
(Seed and Idress, 1967).
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In summary:

1. Foundation materials in which
damaging displacements oc-
curred were young noncohesive
water-laid wet sediments.
Bridges on bedrock, till, or old-
er drier water-laid sediments
were undamaged by foundation
displacements.

2.Severity of the damage in-
creased with the thickness of
the sediments, and all severely
damaged bridges were on sedi-
ments more than 100 feet thick.

3.Severity of the damage ap-
peared to be less influenced by
grain size of the wet water-laid
foundation materials than by
the total sediment thickness.

4. Displacements occurred in foun-

dation materials with penetra-
tion resistance values even above
50 blows per foot (dense soil).

5. Of the two areas in which there
is data, the proximity to the
area of strain release appears to
have been more important in
determining the severity of the
damage than the penetration
resistance of the foundation
materials,

These observations can be fur-
thur summarized in the follow-
ing useful generalization: In an
area subjected to a large long-
duration earthquake, structures
on thick water-laid noncohesive
wet young sediments that range
from silt to gravel and have a
wide range in penetration re-
sistance values should be expect-
ed to sustain severe damage,
either from displacements of the
foundation materials or from
severe ground motion.

LANDSLIDES

Subaqueous landslides were re-
sponsible for a considerable part
of the total cost of repairing the
railroad, Slides at Seward, Whit-
tier, and Kenai Lake have been

described by Grantz, Plafker, and
Kachadoorian  (1964), Lemke
(1967), Kachadoorian (1965), and
McCulloch  (1966).  Subaerial
landslides also caused damage at
Potter Hill (mile 103-104), in and
adjacent to the railroad yards in
Anchorage, at mile 138.4 on the
main line, and at mile 16.5 on the
Sutton Branch.

POTTER HILL SLIDES

Landsliding occurred for about
4,200 feet between mile 103 and
104. The railroad was built in cuts
and fills across the face of a bluff
at Potter Hill, about 2.5 miles
north of Potter (fig. 1). Two sec-
tions of embankment and track,
totaling 1,550 feet, were carried
away by the slides (fig. 65). The
following paragraphs summarize
the report of an investigation of
the slides prepared by the authors
for The Alaska Railroad. A longer
summary of this report is given
in Hansen (1965, p. A31-A83).

At the north end of the slide
area the bluff is composed of gla-
cial till resting on glacial outwash,
which in turn rests on silt and fine
sand. To the south, the till is lower
in the bluff, and is overlain by gla-
cial outwash. A water well (well
571, Cedarstrom and others, 1964),
900 feet east of the railroad, pene-
trated a 20-foot bed of “blue mud,”
from 2 feet above to 18 feet below
mean lower low water, resting on
alternating thick beds of sand and
blue clay to a depth of 375 feet
below mean lower low water. This
“mud,” sand, and clay may be the
Bootlegger Cove Clay, in which
the slides occurred in the city of
Anchorage.

The scarp along which the rail-
road gradually ascends is an aban-
doned wave-cut cliff that was cut
when sea level was higher with
respect to the land. As the subse-
quent relative lowering of sea level
occurred, the shoreline shifted



toward Turnagain Arm and left
a wide tidal flat exposed. Conifer-
ous trees growing on this surface
show that it is above the highest
tides (fig. 65). This flat tidal plain
is composed of a sheet of sedi-
ments that rest on an erosion sur-
face cut across unconsolidated
sediments. The erosion surface
slopes gently from the toe of the
bluff toward Turnagain Arm. The
tidal-plain sediments are probably
largely of silt size, as are most of
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the sediments in modern Turn-
again Arm.

Sliding was caused by flowage
of material near the base of the
bluff. Flowage may have been in-
itiated in either, or both, the fine
sand and silt that underlie the
base of the bluff, or the adjacent
fine tidal-flat sediments which
must have underlain some of the
embankment fill. The resulting
slumping and flowage carried dis-
integrating blocks of earth, track,
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and ties down and away from the
bluff; some ties and rails were
carried as much as 140 feet hori-
zontally. Where flowage occurred,
the material was probably satu-
rated, because depressions in the
slide debris were rapidly filled
with water, and sand craters and
mounds were found where water
under pressure was driven to the
surface of the debris. Because the
ground surface was frozen, this
water was undoubtedly ground

65.—View of Potter Hill slides. Note the overthrusts in the low-lying tidal flat in the foreground, and dark strata of water-satu-
rated sediments in the slide scarps. Photograph by The Alaska Railroad.
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water. Water wells inland from
the bluff encounter water from
240 to 30 feet above sea level, and
the dark bands of saturated sedi-
ments visible in figure 65 show
that ground water is discharged
along the base and at several levels
throughout the height of the bluff.
The dark tone of the soil in figure
68 also shows that water was
plentiful at the scarp of the slump
that cut deepest into the bluff.
Pressure ridges formed within
the slide debris and at their mar-
gins. In the ridge at the outer
margin of the slide, lateral force
transmitted through the frozen
surface sediments drove the tree-
covered frozen sediments up over
adjacent trees (fig. 66). Some
upper blocks were completely de-
tached at their edges, which sug-
gests that the overthrusting may
have been relatively rapid. Lateral
thrust in the frozen sediments con-
tinued beyond the outer edge of
the slides and formed overthrust
ridges well out in the adjacent
tidal flats (pl. 4; fig. 65).
Comparisons of pre- and post-
slide cross sections (pl. 4) indicate
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that the volume of slide material
that accumulated at the base of
the slope and adjacent tidal flats
was less than the material re-
moved from the slope by sliding.
The apparent loss in volume may
be due to lateral flowage of the
fine-grained tidal flat sediments
away from the bluff. The lateral
flowage probably occurred beneath
and contributed to the thrusting
of the frozen surface layer that
extended as much as one-third
mile beyond the edge of the slides.
Marginal cracks formed on adja-
cent parts of the bluff face, where
slumps did not develop. These
cracks were approximately paral-
lel to the bluff in natural bank
material and in the fill up to the
level of the tracks, in the road-
bed, and in the drainage ditch be-
tween the tracks and the bluff.
Near Rabbit Creek, cracks oc-
curred to the top of the bluff face.
Cracks from which sand-bearing
water was ejected were also ob-
served by James A. Morrison of
the Engineering Department of
The Alaska Railroad on the sur-

66.—Entirely detached block of frozen soil and uprooted trees that was thrust up over
the adjacent tree-covered ground in a pressure ridge at the toe of Potter Hill slide.

face of the bluff, about 400 feet
back from the scarp.

After this study was made,
Clair A. Hill and Associates of
Redding, Calif., investigated the
slide area preparatory to design-
ing a new alinement and associ-
ated drainage structures (“Potter
Hill Slide investigations for The
Alaska Railroad,” Aug. 1964, 20
p.). Borings were made in the
slide debris and undisturbed bank
material. Logs of the borings and
a topographic map prepared from
aerial photographs from this re-
port are shown on plate 4. The
aerial photographs were taken
after the rail line had been relo-
cated in a cut across the slide area;
thus the slide scarp that was
mapped earlier appears to lie on a
slope.

Borings B 8 and B 6 straddle
the northern slide. In the interval
of suspected failure (from some-
where below the embankment at
an altitude of 82 ft, to somewhere
below the bluff base at an altitude
of 20 ft), both borings penetrated
predominantly sand-size material
containing varying amounts of
silt and fine gravel. Between alti-
tudes of 10 and 20 feet, both bor-
ings penetrated water-bearing
strata. The inversion of penetra-
tion resistance values in hole B 8
that shows low values between 0
and 35 feet—the interval encom-
passing the water-bearing strata—
suggests that failure might have
occurred within this zone. How-
ever, blow counts in B 6 give no
indication of a comparable zone.
It is possible that more closely
spaced measurements of penetra-
tion resistance in B 6 might have
isolated a weak zone.

Borings B 1 and B 2 are located
just upslope, and B 8 just north,
of the other major slide area. Of
these three borings only B 8 was
deep enough to have penetrated
the zone of suspected failure. The
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equipment, and required considerable
effort to extricate the machine. Of par-
ticular note was an occurrence on Mon-
day, April 20, 1965, which will be fur-
ther described with related reactions
of the tundra.

Opposite Railroad Survey Stations
2886 to 2889, a section of the fill ap-
proximately 25 ft. by 300 feet, dropped
suddenly and started moving out. A
short time later cracks appeared about
25 feet further back and a new section
was seen to be subsiding and moving
toward the tundra [fig. 67B].

A characteristie rotation of the blocks
of earth was noted, having minor sub-
sidence of the forward edge, with the
rear edges continuing to subside during
the periods of forward motion. The sur-
face of the first section dipped 45° from
horizontal, reaching a maximum settle-
ment of 10 feet. The second sgection
attained a dip of about 30° and experi-
enced somewhat less settlement.

Late in the day a semblance of sta-
bility was reached, where the materials
rested in a state of uncertain equilib-
rium, and movements were not readily
discernible. Several thousand cubic
yards of fill added to the sunken area
had not restored the original grade.

Transformations of the tundra occur
as a result of the subsiding fills and is
evidenced by the formation of pressure
ridges, which rise to heights of 6 to 10
feet, a distance of 25 feet in advance of
fill [fig. 67C]. In the instance cited, a
secondary pressure ridge appeared
about 100 feet beyond the first, reach-
ing a height of 8 feet, indicating that
pressure was being transmitted through
the underlying muds to considerable
distance. At the northerly end of the
section a series of pressure ridges de-
veloped, reaching about 5 feet in height,
and extending about 100 feet beyond.
The intervening troughs filled with
water,

Of particular interest was the man-
ner in which the crest of pressure
ridges appears to flow beneath the turf.
Matted vegetation is first raised, then
as the crest moves forward is draped
over the back side of the ridge, present-
ing much the same appearance on both
sides. Forward motion of the ridges is
not rapid, but is apparent from occa-
sional miscellaneous movements, which
continue until some degree of equilib-
rium is re-established.

This is the third time the sec-

tion between miles 103 and 104
has been damaged by slides within
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about a 35-year period. In the late
1920’s and early 1930’s heavy rains
caused sliding; the largest slide
removed about 1,000 feet of track
(Bert Wennerstrom, chief aceount-
ant, The Alaska Railroad, oral
commun., 1964). On October 3,
1954, landsliding resulting from
an earthquake again destroyed
some of the rail line. A report on
slides, between mile posts 103 and
104, after the earthquake is on
file at The Alaska Railroad Office
(James A. Morrison, unpub.
data). Since the 1964 earthquake
the rail line has been rebuilt close
to the pre-1964 alinement in a
slightly deeper cut across the face
of the bluff.

ROCKY CREEK DELTA

The delta of Rocky Creek (21.4;
also called Boulder Creek) on the
east shore of Kenai Lake was ex-
tensively fractured, and a series
of small slumps into the lake
trimmed back the edge of the
delta as much as 150 feet (McCul-
loch, 1966, fig. 29). One slump
carried away 261 feet of the rail-
road embankment. The following
description of the slumping and
fracturing in the deltas is taken
in part from a 1964 unpublished
report prepared by the authors for
The Alaska Railroad (“Report on
a landslide at mile 21.4, Kenai
Lake, resulting from the earth-
quake on March 27, 1964”).

Fractures in the delta occurred
in the pattern typical of fans and
deltas—two sets of fractures that
intersected at about 60°, to form
parallelogram-shaped blocks hav-
ing long axes parallel to the con-
tours. Single blocks at the edge of
the delta were lowered and rotated
downward along the fractures;
farther up the delta the blocks
appeared to have moved down-
slope without rotation.

Soundings made down the axis
of the scarp of the slide that car-

ried away the rail line showed that
the water was 9 feet deep where
before the track had been 12 feet
above the water. The slide scarp
sloped at about 32° to a depth of
about 100 feet, and then continued
to a depth of approximately 375
feet at a slope of 27°.

