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SUBSIDENCE OF CALIFORNIA HIGHWAYS

by
H. R. Cedergren* and W. G. Weberw#

SYNOPSIS

The censtruction of highways over compressible ground pro-'
duces seme of the difficult problems in Seoil Mechanics. .When
highway censtruction was relatively small business; "rule of
thumb" and dependence upon individual personal experience were
reasonably adequate; however, with expansion of highﬁay con-
struction into the biggest construction project of all time;
existing problems have increased in importance. High speed;
wide freeways mushfooming in areas where low speed narrow road-
ways previously had been adequate puts greater emphasis on the
rational soil mechanies methods. The best use of these metheds
depends upon observing the actual behavior of projects which
have been designed and constructed. By loeoking back in this
fashion the adequacy of the methods that we use can be evaluated
and if we are observant, improvements can.be made in the use of

these methods.

#*Senior Materials and Research Engineer, Materials and Research
Department, Division of Highways, Sacramento, California. . ,
*tAsseciate Materials and Research Engineer, Materials and Research

~Department, Pivision of Highways, Sacramento, California.
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Tﬁé present papgr_is focused upon ﬁouhdation subsidence,
primarily as it produces losses in elevation and non;uniformity
of gra&e, Several highway projects in the California State
Highway System are descr;bed{?m?yg}ga;_fpupdation soils dats
are sumharizgd for each project, the foundation treatment method
is described, énd projedt ggttlémeng_;gcords are presented. The
projects represent a wide range of soil conditions; and periods

of record up torﬁd years,

_ INTRODUCTIQN N

80115 which provide the foggdggéons for highway fllls and
-other strugtural purposes'vary substantially both in amount and
rate df compression. The rate is governed by the most variable
soil property of all - permeability. Thg projects described in

this paper have soils wzth permeabilities that vary several

e

thousand times. Since the speed of consolidation is directly

proportional to permeability, and time therefore is inversely
proportional to permeability, it is obvious that the physical
time for consolidation to occur ;gvfhg"figlgmcan be expected to
vary éver a tremendous range. Also, the time for consolidation
varieé1with the séuare of.the thickness of the consolidating
1ayeré which further magnifies the range that is possible.
Theseipoints are illustrated by the seﬁtlement patterns for the

projeéts described. in this paper. Complete consolidation for

these projects. varies from a few weeks to a couple of centuries.
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The influence of variable soil conditions on the rate of
consolidation may be seen vividly by comparing the settlement
curves of the Santa Margarita and La Trianon projects (Figs. 8
and 10) with settlement curves for the projects having mud founda-
tions (Figs. 1, 5, 6 and 11). The Santa Margarita formatioms
consolidated almost as quickly as load was applied, whereas the
thicker and more impervious soils under the east approach £ill
of the San Francisco-Oazkland Bay Bridge may require about 200
years for the completion of consolidation, The indicated ratio
between these two extremes is in the order of 5000 to 1. In
relation to practical construction this time range is of very
great significance,

The amount of settlement that‘ganrpe attributed to consoli-
dation of foundation soils can be estimated with reasonable
accuracy from laboratory consolidation tests. When soft founda=
o _ tiOn soilé are loaded to the‘pointwwhe;g.stresses approach or

| exceed their strengths,excessive settlements often occur because
of plastic deformation of the soil, As these deformations may
continue for many years after comstruction they tend to indi;
cate that consclidation is occufringwmoreirapidly than is

; actualiy the case. The fills at Tule Lake and Tormey Valley
illustrate this condition.

Occasionally soft foundation soils are underlain by firmer

strata which are assumed to be incompressible under the loading
of the fills, Sometimes these underlying layers, though firm

in relation to the overlying deposits, are not entirely incom-
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preséible, and the total settlements are measurably greater

than”the'predicted amounts, This factor is believed to have

T an influence on some of the projects reported here,

Overloads, sand drains and controlled rate of loadings
often are used in the construction of fills on compressible
foundatlons° In the more pervious soils which existed at
Santa Margarita Bypass and at La Trianon this type of treat~
ment - was very successful. Sand oreinei_overloads, and a
controlled rate of 1oeding"were enp}ojgd“on the Bayshore Free-
wey in an attempt to obtain neer}y;comn}eteAconsolidation
during construction, Partial stripping, overloads and a
waitfng period were used on the east approach to the

San Francisco Bay Bridge to reduce settlement after construction.