The 1964 report recommended
that the rail line be relocated
farther up the slope of the delta,
not only because of the difficulty
of placing and maintaining a fill
in the steep slide scarps, but also
to avoid the zone of deep fractures
at the edge of the delta that might
slump in a subsequent earthquake.
It was also suggested that heavy
traffic, which might trigger a slide,
be avoided until relocation was
complete. Since the earthquake,
1,500 feet of roadbed has been re-
located a maximum of 75 feet up-
slope of the preearthquake aline-
ment, and the small open wood
trestle (mile 21.4) that was pulled
apart by the spreading delta sedi-
ments was replaced by an 8-foot-
diameter steel culvert.

ANCHORAGE

Landslides that occurred along
the edges of the high bluffs beside
Knik Arm and the valley of Ship
Creek (fig. 68) have been de-
seribed in detail by Shannon and
Wilson, Inc. (1964a) and by Han-
sen (1965). The L. Street slide,
the Fourth Avenue slide, the Gov-
ernment Hill slide, and some of
the slides along Railroad Bluff
damaged tracks, buildings, buried
utilities, and rolling stock of the
railroad (see Section 15, p. D143).
Ship Creek valley probably has a
long history of landsliding. A 1914
topographic map made by the
Alaska Engineering Commission
(fig. 69) shows landforms that are
clearly landslides along the bluffs
surrounding the railyards. Al-
though Miller and Dobrovolny
(1959) recognized old landslides



along the bluffs in the Anchorage
area, these slides are not shown on
their map. The 1914 map shows
two distinct slides on the north-
west side of Government Hill. The
northernmost, with a nearly cir-
cular toe, appears to have been
little modified by erosion and may
have occurred not long before
1914. An oil-tank farm has since
been built on this landslide. On
the south side of Government Hill,
just northeast of the present rail-
yard, hummocky side-slope topog-
raphy and a terracelike form with
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a linear depression at its back edge
that resembles the grabens formed
behind many of the 1964 Anchor-
age slides suggest that there had
been sliding in the area in which
the 1964 Government Hill slide
occurred.

On the south side of Ship Creek
there is hummocky side-slope to-
pography along most of the bluff
east of the location of the modern
railroad depot. Of special interest
is the reentrant in the bluff at the
position of the 1964 Fourth Ave-
nue slide, in which there is a low
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hummocky area with a lobate
tongue that protrudes out into the
adjacent flood plain. As Hansen
states (1965, p. A66), several peo-
ple have concluded that the
Fourth Avenue slide occurred in
an old slide area:

The alcove-like area centered at the
city parking lot * * * probably also is
the scar of an old landslide (Shannon
and Wilson, Inc., 1964, p. 39; R. M.
Waller, written commun., 1965). The
area coincides almost exactly with the
Fourth Avenue slide of March 27, ex-
cept that the Fourth Avenue slide retro-
gressed farther into the bluff.

RO

_slide

s

e s S
“y f /f s
4th Avenueix - 20
3 4THAVE

& o
§
f s

/

Ry

“a,,

Government Hilf
slide

-

J

@un“

S s —
W 5TH AVE |
L Street |
slide v r
! 0l
|
a
- i
: g
, o
¥ 3
<
3 ©
I3 Trrpienry, !
. ’Hr, .
|
\ 112.8 ‘. /‘ WISTH AVE o _EISTH AVE
¢ o o B
3 h &
A , \\\\ 'VIH,,’”‘.”“"'
", i
“ Creek
“, i ree.
‘Y, Chestet/ /
“nis, 7
(l‘((' ‘;6(‘/(' _/\v\"\
., piiy ”
Settled ot N >
v fill AN <
& \
v v N i
% < 3
ES S 2
3 T
ol ;
2 & NORTHERN LIGHTS BLVD
Q <! - s e e —
% z
N # wi Q
o [
@ <
g / 3
/ )
)

Railroad Bluff
slides

A s BRI JERETIM 0
gt e “_RC/)/,,',
et THE ALAS e

feY e T

W
REXITI

E 5TH AVE

Railroad Bluff
slides

&

RA

D\‘“‘”“‘“““l:“\\\

— o

EXPLANATION

D

Landslide, arrows show
direction of movement

—~—
Fractures associated with landslides
Bar and ball on downthrown side

“uuH“u““““

Top of bluff

1 MILE

Ye
! J

(After Grantz and others, 1964)

68.—Distribution of landslides in the Anchorage area and settled fill on Fish Creek (after Grantz and others, 1964).



149°54/35" 54720" 547057 53/50" 52/50" 149°52/35"
61°13745" T :

A
m//ff)
e

7

\Headquarters
Mo C

61°13'15"

200 0 200 400 600 800 FEET
1 1 I |

CONTOUR INTERVAL 10 FEET
DATUM IS MEAN OF LOWER TIDES
SOUNDINGS IN FEET

69.—Alaska Engineering Commission 1914 topographie map of Ship Creek valley, Anchorage. The landforms indicate two distinct slides backed by
elongate grabens. These slides are on the west side of Government Hill, on either side of a topographic depression interpreted as being an ice-kettle
hole. Two slides are also discernible on the south side of Government Hill, the easternmost in the position of the 1964 slide. On the south side of the
creek, jumbled side-slope topography suggests extensive sliding from the area of the 1964 Fourth Avenue slide eastward for a distance of approximately
2,600 feet.

8L

¥961 ‘43 HOUVI ‘OMVADHINVI VISVIV



The topography shown on the
1914 map clearly confirms this
conclusion. It also indicates that
there was a flowing stream with
several tributaries in the slide
area. Although the topographer
indicated small gullies up the face
of the bluff, the fact that this
is the only stream that he drew
suggests that it was of some con-
sequence. As drawn, the tributary
pattern shows that the stream was
largely fed from springs located
in the slide mass and in the scarp
at its head.

Groundwater discharge into this
slide area seems to have persisted
after 1914, for as Shannon and
Wilson, Inc., state (1964a, p. 40),

At some fairly recent date, the area
now occupied by a parking lot between
Fourth Avenue and Third Avenue was
filled with gravel. Prior to filling, this
area was wet and swampy. Early rec-
ords show a 12-inch drain pipe was
installed prior to filling, and that this
drain still discharges water just above
First Avenue

The persistently high ground-
water discharge probably contrib-
uted to both the 1914 and 1964
slides.

Landslide damage to the rail-
road in, and adjacent to, the An-
chorage railroad yard (p. D146-
D150) can be summarized as fol-
lows: The L Street slide carried the
embankment and tracks possibly
several feet laterally toward Knik
Arm. The Fourth Avenue slide (1)
broke foundations of unused dor-
mitory buildings on the slide; the
buildings have been razed; (2)
displaced laterally and heaved up
on pressure ridges the buried con-
crete utilidor along First Avenue
and B Street; the utility lines
have been rebuilt above ground;
(8) contributed to the damage to
the office annex building; it has
subsequently been razed; (4) dis-
placed foundation piles under a
long freight depot north of First
Avenue; and (5) may have dis-
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placed the depot-office building
slightly to the north. The Govern-
ment Hill slide overran a prefab-
ricated metal Butler building used
for on-track equipment storage,
destroyed the building, covered
adjacent trackage, and damaged
some rolling stock. Slides from
Railroad Bluff covered the tracks,
but did no important damage.

SUTTON BRANCH SLIDE

At mile 16.5 on the Sutton
branch line, about 2 miles south of
Sutton (fig. 1), a small landslide
was dislodged from the Dbluff
along the north bank of the
Matanuska River —a bluff that
rises steeply above the flood plain
on which the rail line is built. The
slide overrode about 300 feet of
track, but at the time the follow-
ing observations were made the
tracks had been cleared and re-
paired, and most of the toe of the
slide had been removed.

Sliding occurred on the very
steep 40° to 45° face of a 150-foot-
high bluff cut in outwash sand and
gravel. The area affected by the
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slide was about 700 feet wide and
extended to about 100 feet above
the bluff base; thus, about 21,000
cubic yards of material were in-
volved. As far as could be de-
termined, the only material in the
slide was an approximately 6-foot-
thick layer of silty sand that had
been blown from the adjacent val-
ley floor onto the face of the bluff.
The eolian material was tied to-
gether by the root mat of conifers,
some deciduous trees, and low
shrubs; it may have been frozen
at the time of the earthquake.
Several large pieces of this root
mat tore free and skidded down-
slope. The movement occurred at
the contact with the underlying
outwash sand and gravel, and at
no place was the sand and gravel
seen to be involved in the slide
(fig. 70). It is not known if water
played any role in the sliding.
Some water was seen in the jum-
bled slide debris at the base of the
slope, but none was found above
where the outwash was laid bare
on the skid surface. Similar slides
in which windblown sand was dis-

70.—Root mat development in windblown silty sand that became detached and skidded
downslope along its contact with glacial outwash sand and gravel at mile 16.5 on the
Sutton branch line.
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lodged from a bluff face were
studied by the present authors
along several miles of bluff be-
tween Point Campbell and Camp-
bell Creek southwest of Anchor-
age (Hansen and others, 1966, p.
56), and are described by Hansen
(1965, p. A30-A31).

SLIDE AT MILE 138.4

At mile 138.4 the rail line
crosses a small creek, which drains
Mirror Lake (fig. 136). The creek
has cut a wide reentrant into the
edge of the adjacent bluff that
rises to about 125 feet just south-
east of the rail line. Ground cracks
formed in the bluff along the edge
of the reentrant as well as on the
floor of the reentrant, where water
was ponded behind pressure
ridges. From about 35 to 525 feet
north of the culvert through
which the creek discharges, the
turf on the northwest side of the
rail line was buckled upward in
an arcuate pressure ridge. The
pressure ridge was hollow. Its
walls were made of frozen turf
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that had been jackknifed upward
3 to 8 feet, and it was possible to
walk in the hollow under the cen-
ter of the pressure ridge, beneath
the roof of frozen turf (fig. 71).
Adjacent to the pressure ridge, 450
feet of embankment was displaced
laterally and lowered irregularly
as much as 5 feet. The sliding ap-
peared to have been shallow, and
was probably produced largely by
flowage of material beneath the
surface, because there was neither
a scarp at the head of the slide
nor an upthrust, or upbulged toe,
which might suggest rotational
failure. The upward buckling of
the frozen turf probably was pro-
duced by the resistance of the
frozen surface to lateral transport
of the flowing sediments below, in
much the same way as the over-
thrusts in the frozen sediments
beyond the edges of the slide at
Potter Hill.

This area appears to have a
history of sliding, for there are
old pressure ridges and hum-
mocky slide topography on the

71.—F'rozen turf arched upward in a hollow pressure ridge at the toe of the slide at
mile 138.4. The hollow center can be seen where the ridge is broken by an extension
fracture. The slide lies behind the viewer.

floor of the reentrant southeast of
the tracks, which clearly predate
the 1964 movement. Although no
pre-1964 slides are recorded, this
section of track has required con-
siderable maintenance to keep the
line at grade level. It is also noto-
rious for “glaciering,” that is, the
growth of ice out over the tracks
which suggests that ground water
is discharged through the shallow
slide debris. The excess ground
water undoubtedly contributed to
the instability of the slide by in-
creasing whatever propensity the
sediments had for sliding.

DISTRIBUTION OF
REGIONAL TECTONIC
SUBSIDENCE AND ITS

RELATED DAMAGE

Turnagain Arm and Portage lie
in the area of regional subsidence
(fig. 2). The lowering of bench
marks on bedrock relative to their
1923 altitudes is shown in figure
72. Elevations measured in two
surveys in May to October of 1964
(Wood, 1966, table 11, p. 124) in-
dicate that the maximum subsi-
dence occurred between Girdwood
and Portage and may have been
as much as 5.72 feet.

In the Portage area, the shore-
line of the first period of high
tides in late April after the earth-
quake was as much as 2 miles in-
land from the preearthquake mean
high water shoreline (fig. 73). The
town of Portage was inundated
and covered with a blanket of silt.
Both the railroad depot, which
had been severely damaged by
ground cracking and seismic shak-
ing, and a microwave building,
just across the track from the
depot, were flooded. At high
water, parts of the embankment
and most of the marshaling yards
on the Whittier branch were sub-
merged. Much of the highway,
which was at a lower altitude than
the railroad, was covered by water,




and all transportation between
Seward, Whittier, and Anchorage
was halted. Large blocks of ice
carried ashore by the wind and
incoming tides were left stranded
on the highway and townsite as
the tides retreated (fig. 74) and
the outgoing water, which was
channeled beneath the bridges,
eroded the approach fills and gul-
lied the highway fill between the
broken blocks of pavement.
Throughout the Portage area,
and to the west along Turnagain
Arm, local settling of the embank-
ment into unconsolidated sedi-
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ments, which themselves also un-
derwent some unknown and vari-
able amount of compaction, com-
bined with the regional tectonic
subsidence to lower the railroad
grade (fig. 75). Adding the 5.49
fect of regional subsidence to local
lowering due to compaction and
settling in the Portage area gen-
erally lowered the grade about 8.5
to 9.5 feet; local dips were as
much as 11.5 feet. The amount and
distribution of lowering northwest
of Portage, where repairs were
made before the line was surveyed,
are not so well known. The pre-and
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postearthquake top-of-rail profiles
are compared in figure 75, and the
total lowering of the grade is com-
pared with the regional subsidence
shown by lowering of bench marks
on bedrock. Where apparent low-
ering was less than regional sub-
sidence, the line had been re-
graded prior to the surveying;
lowering in excess of regional sub-
sidence was due to local settling
and compaction. There may be
errors in the survey, for at mile
80.77, where the grade and bench
mark are both on bedrock, lower-
ing exceeded regional subsidence.

; t N
[ X ¢
| J 3 oz
| & ~

72.—The amount of lowering of bench marks on bedrock due to tectonic subsidence along Turnagain Arm, as determined by
two U.8. Coast and Geodetic Survey level lines (Wood, 1966, p. 124). Single and top elevations were measured on a survey
along the highway; bottom elevations east of Bird Creek were measured on a survey along the railroad.




D82 ALASKA EARTHQUAKE, MARCH 27, 1064

7

[Cam )
Base from U.S. Geological Survey, 1:63,360 Geology by D.S.McCufloch 1964-69
Seward D-6, 1965
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DATUM IS MEAN SEA LEVEL

73.—Shorelines of the preearthquake mean high water and the first postearthquake peak high tides in the Portage
area. The postearthquake high-tide limit is drawn from photographs by Air Photo Tech, Inc., Anchorage.
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‘When lowered, long sections of
the embankment were submerged
and subjected to erosion by swift
tidal currents (fig. 76). These
currents accompany the large di-
urnal tide range of as much as 33
feet (measured at Sunrise, U.S.
Coast and Geod. Survey, 1964.)
Grass-covered tide flats at the
waters edge that had protected
parts of the embankment were
rapidly eaten away by the cur-
rents. Waves driven by the notori-
ously high winds that blow from
the northwest up the arm also
attacked the rail line west of mile
78, where it was not protected by
the highway embankment. Winds
of 80 to 100 miles per hour have

74.—View south over Portage after the postearthquake high tide had left ice blocks

been recorded here for periods of . .
p X strewn over the townsite and a small house stranded on the railroad embankment
3 hours or more, and winds of (at left).
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75.—A comparison of the as-built top-of-rail profile and the postearthquake top-of-rail profile from mile 62 to mile 102.5 along
Turnagain Arm, and a comparison of the lowering of the rail line and bench marks on bedrock.




76.—Waves eroding the railroad embankment lowered by tectonic subsidence along Turnagain Arm.
Railroad.

Photograph by The Alaska




150 miles per hour have been ob-
served for shorter periods (Clair
A. Hill and Associates, “Report
on proposed gradeline reconstruc-
tion” for The Alaska Railroad,
Dec. 1864, 92 p.).

All along Turnagain Arm, rail-
road personnel waged a day-and-
night battle to save the embank-
ments from the late April high
tides. They were fighting to keep
the line open to Whittier from
which material and provisions
were brought for the repair and
rebuilding in Anchorage. In all,
1,086,000 cubic yards of common
fill were placed on this part of the
line — some 200,000 cubic yards
worked by off-track equipment,
and 886,000 cubic yards hauled by
train. The pressing need for fill
necessitated using materials that
would not have been used under
normal circumstances. Just east of
Bird Creek, bluffs of glacial till
and outwash were mined with on-
track equipment; outwash gravel
west of Girdwood and talus
aprons behind a small lagoon 114
to 2 miles east of Bird Point were
worked by off-track equipment. A
new bedrock quarry was opened
on Bird Point; it provided 865,000
cubic yards of rock to armor the
embankment.

Platker and Rubin (1967) have
shown that there is clear and
widespread evidence that tectonic
subsidence occurred in zones that
had previously been uplifted and
depressed—that 1s, long before the
1964 earthquake. At Girdwood in
Turnagain Arm (fig. 72), Karl-
strom (1964, pl. 7) collected wood
214 feet below the Girdwood da-
tum (1953 high tide) that has
a radiocarbon age of 700 =250
years (W-175) and wood from a
buried peat 15 below the Gird-
wood datum that has a radio-
carbon age of 2,800 =180 years
(W-299). These dates suggest
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that this part of Turnagain Arm
has been subsiding. There is, how-
ever, some evidence that sea level
may have been somewhat higher
with respect to the land in this
area at a fairly recent time.
Linear elongate traces approxi-
mately parallel to the shoreline
visible on preearthquake aerial
photographs of the Portage area
may be old shorelines cut during
a period when sea level was rela-
tively higher (fig. 103, p. D137).
The postearthquake shoreline (fig.
73) lies along a section of this pos-
sible old shoreline at the south end
of the arm, and lies inland but par-
allel to it east of the town of Port-
age. To the north, along the shore
near and north of Potter Hill, old
tide flats adjacent to steep wave-
cut bluffs may have been elevated
above high-tide level prior to the
earthquake. Small stands of spruce
and shrubs had established them-
selves on the flats (fig. 65) and
water no longer reached the base
of the wave-cut cliffs.
Alternatively, prograding may
have caused the seaward displace-
ment of the shorelines in both
these areas. However, until the
evidence is evaluated the possibil-
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ity remains that sea level was re-
cently relatively higher along this
coast.

COST DISTRIBUTION
OF DAMAGE

Damage to the railroad can be
divided into five major categories,
and the distribution of this dam-
age, expressed as the geographic
distribution of the cost, reflects the
geologic control of the earthquake
damage. In table 5, the cost per
major category is shown for 10
geographic areas. The total cost of
$22,300,880 given in table 5 is less
than the full cost of the damage,
which was approximately $26,-
'784,000. The difference includes
the cost of new purchases, upgrad-
ing of equipment, and temporary
repairs to docks, buildings, road-
bed, and track. Not considered in
this total cost is the loss of prop-
erty, which in Seward alone is
estimated to have been approxi-
mately 8.5 million dollars, the loss
of income during the rehabilita-
tion, and the loss of future freight
haulage resulting from the devel-
opment of Anchorage as an all-
weather shipping port (Eckel,
1967).

TasLe 5.—Cost of damage to the railroad, by geographic distribution and category

[Cost figures from I. P. Cook, chief engineer, memorandum of Feb. 4, 1966. Progress report of earthquake
repairs to Feb. 1, 1966; and F. Weeks, accountant. Disaster recovery projects expenditures, Dec. 31, 1966]
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Damage in each of the major categories can be summarized as follows:
1. Bridges and culverts:
(a) Steel bridges (work done on 52 bridges) - . _____.____.________ $497, 892
Reset 72 sets of span and bearings.
Install new concrete piers and abutments.
Reestablish two girder-span bridges.
Repair 52 damaged piers and abutments on 15 bridges.
Replace one concrete pier shaft.
Encase broken concrete pier.
Raise and install new concrete foundations on two bridges
(elevate deck to clear tide water and ice).
Install three new steel-span bridges on concrete piers and
abutments to replace wood trestles.
(b) Wood trestles (work done on 73 bridges—617 spans, or 9,255
Yimeal f4) o .. $808, 610
Redrive or make major repairs to 648 wood pile bents.
Replace stringers and decks on 273 spans (4,095 lineal ft).
Fill in or replace with culverts 108 spans (1,620 lineal ft).
(e) Culverts. e $151, 692
Install 110 culverts to replace damaged culverts or filled-
in bridges, or to accommodate drainage changes associated
with land level changes.
An additional 65 culverts still to be repaired or replaced
as of February 1966 (40 from Portage to Anchorage, 25
from Anchorage to Matanuska). —_—
Total, bridges and eulverts..____._._________________ 31, 458, 194
2. Roadbed and track: ————
(a) Load, haul dump, and place the following fill:
1,356,000 cu yd common material to restore approximately
70 miles of track to original grade line south of Anchorage,
and to raise grade above tidal reach along Turnagain

865,000 cu yd rock riprap to armor subgrade from marine
erosion along Turpnagain Arm________________________________..__
58,000 cu yd common materials and rock to restore ap-
proximately 8 miles of track to original grade line north of
Anchorage and to protect grade from mile 146.5-148.5
against tidal erosion____ . __ L ___
(b) Place 130,000 cu yd crushed gravel ballast__ . _ .. ______________________
(¢) Replace bent rail and shift rail to adiust expansion joints. _._____________

Total, roadbed and track _ . __ . ... _____ $5, 509, 112

3. Landslides:

Damage includes debris removal, engineering studies, land purchase
where necessary, temporary repairs, and final repairs. In Anchor-
age, debris from several slides was removed. The slides crossed
the tracks and damaged buildings and rolling stock.

Rocky Creek delta, Kenai Lake__________________________ $59, 096
Potter Hill, mile 102-304___ ___ __ _____ - $977, 599
Mile 138~ . _ e $99, 893
Sutton branch slides_ . - - o= $95, 400

Total, landslides_ _ _ - - __ L _.__ $1, 231, 988

4. Buildings and Utilities:
(a) Anchorage (damage to these structures and utilities deseribed
in section 15, p. D143

Replace office annex building____ .. ________________ $300, 433
"‘Replace wheel shop and mechanical offices building .. - $381, 724
Replace east bay of car and coach shop__.___________ $621, 624
Repair heavy equipment-diesel repair shop and general

repair shop__.__ L __._ $206, 775

Repairs to various small buildings . ______ __________ $138, 240



(b) Portage, section house and dormitory_.____________________
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371, 515

(¢) Utilities, repair and replace steam, water, sewer, and com-

munications system

Total, buildings and utilities

____ $279,000

__-- 81,999,311

5. Port facilities (includes docks, piers, associated buildings, and rail

yards):
(a) Seward

Land acquisition and survey
Dredge and build new pier
New transit shed
New engine house
Clear fill and construct new marshaling yards
Underground utilities

Total, Seward port facilities

(b) Whittier:

Replace car barge slip
Repair marginal wharf and transit shed
Repair depot building
Repair composite shop building
Repair deck and approach of De Long pier
Repair Hodge building (Kachadorian, 1965)

Total, Whittier port facilities

Total, port facillities

By far the most damage to the
railroad was done on the fan del-
tas of Seward and Whittier, where
slides, slide-generated and seis-
mic seawaves, burning petroleum,
ground cracking, and lateral dis-
placement largely destroyed or
damaged concentrated and expen-
sive structures, rolling stock, and
trackage. Although of great im-
portance to the railroad, this dam-
age is probably of less interest
generally than the more wide-
spread damage to bridges and
culverts and to the roadbed and
track, on flat or nearly flat areas,
because the former is a specialized
physiographic situation while the
Iatter has applications to many
areas.

In figure 77, the distribution of
some of the damage is shown dia-
grammatically to emphasize the
geologic control. Bridge and cul-
vert damage (the uppermost

graph) increased dramatically to
the south, 83 percent of all such
damage lying south of Anchorage.
As shown in a preceding discus-
sion and In the detailed descrip-
tions of damage and geology later,
this distribution is largely due to
a combination of two circum-
stances: (1) South of Anchorage
the rail line is built on several
bedrock basins filled with young
wet unconsolidated sediments, and
(2) the seismic energy increased
to the south.

Regional subsidence played the
greatest role in controlling the
cost of roadbed and track damage
— 75 percent of all such damage
occurred in the section along
Turnagain Arm. Again, nearly all
such damage (95 percent) lay
south of Anchorage, and, where
not caused by regional subsidence,
it was due to the mobilization of
foundation materials and their

oo $1,202, 172

.. $114,499
—-__  $8, 000, 000
... $260, 000
... $304,000
.- $970, 000

—--- $10, 900, 053

o_._  $545,699
___.  $399,000

o-_- $12,102, 225

attendant loss of bearing strength,
surface cracking, and horizontal
displacements. The lowermost
graph (fig. 77) is an attempt to
show the distribution of roadbed
and track damage due solely to
mobilization of foundation mate-
rials by eliminating that part of
the cost resulting from regional
subsidence of the roadbed along
Turnagain Arm. In this graph the
cost of armoring the grade with
rock riprap and three-quarters of
the cost of raising this 35-mile sec-
tion of roadbed between 3 and 5
feet (total $3,700,000) have been
removed. One-quarter of the cost
of raising the grade has been
maintained to allow for local set-
tling. With this estimated adjust-
ment, the distribution of roadbed
and track damage resembles that
of bridges and culverts, and re-
flects the geologic control and the
distribution of the seismic energy.
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T7—Geographic distribution of the cost of the damage to bridges and culverts (top graph) and to roadbed and track (middle

graph), Bridge and culvert damage increased to the south, toward the area of maximum strain release, but the cost of roadbed
and track damage was greatest in the area of subsidence along Turnagain Arm. Eliminating costs due to regional subsidence

(lower graph) shows that the roadbed and track damage algo increased to the south, toward the area of maximum strain release.

SUMMARY AND CONCLUSIONS

THE EARTHQUAKE

The great 1964 Alaska earth-
quake consisted of a series of large
discrete bursts of seismic energy
released over a period of about 70
seconds. These were produced
when a large part of the earth’s
crust beneath Prince William
Sound and the adjacent land tore
loose from the underlying mantle
and was thrust southward up a
gently dipping rupture surface.
Epicenters of the discrete seismic
events lie in a linear zone approx-
imately 150 miles long that runs
southwest from the first epicenter
80 miles east of Anchorage to
about 40 miles southeast of Sew-
ard. This zone is subparallel to
the rail line for about 150 miles.
As a result, this portion of The

Alaska Railroad was subjected to
a long period of severe ground
motion. Timed strong ground mo-
tion lasted 8 to 4 minutes from
Anchorage to Seward. This long
duration of strong motion is three
to four times that reported in
other large earthquakes and was
responsible for much of the dam-
age that resulted from changes in
natural foundation materials —
changes that are time dependent
and cumulative.

DAMAGE COST

The total cost of the damage to
The Alaska Railroad including
the loss of preearthquake facilities
was in excess of $30,000,000. The
total cost of rebuilding and repair,
and some minor upgrading of

equipment, was $26,784,000. The
cost was distributed among five
major categories as follows: re-
building port facilities at Seward
and Whittier (54 percent), road-
bed and track damage (25 per-
cent), rebuilding and repair of
buildings and utilities (9 percent),
repair and replacement of bridges
and culverts (7 percent), and
landslide removal and repair (5
percent).

KINDS OF DAMAGE

The destructive agents that
caused this damage took many
forms. Landslides were dislodged
from the edges of deltas on which
the deepwater ports of Seward
and Whittler are bnilt. Portions of
the railroad port facilitles were



carried away by the slides and
most of the remaining facilities
were overrun by extremely de-
structive seismic sea waves and
waves generated by the slides.
Landsliding also carried away a
short section of track on Kenai
Lake, and landslides overran and
destroyed several miles of roadbed
or damaged buildings and rolling
stock at seven other localities. Re-
gional tectonic subsidence of as
much as 514 feet made it necessary
to raise and armor approximately
22 miles of roadbed that was made
susceptible to marine erosion along
Turnagain Arm. Most of the re-
maining damage — the damage to
which this study is addressed —
resulted from a general loss of
strength in wet water-laid non-
cohesive granular sediments that
allowed embankments to settle and
enable the sediments to undergo
flowlike displacements in a down-
slope direction, or more commonly
toward topographic depressions,
even on relatively flat surfaces.
The term “landspreading” is pro-
posed for these lateral displace-
ments. Landspreading may have
been due largely to liquefaction of
the sediments. Failures produced
by landspreading were extensive,
sometimes aflecting areas of sev-
eral tens of square miles.

LANDSPREADING AND
BRIDGE DAMAGE

The amount and direction of
sediment displacement that oc-
curred as a result of landspreading
are clearly shown by the pattern
of damage to the rail line, track,
embankment, and bridges; by the
damage to highway embankments,
bridges, and utility pole lines;
and by the patterns of associated
ground cracks, Mobilization of the
sediments appears to have been
initiated at the edges of streams
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and other topographic depressions.
As shaking continued, the width
of the mobilized area increased;
in some places it extended several
hundreds, or as much as a thou-
sand, feet away from the stream-
banks. The mobilized sediments
moved streamward and produced
zones of surface extension beside
the streambanks in which railroad
rails at right angles to the streams
were pulled apart, railroad and
highway embankments were bro-
ken by tenslon fractures on which
there was horizontal separation,
and telephone lines and powerlines
were pulled tant. Bridge piles
were carried toward the centers of
the stream channels; although all
piles were displaced streamward,
the fact that distances between
those near the bridge ends were
usually increased suggests that the
extension flow observed adjacent
to the streambanks continued be-
neath the edges of the stream
channels. In stream centers, the
distances between piles were gen-
erally decreased, showing that the
sediments had undergone compres-
sion. Piles and piers of railroad
bridges were displaced with little
or no vertical rotation — which
indicates that flowage occurred to
depths in excess of the pile depths.
Displaced piles averaged less than
35 feet deep, but sediment dis-
placements affected some piles
driven as deeply as 125 feet.
Streamward movement of the sed-
Iments was usually accompanied
by some upward component of
movement of the sediments under
the stream channels that carried
the central piles upward relative
to piles near the ends. As a result,
many bridges were arched upward
in the center. The vertical dis-
placements were independent of
the length of pile penetration,
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which indicates that arching was
due to flowage of the sediments
rather than to differential com-
paction.

Bridge superstructures were
subjected to compressive forces
when streamward flow of the sedi-
ments decreased stream widths —
by as much as 614 feet. Compres-
sion was released as stringers
drove into bulkheads and bull-
dozed up approach fills, or in more
extreme cases, drove either entire-
ly through or over the bulkheads
into, or onto, the approach fills.
Some deck stringers were buckled
Iaterally and broken. Compression
probably made little or no con-
tribution to the upward displace-
ment of piles or arching of the
superstructure at stream centers
because: (1) the connections be-
tween the superstructures and
piles were commonly broken by
lateral displacement of the piles,
(2) even if the connections were
not broken they were considerably
weaker than the upward pull
needed to overcome the skin fric-
tion of the outward-battered piles,
and (3) arching due solely to pile
displacement occurred in bridges
in which there was no evidence
for compression of the super-
structure.

Movement of the unconsolidated
sediments in flat-lying areas was
directly toward the adjacent
stream channel or topographic
depression, as shown by the hori-
zontal displacement of railroad
and highway embankments and
utility pole lines. As a result,
bridges that crossed streams or
even small gullies at an oblique
angle were skewed horizontally as
embankments on opposite sides of
the stream were offset. The largest
measured horizontal offset across
a stream was 10 feet.
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MODEL OF SEDIMENT
DISPLACEMENTS

Sandbox models of a stream
channel were made to examine the
pattern of sediment displacement
that occurs beneath stream chan-
nels during shaking. The sand
used was rounded, well-sorted
quartz of medium grain size
(average diameter approximately
0.35 mm). Single and multiple
horizontal layers and a vertical
grid of 100-mesh carborundum
powder were placed in the sand.
The sand was saturated and com-
pacted. Then water was with-
drawn to the depth to which a
flat-bottomed channel was cut.
Water was again added until it
covered the channel bottom, and
the edges of the model were raised
a few inches and dropped onto a
table until visible surface defor-
mation occurred. The model was
drained and sectioned vertically,
perpendicular to the channel, and
the pre- and postshake positions
of the horizontal layers and verti-
cal grid were compared. During
shaking the channel banks were
lowered, and bank-to-bank dis-
tances decreased. Sediments moved
toward the channel centers and
produced zones of extension beside
and under the edges of the chan-
nel, and sediments in the channel
centers were compressed. Sedi-
ments also moved upward from
considerable depth beneath the
channels and raised channel floors
to above the preshake positions.
The displacements of sediments
observed in the models are similar
to those observed or inferred from
field observations.

GROUND CRACKS CAUSED
BY LANDSPREADING AND
EMBANKMENTS

The large size of areas affected
by landspreading was indicated by
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the ground cracks that occurred in
patterns consistent with the orien-
tation of probable stress fields that
would be formed in the ground
surface by movement of the under-
lying sediments toward streams
or other topographic depressions.
Cracks approximately parallel to
streambanks resulted from nearly
unidirectional stress on straight or
concave streambanks. Cracks in-
tersecting at 45° to 70°, and prob-
ably representing faiiure by shear,
formed on convex banks where
principal stress directions were
paralle]l and perpendicular to the
streambank. Cracks on small
islands or on the insides of mean-
der bends, where spreading was
nearly radial and stress nearly
omnidirectional, became orthogo-
nal (rectilinear or curvilinear
cracks with right-angle intersec-
tions). Ground cracks with these
three patterns commonly occurred
for widths of as much as several
hundred feet, and in some places
as much as 1,000 feet back from
the edges of rivers and streams.

In areas of ground cracking
attributed to landspreading on
deltas, fans, and flood plains,
ground cracks commonly radiated
ountward from the external corners
of houses. These cracks also sug-
gest that tension was generated in
the ground surface, for stresses
should be concentrated at the ex-
ternal corners of holes in sedi-
ments that are subjected to
tension.

Lurching and shallow block-
glide Jlandsliding at or above
stream bottoms, both commonly
described in earthquakes, do mot
appear to have been important
contributors to movement of sedi-
ment or to production of cracks at
stream margins. If lurching or
block-gliding had been important,
the surface materials would have

moved farther toward streams
than the underlying materials.
The generally close agreement be-
tween the amount of longitudinal
compression of the bridge super-
structures and the net horizontal
compression of the underlying
piles shows that the surface sedi-
ments were carried passively to-
ward the streams, rather than
undergoing independent move-
ment.

A second principal type of
ground cracking that affected the
railroad was that generated where
embankments settled into the un-
derlying sediments. The ecracks
formed within embankment toes
and In an adjacent zone several
tens of feet wide on flood plains,
tidal flats, deltas, and alluvial
fans. Sediment-laden ground water
was commonly ejected from the
cracks. The cause of this cracking
is not clear. It probably was not
caused by horizontal block-gliding
of the embankments, for the in-
ertial force developed by embank-
ments during horizontal accelera-
tion is considerably smaller than
the static, and far less than the
dynamic tensile strength of the
adjacent frozen sediments. It is
suggested that the cracks formed
as the result of stresses generated
as the sinking embankments de-
pressed the immediately adjacent
frozen surface, while at some dis-
tance the surface was bulged up-
ward by sediments displaced from
beneath the embankments.

TRANSIENT HORIZONTAL
COMPRESSION OF
BRIDGES

Many bridges over a wide area
were subjected to transient hori-
zontal compression that pounded
superstructures repeatedly against
bulkheads and abutments. The



transient compression appears to
have started early in the shaking
and to have persisted throughout
the period of lateral displacement
of the foundation materials. The
force of the transient horizontal
compression varied considerably,
from bridges in which there was
evidence of only minor pounding
to a 105-foot wooden bridge, the
deck of which was repeatedly
arched from, and dropped back
onto, its piles. The repetitive arch-
ing was recorded by multiple
drift-pin holes punched into the
pile tops. A minimum estimate of
the compressive force on this
bridge (treating the deformation
as static, rather than dynamic)
ranges from about 255,000 to
200,000 pounds for initial arches
of 1 to 40 inches; the force de-
livered to the bulkhead by the
embankment ranges from about 23
to 18 pounds per square inch for
this same range of initial arching.
The rate at which pounding oc-
curred probably varied consider-
ably. At one bridge a series of
dents made by a falling pebble
that was repeatedly caught be-
tween pounding bridge members
indicates that the transient com-
pression had a rate of between 2
and 7 cycles per second.

HORIZONTAL BRIDGE
ACCELERATIONS

Evidence for high horizontal
accelerations in bridges is made
ambiguous by similar damage that
resulted from compression pro-
duced by streamward movement
of foundation materials. However,
at one wooden bridge where the
stringers appear to have been
driven rapidly through the bulk-
head timbers, the force needed to
overcome the static resistance to
penetration of the bulkhead tim-
bers 1s approximately an order of
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magnitude larger than the force
needed to produce Coulomb fail-
ure of the fill behind the bulkhead.
It is suggested, therefore, that
penetration may have been rapid
and that resistance was offered
principally by the inertia, rather
than by the shearing strength, of
the fill. The minimum horizontal
acceleration of the bridge deck
needed to produce rapid penetra-
tion (using the dynamic strength
of the bulkhead timbers and the
superstructure deadweight) would
have been between about 1.1 to 1.7
g. It 1s suggested that the high
acceleration is the result of ampli-
fication of ground motion by the
bridge structure.

EMBANKMENT DAMAGE

Embankments suffered four gen-
eral types of damage. Approxi-
mately half the cost of all em-
bankment damage resulted from
the necessity of raising and armor-
ing about 22 miles of embankment
along Turnagain Arm where re-
gional tectonic subsidence of about
4 to 515 feet, consolidation of tidal
sediments beneath the rail line,
and sinking of the embankment
into the underlying sediments ex-
posed the embankment to erosion
by waves and swift tidal currents.

Second most important kind of
embankment damage were those
failures (called active failures) in
which the weight of the embank-
ment and the shaking produced a
loss of bearing strength, flowage,
and ~high pore-water pressures
within the underlying and ad-
jacent sediments into which the
embankment fills sank nearly en
masse. Sinking of several feet
was common and at many places
was accompanied by the expulsion
of sediment-laden from
embankment - generated  ground
cracks. Local extreme settlement

water
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occurred where ejected sediment
volumes were large. Settlements
(and the associated embankment-
generated ground cracks) were
largest and most extensive in areas
where there was evidence of land-
spreading. However, the fact that
settlement and the associated
cracking also occurred in areas
where there was no such evidence
suggests that the fill produced the
mobilization of the underlying
materials. Settlement was nearly
universal in areas underlain by
wet unconsolidated young water-
laid noncohesive sediments on
flood plains, deltas, tide flats, and
alluvial fans.

Landspreading was the third
greatest cause of damage. This
damage (called passive failure)
included lateral and longitudinal
displacement and cracking of the
embankment as the underlying
sediments moved toward lakes,
gullies, abandoned river channels,
borrow pits, streams, and marine
shorelines. Sections of embank-
ments more than 1,000 feet long
were displaced as much as several
feet horizontally, and, as noted
previously, embankments that
crossed streams obliquely were
offset on opposite sides of the
streams. Radial downhill spread-
ing on deltas and alluvial fans
produced passive failures that
carried the rail line downslope
several feet and subjected it to
tension which broke the embank-
ment and pulled rails apart end-
ways.

Of least importance were fail-
ures entirely within the embank-
ment fills (called fill failures).
The infrequency of this type of
failure may have been largely due
to the presence of interstitial ice
in the frozen embankments that
afforded additional shear strength
to the fill materials.
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BRIDGE DAMAGE AS
RELATED TO GRAIN SIZE
AND THICKNESS OF
SEDIMENTS

The severity of damage to many
similar bridges was compared with
the grain size of the material in
which the piles were embedded
and the total thickness of the un-
consolidated sediments at each
bridge site. Foundations of
bridges on till or bedrock were not
displaced. Bridges on young un-
consolidated wet water-laid non-
cohesive sediments suffered in-
creasing damage as the grain size
of the embankment material de-
creased. However, a stronger cor-
relation was found between the
severity of the damage and the
total thickness of the underlying
unconsolidated sediments. It 1is
suggested that the difference in
the propensity for mobilization,
probably controlled by the grain
size of the pile-embedment mate-
rial, was less important in con-
trolling the amount of damage
than the severity and duration of
ground motion which are related
to the total sediment thickness.

Limited standard penetrometer
data for two areas show that away
from the area of maximum seis-
mic strain energy release (that is,
the belt generally defined by the
epicenters of the multiple seismic
events that occurred during the
earthquake) foundation displace-
ments occurred in sediments class-
ified as slightly compact to com-
pact, whereas closer to the area of
maximum strain release more se-
vere displacements occurred even
in denser sediments classified as
compact to dense.

GEOLOGIC CONTROLS
OF DAMAGE

The geographic distribution of
the severity of the ground re-
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sponse and the degree of mobili-
zation that occurred in geologic
materials beneath many miles of
the railroad line are grossly re-
flected by the geographic distribu-
tion of the cost of repairs to the
roadbed and track and the bridges
and culverts. If expenditures aris-
ing from regional tectonic sub-
sidence are omitted (raising and
armoring the grade along Turn-
again Arm), the costs of both of
these types of damage increase
dramatically to the south, that is,
toward the area of maximum
strain release.

When the distribution of these
and other kinds of damage (espe-
cially those caused by landspread-
ing) is considered in more detail
(as it is on p. D98-D158), it is
apparent that the local geology
and physiography strongly con-
trolled the kind, the distribution,
and the severity of the damage.
This point merits considerable
emphasis, for it provides a basis
for predicting the kinds and sever-
ity of damage and ground re-
sponse that should be expected in
these and similar areas in large
carthquakes. Surficial geologic-
physiographic maps made for
most of the rail belt along which
there was damage show that only
a few easily distinguishable geo-
logic-physiographic units need be
mapped to isolate areas of dam-
age. These units and the related
damage sustained are as follows:

1. Bedrock and glacial till on bed-
rock.— Embankments and open
wooden trestle bridges on wood
piles were undamaged. Steel
superstructures on bridges were
either unmoved or slightly
shifted (often with a rocking
motion) on piers and abutments.
There were no permanent dis-
placements of piers, piles, or

abutments, no ground cracking,
and no evidence of landspread-
ing. Limited observations of
damage to buildings and the
shifting of steel bridge super-
structures suggest that ground
motion was relatively strong,
especially toward the area of
maximum strain release.

. Glacial outwash terraces. —

There was little or no damage
to the railroad on glacial out-
wash terraces which were un-
dissected, were well drained,
and had a water table well be-
Jlow the surface, or which con-
sisted of relatively thin deposits
lying on till or bedrock. Em-
bankment settlement, ground
cracking, and landspreading —
especially along terrace margins
that abut lower modern flood
plains—increased as the height
of the outwash terrace surface
decreased to that of the flood
plain and as the water table ap-
proached the surface. These re-
lationships are clearly shown by
the fact that there was less se-
vere damage on glacial outwash
terraces close to the area of
maximum strain release than on
glacial outwash terraces consid-
erably farther away (Knik and
Matanuska River valleys, 40
miles northeast of Anchorage),
where there was a relatively
thick section of unconsolidated
sediments (probably well in ex-
cess of 200 ft), a shallow water
table (about a 10-ft maximum
depth), and considerable dissec-
tion by stream channels.

. Inactive flood plains.— Land-

spreading and its associated
ground cracking, and lateral
displacement, settlement, and
embankment-generated ground
cracks were severe on inactive
flood plains that lay adjacent to



lower active flood plains or
other topographically lower
areas. Farther from topographi-
cally low areas landspreading
largely disappeared, but almost
universally there was settlement
of embankments accompanied by
embankment-generated ground
cracks and the expulsion of
ground water. Landspreading
also decreased as the depth to
underlying bedrock or till de-
creased.

. Active flood plains.—As the rail
line passed from areas under-
lain by till or bedrock onto ad-
jacent valley floors, the active
flood-plain sediments, being clos-
est to the modern stream chan-
nels and generally lying at or
within a few feet of the ground-
water table, were the first to
show evidence of a general loss
of strength and flowage by land-
spreading. Thus all the asso-
ciated damage caused by ground
cracking, lateral displacement,
settlement, and the ejection of
ground water was most extreme
in these areas, Even within these
most unstable sediments, there
is an obvious Increase in the
damage with increasing depth
to till or bedrock.

. Fan deltas.— Damage on allu-
vial fans was similar to that on
deltas in many respects, the ma-
jor difference being that land-
slides commonly occurred at
delta margins. These two units
are mapped together because
tidewater or lakes commonly lie
close to mountains along the
rail belt, and the distal parts of
many alluvial fans are deltaic
where deposited in water. Mo-
bilized sediments spread radial-
ly downslope on fans and deltas.
Railroad embankments were
carried as much as 4 feet down-
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slope and were broken by ten-
sion fractures; rails were pulled
apart endways and the wires on
utility poles were pulled taut.
Spreading extended to some
depth and increased distances
between piling driven as deeply
as 80 feet under railroad bridges
that were pulled apart longitu-
dinally. Radial downhill spread-
ing also produced a fringe of
ground cracks at fan and delta
margins. Cracks were orthogo-
nal (common on low-slope del-
tas where spreading was omni-
directional) or shear fractures
intersecting at about 45° to 70°
(on fans and steeper deltas
where principal stresses were
oriented downslope and parallel
to the fan or delta margin).
Cracking of the fringe of fans
and deltas appears to be related
to the depth to the ground-
water table. For example, ground
water was commonly ejected
only from cracks at the down-
slope edge of the cracked fringe.
The fact that cracking extended
only a short distance upslope
from the cracks that expelled
ground water suggests that
when the water table exceeds
some critical depth below the
surface, the sediments do not
undergo sufficient mobilization
and landspreading to generate
cracking surface stress. How-
ever, upslope of the cracked
fringe, railroad embankments
did produce mobilization, usual-
ly underwent settlement, and
usually generated cracks from
which additional sediment-iaden
water was ejected. Additional
ground cracks that expelled
ground water were formed on
flood plains, just beyond the
toes of the fans. These cracks
were irregular but generally
were parallel to radii of the fan.
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PRINCIPAL GEOLOGIC
CONTROLS OF DAMAGE

The foregoing observations can
be generalized by defining six
principal geologic controls on the
damage produced primarily by the
mobilization of natural materials.
Arranged in decreasing order of
apparent importance these are:

1. The difference in foundation
materials.— In areas of exposed
till and bedrock, there was no
damage, and in areas of young
unconsolidated water-laid non-
cohesive sediments, all mobiliza-
tion damage occurred.

2. The total thickness of the sedi-
ments.— Other things being
equal, damage increased dra-
matically with sediment thick-
ness. For example, damage to
railroad bridges was slight on
sediments less than 50 feet thick,
moderate on sediments 50 to 100
feet thick, and severe where
sediments were more than 100
feet thick.

3. The depth of the ground-water
table beneath the surface.— In
the most severely damaged areas
the water table probably was
about 10 feet or less beneath the
surface.

4. The distance to a topographical-
ly lower area.— The amount of
lateral spreading increased to-
ward stream channels, gullies,
borrow pits, or adjacent lower
terraces.

5. The slope of the ground surface.
— Steeper slopes, such as those
on deltas and fans have a great-
er propensity for spreading.

6. The proximity to the area of
maximum strain release.— The
closer to the source of the seis-
mic energy, the stronger was the
ground motion.
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CONSTRUCTION IN AREAS OF POTENTIAL LANDSPREADING

There was a general pattern to
the deformation of a wide textural
range of granular sediments dur-
ing the earthquake. Thus some
general recommendations may be
made concerning construction in
areas underlain by granular sedi-
ments where safety demands, and
economics permit, the building of
structures that are to survive a
large earthquake with minimal
damage. It would be ideal to avoid
problem sites for schools and hos-
pitals, for pumping, generating,
fire, and radio stations, and for all
other structures that involve pub-
lic safety or public investment.
Unfortunately this option is not
always available, and thus the
following recommendations are
offered to reduce damage in these
areas:

1. Structures that cannot with-
stand distention or cracking of
their foundations (or founda-
tion materials) should be built
where landspreading is least
likely to occur — well away
from  topographically low
areas, where the water table is
well below the surface and
where the unconsolidated sedi-
ments are thinnest, or where
depth to bedrock is least.

2. Landspreading may be reduced
by the elimination of surface
depressions ; however, this may
not eliminate landspreading
because some occurred toward
filled channels. Conversely, ar-
tificial waterways or other arti-
ficial depressions may increase
landspreading.

3. The practice of side-borrowing
to build embankments promot-
ed lateral displacement and
should be avoided.

4. Narrow linear fills (railroad
and highway), although well

compacted, should be expected

to settle and form ground
cracks for a width of several
tens of feet on either side of
the embankment, both within
and outside of the area of land-
spreading.

.Narrow railroad fills settled
largely en masse. In wider
highway fills, the outward flow
of sediments was greater from
under the edges than the cen-
ter, with the result that the
edges of the highway fills were
lowered in relation to the mid-
dle, and tension failures oc-
curred down the embankment
centerlines. Thus, in a given
area subjected to a given earth-
quake, there is some finite
width of embankment or fill
from under which the underly-
ing materials have time to flow.
Accordingly structures that
are placed on wider fills and
kept well back from the edges
of the fills, will stand less
chance of being damaged by
this sort of failure. However,
even wider fills will be subject
to ground cracking in areas of
landspreading and to lowering
by the compaction of the un-
derlying materials.

6. The width of the zone of
embankment-generated ground
cracks (commonly several tens
of feet wide on either side of
the embankments) 1s more
than doubled beside adjacent
parallel fills. Thus, if such fills
were combined into a single
fill, the width of the cracked
zone (and the width of sedi-
ments mobilized by the fills)
probably would be substantial-
ly reduced.

7. Utilities buried within or ad-
jacent to linear fills will prob-
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10.

11.

ably be subjected to tension
and compression resulting from
differential settlement of the
fills or to shear in the zone of
embankment-generated ground
cracking. In such areas, dam-
age may be substantially re-
duced by decoupling utilities
from the ground.

. Because ground cracks com-

monly radiate away from the
corners of buildings in areas
where there is landspreading,
damage to buried utilities,
paved walks, and driveways
may be reduced if they are not
placed close to building cor-
ners.

. Given the option, the toes of

alluvial fans and deltas, which
were severely fractured, and
on which radial downhill
spreading was marked, might
be avoided. If such areas must
be crossed, the older, higher,
better drained upper segments
of fans and deltas will prob-
ably be more stable.

Adjacent to topographic lows
and the lower parts of fans
and deltas where landspread-
ing might oceur, damage to
pipelines and similar struc-
tures might be minimized if
the structures are built on the
surface and if some provision
such as the use of expansion
loops is made to accommodate
longitudinal tension.

Similar provisions in struc-
tures at the edges of stream
channels (or other topograph-
ically low areas) would ac-
commodate both the compres-
sion that develops as stream-
banks moved closer together
and the horizontal skewing
that usually accompanies com-
pression.



12. Culverts beneath embankment
fills were subjected to crushing
loads where landspreading
displaced foundation mate-
rials toward streams and even
shallow drainage ditches. Such
loads might be anticipated in
culvert design.

13. Bridge construction. Although
the following recommenda-
tions are based on observa-
tions of damage to Alaskan
bridges, some of these con-
struction details have already
been incorporated in the de-
sign of existing bridges in
Japan and the United States
(Eng. News-Record, 1945;
Japan Soc. Civil Engineers,
1960, p. 95-104).

(a) Single spans supported only
on the ends would avoid arch-
ing due to the differential ver-
tical displacement of founda-
tion materials that drives pil-
ing upward under the centers
of bridges.

(b) Longitudinal compression
(commonly 20 inches but as
much as 614 feet) of super-
structures could be accommo-
dated by wide abutment-bear-
ing surfaces that support tele-
scoping end sections and by
bridge bearings that will al-
low considerable end travel.
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{¢) If several spans are used and
the spans are simply butted at
the piers or bents and have
no through-going structural
member, spans could be kept
from falling by safety con-
nections that join the spans
together. The Alaska Railroad
has installed such safety links
on some of its bridges since
the earthquake.

(d) Many highway bridges built
with multiple concrete deck
sections that butted on wood
pile bents were destroyed
when deck sections lost their
end bearings and fell, some-
times becoming impaled on
piles driven through the
concrete decks. By contrast,
almost every adjacent wooden
railroad bridge, all of which
have continuous superstruc-
tures and more closely spaced
piles to carry heavier tran-
sient loads, could, and in
some places did, carry auto
traffic after the earthquake—
despite the fact that the pil-
ing 1n these bridges had un-
dergone considerable longi-
tudinal displacement. The
addition of through-going
structural members to the
superstructure, and an in-
creased number of more heav-
ily braced bents that would
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maintain their integrity and
therefore their support of the
superstructure, would prob-
ably have permitted use of
many highway bridges after
the earthquake.

(e) Provision for longitudinal
movement of the tops of piers
and piles beneath superstruc-
tures should prevent their
being tilted as their bases are
displaced by  streamward
movement of the foundation
materials. Concrete piers held
stationary at their tops were
commonly rotated inward at
the base and broken at the
ground line; many wood pile
bents were torn loose from
their pile caps and thus escaped
rotation and breaking.

(f) Lateral skewing of bridges,
which was common and as
large as 10 feet, could be
avoided or reduced by cross-
ing water courses or other
topographically low areas
parallel to the direction in
which streambank sediments
are likely to move. This direc-
tion 1is generally at right
angles to the stream course.

(g) Concrete piers were broken
along joints between successive
pours. Careful attention should
be given to such joints during
construction.

DISTRIBUTION OF DAMAGE AND ITS RELATION TO SURFICIAL GEOLOGY

There is a direct relation be-
tween (1) the type and severity
of the damage to the railroad and
(2) the underlying physiography
and the materials of which the
landforms are composed. This re-
lationship is so marked that a
geologic map can be used as a
damage-distribution map. To

AND PHYSIOGRAPHY

demonstrate this connection, the
following description of damage
to the rail line and some adja-
cent areas is divided from south
to north into 19 sections. Those
between Seward and Portage are
characterized by a specific geo-
logic-physiographic environment.
North of Portage some of the sec-

tions are geographic units, in
which there is some variation in
the geology and physiography
but in which the damage, or lack
of damage, is similar in kind and
severity.

The description has other im-
portant applications. Damage to
manmade structures often pro-
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vides the only quantitative or
even qualitative measure of
ground motion or behavior of the
sediments that occurred within
specific areas during an earth-
quake. Such observations become
extremely important in planning
the development of these, or simi-
lar, areas. For example, syste-
matic descriptions of damage
from the 1906 earthquake to man-
made structures, roads, and rail-
roads on uninhabited land sur-
rounding San Francisco Bay
would now be invaluable in this
rapidly developing area. The lack
of such observations has led to
considerable uncertainty and con-
troversy as to how these mate-
rials will behave during another
large earthquake.

Further, the record given here
is in sufficient detail that (1) a
comparison can be made with ef-
fects of future large earthquakes
In the region, and (2) the influ-
ence of differences in foeal dis-
tance, direction, duration, and
pattern of energy release can be
evaluated.

These descriptions also docu-
ment’ the damage to bridges, em-
bankments, and buildings, and
the behavior of foundation mate-
rials; they therefore constitute
evidence for some of the conclu-
sions drawn in earlier parts of
this report. In addition, they pro-
vide a discussion of the surficial
geology and physiography, and in
doing so they form a series of site
studies.

The surficial geology at Sew-
ard, Whittier, Portage Pass, the
Anchorage area, and the Mata-
nuska Valley has been mapped
(Lemke, 1967; Barnes, 1943;
Kachadoorian, 1965; Miller and
Dobrovolny, 1959; Trainer, 1953,
1960, 1961). The balance of the
geology from Seward to Portage
was interpreted from aerial
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photographs and limited field ob-

servations.

For this study, the following
geologic-physiographic units were
mapped (see fig. 78):

1. Till on bedrock—On steep val-
ley walls, till is usually thin or
absent. On more gentle slopes
till is often thicker, and in some
places the entire bedrock sur-
face is covered. Hachured lines
through these areas define old
ice-front positions, as shown on
steep valley walls by ice-margi-
nal drainage channels, discon-
tinuous fragments of lateral
moraines, the upper limit of
ice-carved bedrock, and accu-
mulations of talus. On gentle
valley walls and valley floors,
hachured lines often define
well-developed morainal ridges
(see fig. 101).

. Glacial outwash terraces.—
Flat-surfaced outwash terraces
composed of horizontally bed-
ded sand and gravel often lie
above inactive flood-plain sur-
faces. They are found down-
stream from old moraines or
modern glaciers.

3. Inactive flood plains.—Flood
plains not inundated by normal
high stream discharges are com-
posed of horizontally bedded
sediments containing some fine
gravel, but predominantly of
sand size. Sediments are gen-
erally coarser toward head-
waters and finer downstream.
Where streams enter standing
water, the bedding is deltaic.

4. Active flood plains.—Composi-
tion and bedding are like those
of inactive flood plains. They
usually are entrenched within
the inactive flood plain and are
subject to flooding during per-
iods of high discharge.

.Fan deltas. — Alluvial fans,
some of which become deltaic

o
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where deposited in standing
water, are composed of bedded
granular noncohesive materials
throughout the area of subaerial
deposition. Clasts are as large
as cobble and boulder size. Del-
taic parts are likely to contain
generally finer materials, and
in some places drilling has re-
vealed beds of silt-sized sedi-
ments.

SECTION 1. SEWARD
FAN DELTA

At Seward (fig. 78), the south-
ern terminus of the rail line was
at docking facilities and a switch-
ing and storage yard on the south
side of the Lowell Creek fan delta.
The rail line then passed north
along the shoreline, being built
largely on artificial fill placed
along the east side of the fan
delta. The fan delta is known
from borings and seismic profiles
(Lemke, 1967) to be composed of
glacial drift (till and outwash)
on bedrock covered by about 100
feet of fine gravel that inter-
tongues with marine silt along the
shoreline. Ground failures and
damage to the city and rail facili-
ties, previously described by
Grantz and others (1964), Lemke
(1967) and Chance (1966), is
summarized below.

Landsliding started about 30
seconds after the shaking and
took place as a series of slides that
removed all the artificial fill be-
neath the rail line and some of
the adjacent natural deltaic sedi-
ments from the eastern edge of
the delta. These slides carried
away most of the port facilities
and some railroad line. At about
the same time, sliding on the
south edge of the delta carried
away part of the two large rail-
road warehouses. During ground
shaking, cracks developed, pro-
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EXPLANATION

Active flood plain
Hortzontally bedded sand and gravel with sand
predominating. Surface subject to flooding
at high discharges. Usually lies entrenched
within inactive flood plain. Water table at or
near surface. Usually free of vegetation

Inactive flood plain
Horizontally bedded sand and gravel with sand
predominating. Not inundated by normal
high discharges. Usually lies a few feet above
active flood plain. Water table probably 2 to
10 feet below surface. Commonly supports
growth of shrubs and irees

Fan delta
Alluvial fans and fans that become deltas where
depostted in standing water. Clasts in allu-
vial fans are as large as boulder size if
stream gradient is steep. Deltaic portions
likely to contain finer sediments

P

Glacial outwash terraces
Generally flat terraces, often above inaclive
flood plain. Horizontally bedded sand and
gravel. Grain size commonly coarser than in
inactive-flood-plain terrace

Glacial till on bedrock
Till thin or absent on steep valley walls, thicker
on gentle slopes and on walley floors.

iR (aMss) e .
i ‘,\ Dock eology 1n part after
! ""’ R. Lemke (1967)
-y

3.0

Base from U.S. Geological Survey 1:63.360 COHtaCt Brldge number
Seward A-7, 1958

Indicated by railroad mileage

north of Seward
2 T MILE
|

CONTOUR INTERVAL 100 FEET
CATUM IS MEAN SEA LEVEL

78.—Surficial geologic-physiographic map of the rail belt from Seward to Woodrow. Geology in Seward area modified
after Lemke (1967, pl. 1).
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gressively inland from the delta
margin. The ground motion was
sufficiently violent to tip railroad
cars off the tracks and literally
bounce a large railroad gantry
crane off the tracks into the
water. Landsliding generated
local waves that inundated the
edge of the delta and carried
ashore burning oil from storage
tanks which had ruptured and ex-
ploded early in the shaking. The
burning fuel ignited some rail-
road tank cars, but these waves
were not as destructive as the
seismic sea waves that arrived
about half an hour later. The seis-
mic sea waves, sweeping in over
the delta, carried away the rail-
road docks and piled rolling
stock in a gigantic swash mark
along the edge of the town. Other
seismic sea waves that arrived
throughout the night compounded
the damage.

North from the delta on which
Seward is built, the rail line
crossed a small embayment on an
earth-fill causeway to the main-
land. Several gaps, the largest

150 feet long, were torn through -

the causeway by the seismic sea
waves, across which tracks were
left swinging unsupported.

SECTION 2. JAP CREEK
FAN

The composition of Jap Creek
fan (fig. 78) and its surface crack-
ing have been described by Lemke
(1967). Cracking was restricted
to the oufter margin of the fan
and was especially severe along
the north edge (Forest Hills
area). The fan is composed of
bedded sand and gravel, coarser
toward the head and finer toward
the toe. In the severely fractured
area, lenses or beds of sand 1 to
5 feet thick intertongue with poor-
ly sorted sand and gravel. Occa-
sional silt lenses as much as 2
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feet thick are intercalated with
the sand. The fan deposits are un-
compacted and uncemented, and
slump on exposed faces. The
depth to bedrock beneath the
outer edge of the fan is not
known, but it is estimated that it
may be several hundred to more
than 1,000 feet beneath the sur-
face. Seismic profiles and borings
immediately to the south suggest
that there may be a substantial
thickness of compact glacial sedi-
ments beneath the fan deposits
(Lemke, pl. 2, 1967).

The rail line leaves the cause-
way at the head of Resurrection
Bay and runs in a wide curve for
a distance of 1,100 feet where it
is joined by the highway. The
rail line and highway fills run
parallel for a distance of 1.1 miles
across the toe of the fan; their
centerlines about 75 feet apart.
Cracking along the rail line first
appeared where the two fills are
juxtaposed. The cracks were
minor; some crossed the highway
at nearly right angles and broke
the pavement, but most paralleled
the highway and railroad fills in
the toe of the fills or in the adja-
cent alluvial fan.

The fracture pattern on the fan
was typical of those found on fans
and deltas, where sediments be-
neath the surface spread radially
downslope (figs. 46, 48). Frac-
tures intersected at angles be-
tween 40° and 70°, forming frac-
ture-bounded blocks with elongate
axes subparallel to the slope. The
railroad and highway fills and
two other highway fills farther
upslope on the highly fractured
part of the fan (Diamond Boule-
vard and Ash Street, Lemke, fig.
15, 1967) superimposed typical
embankment - generated fractures
(approximately parallel to the
embankments) across the normal
fracture pattern of the fan.

SECTION 3. RESURRECTION
AND SALMON RIVERS
FLOOD PLAINS

Leaving Jap Creek fan, the
rail line crosses the flood plains
of Resurrection River and its
northern channel, Mineral Creek,
then passes on to the adjacent
flood plain of Salmon River (fig.
78). The thickness of the flood-
plain sediments on these valley
floors and the composition of the
underlying materials are not well
known. At the north end of Res-
urrection Bay, seismic profiles
and four bore holes indicate that
the alluvium is about 850 feet
thick, approximately half a mile
west of the mouth of Resurrection
River (Lemke, 1967, pl. 2). The
alluvium thins eastward over a
bedrock surface that emerges to
the north; it also thins westward
to about 100 feet and lies on com-
pact glacial sediments that may
be as much as 1,000 feet thick. At
Resurrection River the deepest of
borings for highway bridges
reaches a depth of 95 feet and
does not penetrate the base of the
alluvium. (Logs of these wells
are given in figs. 30-32).

The alluvium probably becomes
thinner to the north as the valley
narrows, and bedrock appears at
its northern end. The glacier that
carved Salmon River valley was
smaller than that which filled Res-
urrection River valley; thus the
bedrock may have been less deeply
eroded and the sediments may be
thinner in Salmon River valley.

Where the parallel highway
and railroad fills passed from Jap
Creek fan onto Resurrection
River flood plain, cracking be-
tween the fills was more pro-
nounced and water was dis-
charged along the fractures. These
fractures did not seriously affect
the fills. However, where the fills



lay on the extensively and se-
verely fractured active and inac-
tive flood-plain sediments along
the rivers (figs. 27, 28), damage
increased. Minor failures occurred
within the fills, but most of the
damage resulted from lateral dis-
placement and cracking of the
underlying sediments. As indi-
cated by damage to the bridges,
all of which were so severely dam-
aged that they had to be replaced
with entirely new structures, the
flood-plain sediments were mobi-
lized to depths in excess of 30
feet. The movement of the under-
lying sediments carried the rail-
road fill as much as 30 inches to
the southeast, and the grade was
broken by tension fractures. The
pattern and distribution of crack-
ing in the flood plain sediments
are described on page D35.

Severe ground cracking on Res-
urrection River and Mineral Creek
flood plains occurred throughout
the area — from Resurrection Bay
to about 114 miles upstream of the
railroad bridges. Similar ground
cracking on the Salmon River
flood plain affected an area that
extended from about 200 feet west
of the Seward-Anchorage high-
way to about 1,000 feet east of
Salmon River. The cracking de-
creased in severity northward
from the rail line; its limit was
just north of the highway bridge
four-fifths of a mile from Mineral
Creek.

Northward from Mineral Creek
the rail line crossed the severely
fractured flood plains. The pat-
tern of fractures was like that
shown in figure 27, but fractures
generated by the embankment
were wider than those on the
south side of Resurrection River.
The embankment-generated frac-
tures occurred in a zone a few tens
of feet wide beside the toes of the

EFFECTS ON THE ALASKA RAILROAD

fills, and some joined fractures
that ran obliquely up the embank-
ment sides. Few fractures reached
the top of the embankment, and
none crossed over.

The ecembankment was most
severely damaged about 900 feet
north of Mineral Creek bridge,
where it crossed an abandoned
highway fill, and at the Salmon
River bridge approaches. The em-
bankment was shifted about a
foot laterally in several places,
and its top developed a rolling
surface with dips of about 1.5
feet amplitude. Salmon River
bridge (mile 3.7), a 105-foot pile-
supported open wood trestle, was
compressed 5.5 inches, its string-
ers driving the tops of the bulk-
head back into the approach fills.
The fills were lowered 4 and 6
inches relative to the bulkhead,
and the bulkheads and their bents
were lowered several inches rela-
tive to the rest of the bridge. The
deck was arched upward 6 inches,
the crest of the arch being be-
tween the fourth and fifth bents.
The deck was also deflected side-
wise, the fourth and fifth bents
moving 6 inches upstream of the
adjacent bents. In addition, bents
shifted southward and the south
approach was displaced 1 inch
west of the north approach.

Cracking continued in the sedi-
ments along the embankment for
about 1,200 feet beyond Salmon
Creek. On the east side of the
embankment, cracking extended
for about 500 feet from the rail-
way embankment, across a drain-
age ditch and the adjacent dirt
road, and into an area of houses.

From here (mile 3.9) to about
mile 5.6 there was no general
cracking of the flood-plain sedi-
ments beside the embankment.
Bridge 4.3, a 43-foot 3-span pile-
supported open wood trestle was
only slightly damaged. The end
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ties were pressed into the bulk-
head fillers and the bulkheads
were slightly rotated back into
the fills. Total compression was
small, and the bridge deck was
arched only about 1 inch. How-
ever, at mile 4.6 about 200 feet of
the embankment was cracked by
fractures that broke to the top of
the embankment, outboard of the
ties, as the embankment shifted
about 5 feet laterally toward bor-
row pits dug immediately adja-
cent to the embankment toe.
Cracking also occurred on the
north approach of bridge 4.8 at
Salmon Creek. These cracks af-
fected about 600 feet of the em-
bankment and appear to have
been produced as the approach
was displaced southward toward
the riverbank that lies close to
the embankment toe. Concur-
rently with this displacement the
bridge (a 105-ft open wood
trestle) was skewed horizontally,
the north end displaced 5 inches
east of the south end. At the south
bulkhead the bent and adjacent
fill were lowered 34 to 414 inches
with respect to the bridge. The
bulkhead remained horizontal but
the bridge deck tilted about 8°
down to the east (fig. 79). The
deck was arched about 8 inches
and the stringers were cantile-
vered 5 inches above the south
bulkhead bent and one-eighth inch
of the north bulkhead bent. The
bridge was rammed at the north
end, as shown by two pebble dents
in the fillers, but there was no
sign that the stringers were driven
into the south bulkhead, despite
the fact that there were pebbles
present, that would have recorded
a blow. Beyond this bridge the
embankment developed dips of as
much as 2 feet and local horizon-
tal displacements of about 1 foot.

From about mile 5 to mile 6.5,
where the highway and railroad
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T9.—View north over arched and compressed bridge 4.8. Sags of about 2 feet and
horizontal displacement of about 1 foot can be seen in the roadbed to the north.

fills lie parallel on the flood plain
between Lost Creek and Salmon
Creek, there was ground cracking
between, and on both sides of, the
fills. Cracking was not severe, but
some sediment-laden water was
ejected along the cracks into and
onto the snow.

At mile 6.0, a 165-foot, pile-sup-
ported open wood trestle was com-
pressed 2 inches at the deck level.
The stringers were driven into
the bulkhead, and the tops of the
bulkheads were rotated back into
the fills. Piling was shifted
toward the sixth bent at the cen-
ter of the channel, and the first
four bents at the south end of the
bridge were shifted about 2 inches
to the east relative to the rest of
the bridge. The bulkhead bents
were about 1 inch lower, and the
fifth bent about half an inch high-
er than the remaining bents.

This bridge was the northern-
most in this section to be dam-
aged. The bridge at mile 6.6, a

foot-long ballasted wood deck on
wood piles, was undamaged and
there was no evidence of any dif-
ferential movement between its
members.

SECTION 4. WOODROW
TO DIVIDE

From half a mile north of
Woodrow to 214 miles north of
Divide, the rail line lies on the
floor of a glaciated valley that is
covered by a thin veneer of till,
from which linear glacially
smoothed bedrock ridges protrude
(fig. 80). About a mile north of
Divide, the valley floor is com-
posed of flood-plain sediments of
Snow River and its south fork,
but the rail line lies to the west
of the flood plain on the toe of
the western till-covered bedrock
valley wall. There was no damage
to the rail line throughout this
section, either to the embankments
or to a 186-foot-long tunnel
through bedrock at mile 11.35.

SECTION 5. SNOW RIVER
FLOOD PLAIN AND DELTA

At mile 14.5 the rail line leaves
the till-veneered bedrock valley
wall and swings out onto the flood
plain of Snow River (fig. 81). At
mile 14.5 the sediments visible on
the riverbed are sand and medium
gravel. To the north, where the
flood plain becomes a delta in
Kenai Lake, the sediments are
finer. Four borings by the Alaska
Highway Department for a new
highway crossing just south of
Kenai Lake show fine gravel or
pebbly sand to maximum depths
of 25 feet. Beneath these deposits
to a depth of at least 90 feet, the
sediments are described as sand,
fine sand, and appreciable thick-
nesses of silt (Kachadoorian,
1968). The nearly flat floor of
Snow River flood plain (slope of
15 ft per mile), the large quantity
of silt found at depth in the bor-
ings, the steep slope of the valley’s
eastern wall, and the occurrence
of wave-cut bedrock terraces 6 feet
above high lake level along the
shores of Kenai Lake, all suggest
that Kenai Lake was once higher
and extended farther south into
Snow River valley. The high sedi-
ment load carried by Snow River
suggests that filling of the lake
may have been rapid and that the
shoreline may have been well to
the south of its present position.
Thus a large part of the flood
plain may be underlain by fine
lacustrine and deltaic sediments.

Railroad damage in this section
started where the rail line left the
till-covered bedrock valley wall
and crossed onto the Snow River
flood plain on the long steel and
concrete bridge at mile 14.5. Shift-
ing of the concrete piers and abut-
ments, and displacements of the
steel spans are discussed on
page D44.




The active flood-plain sediments
were broken by fractures as much
as half a foot wide at the north
bridge abutment; others on the
adjacent flood plain are estimated
from aerial photographs to have
been as much as 3 feet wide. The
fracture pattern on the active
flood-plain sediments was roughly
rectilinear, one set of cracks lay
in the axes of channels occupied
at high water approximately jpar-
allel to the river, and a second set
of cracks formed at nearly right
angles and usually turned some-
what to become normal to the
adjacent water-filled river chan-
nel. Narrow bars bstween water-
filled channels were broken from
bank to bank by cracks running
approximately normal to the
banks. Individual blocks bounded
by fractures were large, and were
100 to 200 feet across. Some frac-
ture-bounded blocks were shifted
slightly toward the channels, and
sediment-laden water was ejected
from some fractures.

The active flood-plain sediments
were fractured throughout the
entire area visible on aerial photo-
graphs. The fracturing extended
from 134 miles south of bridge
14.5, where the flood plain nar-
rows to about one-third of a mile,
continuously and with increasing
severity to the north, to the shore
of Kenai Lake.

The rail line runs north from
bridge 14.5 onto a wooded inactive
flood-plain terrace. Several frac-
tures on the terrace crossed be-
neath the northern end of the
bridge at the last piers and at the
bulkhead. Long single fractures
formed on both sides of the em-
bankment, some in the flood plain
and some joining the few fractures
that crossed the embankment at
nearly right angles. These frac-
tures had little effect on the rail
line.
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EXPLANATION

Inactive flood plain

 Horizontally bedded sand and gravel

with sand predominaling. Not in-
undated by normal high discharges.
Usually lies a few feet above active
flood plain. Waler table probably 2 to
10 feet below surface. Commonly sup-
ports growth of shrubs and trees

Fan delta

Alluvial fans and fans that become

deltas where deposited in standing
water. Clasts in alluvial fans are as
large as boulder size if stream gradient
s steep. Deltaic portions likely to con-
tain finer sediments

Glacial till on bedrock

Till thin or absent on steep valley walls,

thicker on gentle slopes and on valley
floors.

Contac£—

6.6
Bridge number

Indicated by railroad mileage
north of Seward

80.—Surficial geologic-physiographic map of the rail belt from Woodrow (mile
6.5) to Divide (mile 12).

The rail line proceeds north over
the mnactive flood-plain terrace to
an alluvial fan at mile 16.5. Small
bridges at miles 15.2, 15.6, and
15.9 were damaged. The bridge at
mile 16.1 was not studied, and the
bridge at mile 16.5 was undam-
aged. Bridge 15.2, a single-span
open wood trestle, was compressed
614 inches, stringers jamming the
bulkheads back into the approach
fills. The bents shifted streamward
without noticeable tilting. As a
result, the bridge was skewed

horizontally about 114 feet (fig.
82).

Bridge 15.6, a 45-foot open wood
trestle, was also compressed, but
only 134 inches; its piles shifted
streamward and the embankments
were lowered slightly with respect
to the bridge. As at bridge 15.2,
long segments of the approaches
were displaced horizontally. As
shown in figure 56, the bridge
crosses the creek obliquely. About
1,200 feet of the northern ap-
proach, to just beyond bridge 15.9,
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EXPLANATION

Active flood plain
Horizontally bedded sand and gravel with sand predominating. Sur-
face subject to flooding at high discharges. Usually lies entrenched
within inactive flood plain. Water table at or near surface. Usually
free of vegetation

Inactive flood plain
Horizontally bedded sand and gravel with sand predominating. Not
tnundated by normal kigh discharges. Usually lies a few feet above
active flood plain. Water table probably 2 to 10 feet below surface.
Commonly supports growth of shrubs and trees

Fan delta
Alluvial fans and fans that become deltas where deposited in standing
water. Clasts tn alluvial fans are as large as boulder size if siream
gradient is steep. Deliaic portions likely to contain finer sediments

L

Glacial outwash terraces

Generally flat terraces, often above inactive flood plain. Horizontally
bedded sand and gravel. Grain size commonly coarser than in inac-
tive-flood-plain terrace

o

Glacial till on bedrock

Till thin or absent on steep valley walls, thicker on gentle slopes and on
valley floors.

Swamp

Contact

14.5
Bridge number

Indicated by railroad mileage
north of Seward

81.—Surficial geologic-physiographic map of the rail line from Divide to Kenai Lake.



was shifted westward toward the
stream channel that approxi-
mately parallels the embankment
(fig. 83). About 600 feet of the
southern approach was displaced
eastward toward a channel that
lies between the rail line and the
channel shown in figure 56. The
straightness of the rails on the
displaced segments north and
south of the bridge indicates that
the displacement was relatively
uniform over the long segments.
The resulting horizontal offset at
the bridge was 20 inches.

The inactive flood-plain sedi-
ments along Snow River were
broken by an increasing number of
ground cracks from the south
toward Kenai Lake. The cracking
usually occurred near, and at the
edges of, the major channels or
larger braided overflow channels.
From mile 15.2 to 154 some of
these cracks came within 200 feet
of the rail line, but most were con-
siderably farther away. Through-
out this entire section on the flood-
plain terrace, there were cracks in
the toe of the embankment and in
the sediments immediately adja-
cent, but in general no cracks were
farther than about 25 feet from the
embankment. Thus the embank-
ment appears to have caused the
cracking in the flood-plain sedi-
ments where no other cracks oc-
curred. Cracking generated by the
embankment also occurred from
mile 16 to 16.21 where dips in the
track of as much as 2 feet formed
beside fractures in the sediments.
Copious discharges of sand and
pebble gravel were ejected from
the fractures (fig. 84). As shown
in figure 84 this area lies beside a
swamp, and the ground-water
table is quite high. There was also
some ground cracking and dis-
charge of sediment-bearing water
onto the snow covering the swamp.

At mile 16.2 a round corrugated-
iron culvert about 2 feet in diam-
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82.—View north over bridge 15.2 on the inactive floodplain terrace of Snow River.
Approximately 950 feet of the embankment north of the bridge shifted about 115
feet to the west toward an abandoned stream channel 220 to 230 feet to the west, in

the tree-covered area.

eter carried water from a small
drainage ditch under the embank-
ment. The embankment moved
toward the culvert from both sides
and compressed the culvert to an
oval; the tracks bowed upward
and outward off the ties to accom-
modate the shortening (fig. 85).

At mile 16.6 a small bridge had
only minor cracks in its ap-
proaches; however, gravel dikes
built to confine the creek both up-
stream and downstream from the
bridge were cracked by longitudi-
nal fractures and transverse
cracks.

SECTION 6. WOLCOT
MOUNTAIN ALLUVIAL
FAN

Northward from mile 16.6 to
mile 17.8, the rail line is built
across the distal end of the allu-

vial fan of a small creek that rises
from a glacier on Wolecot Moun-
tain to the east of Snow River
(fig. 81).

The pattern and distribution of
the ground cracks on this fan are
similar to those that developed on
many other fans and deltas dur-
ing the Alaska earthquake; on the
most distal part of the fan and on
the adjacent flood plain, sediment-
laden water was ejected from ir-
regularly distributed cracks. Just
upslope, the edge of the fan was
laced with a network of cracks
forming parallelogram-shaped
blocks, the long axes of the paral-
lelograms parallel to the edge of
the fan. Very little water was
ejected from these cracks.

The rail line crossed uphill of
most of the cracked zone at the
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83.—Bridge 15.6, a 45-foot wood trestle on the inactive floodplain of Snow River,
showing long, horizontally offset embankments. A, View north; B, view south.

lower edge of the fan, but cracks
induced by the embankment broke
both the embankment and the fan
sediments immediately adjacent.

About 1,200 feet of the embank-
ment that did cross the northern
cracked edge of the fan sustained
additional fracturing. There was

some sagging of the embankment
on the fan, but, despite large vol-
umes of sand and sandy gravel
ejected from the fractures, most
of the local sags were less than a
foot. Some of the ejected material
was relatively course; it measured
as much as 814 by 214 by 4 inches,
and at one place water ejected
from a fracture that crossed the
embankment excavated a cavity 2
feet deep and 4 feet wide under
the ballast (fig. 86).

In addition to developing sags,
the embankment was carried ir-
regularly downhill by the valley-
ward spreading of the underlying
fan. Spreading generated tension
in the rails, and pulled expansion
joints open to their limit. At mile
17.8, on the axis of the fan, ten-
sion in the rails was large enough
to shear bolts in the angle bars,
and the rails were pulled about a
foot apart. At the axis of the fan,
downhill spreading also produced
tension fractures that broke across
the embankment at nearly right
angles; from mile 17 to 17.5 these
tension fractures occurred at
nearly regular 40- to 50-foot in-
tervals.

North of the edge of the fan,
the active flood plain and delta of
Snow River lie immediately adja-
cent to the eastern valley wall,
and the rail line is crowded
against the toe of the slope (fig.
81).

The strong contrast between the
damage to the highway and the
damage to the railroad at this end
of the lake directly reflects the dif-
ference in the materials upon
which they are built. The rail line
is built on a low fill in a cut at the
base of the slope, and it escaped
injury; the highway crossed the
delta and was severely damaged.
A 900-foot wood deck, a pile-sup-
ported causeway, and two small
wooden bridge<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>