.A study of the records furnished in this _paper for the above

progects shows that substantial settlements did occur after

construct:.on for the projects havz,ng low permea‘bllity founda-'
tion soxlsn S

The use of present day methods would indicate that in
general when £ills are constructed over impervious muds, over-
1oads have to remaln in place for several years to be effective
in minlmlzing after=construction settlementso Several projects

now planned or under construction in _the California nghway '

System are to have waiting periods of one to three years,

‘controlled rates of loading of one to three feet per week,

- — -

and substantlal overloads. Design studies for a number of

otherrxmportant projects on mud or peat foundations have led

to the decision to construct bridges or other structure to
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eliminate troubles associated with earthwork construction over
weak, compressible foundations,

In some projects stability is a major concern, and mainte~

nance due to settlement of secondary importance, The open water

f£ill at Candlestick Cove is an example of this type of project.

THE PERFORMANCE OF SEVERAL
HIGHWAY PROJECIS .

Selection of the_Proiects

Many highwaf projects in the California State Highway
System have had within their limits sizeable deposits of highly
compressible foundations, Approach fills to numerous structures
have been constructed on moderate to heavily compressible founda-
tions which have been treated in some manner to reduce settle;
ments after construction., A number of California projects have
been described in published engineering reports and papers,.l.-‘z’S’z"’sn
In the present paper,'several projects are described which give
an indicétion of the scope of soil conditions encountered and
treatment methods employed to reduce settlements after paving of
the_highwaysu The cases presented cannot be completely repreé
sentative of Caiifornia_highygy_pxqjggts in which subsidence has
been important, since every project is in some way different
from every othér, They have been selected to demonstrate the
wide variety of soil conditions that occur in the State of

California and the treatment methods that have been employed.

Typical data for the several projects are shown in Table I.
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General Discussion

Whenwhighways are constructed over compressible founda-

tions; several methods of treatment may be considered. The

one o? combination selected is the least costly that will satisfy

the_réquirements of the job. The methods used in California
to reduce settlements after construction are:
| 1. Stripping to firmer soil and replacing with low
~ compressibility £ill, o
2, Displacement of compressible material by blasting
| and overloading. | -
3. Placing fills at controlled rates of loading to
: prevent failures, and providing waiting periods to
allow seftlement to occur,
4. Use of overloads to accelerate consolidation,
5. Use of sand drains to accelerate comnsolidationm,
6. Combinations of methods. -
6n projects which have foundation problems borings are
made énd "undisturbed" samples secured for laboratory testing.
Iaborétory consolidation tests are used for estimating the
amounf and rate of settlement that may be expected. The co?
efficient of consolidation is determined from the ts5g or tgQ
obtaiﬁed‘from laboratory timé;gonsolidqtion curves. On projects
of major size the vertical permeability is determined using the
coefficient of consolidation obtained as described above and
the fjeld permeability test is performed8 at several points in
the foundation, This test measures the combined horizontal

and vértical permeabilities., The rate of consolidation is
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then calculated using: (a) field permeabilities, and (b) labora-
tory permeabilities. Tﬁe-field permeabilities usuall& are two

or more times greater than laboratory permeabilities, which is

‘believed due to the fact that horizontal permeabilities usually

are somewhat greater than vertical permeabilities, Rates of
consolidation measured during construction usually agree better
with rates estimated with permeabilities determined in the
laboratory. A study of the examples shows generally close

agreement between computed and measured amounts of settlement.

As can be expected, calculated rates of settlement are subject

to greater differences, o

The measured settlements reported in this paper are the
subsidences produced by the fills. A major portion or all of
this subsidence is due to_congoliﬂqtiqn_gf the underlying
foundation soil. Any remainder‘may be due to: (a) plastic
deformation of the foundation goi},mq?w(p)‘compréséion within
the £ill. 1In some of the p;qquys_geggieﬁents were not
measured until after constggcgigqmpfuphg fills. In those
cases settlement points were placed on the surfacé of tﬁé f£fill.
In others, settlement platforms were placed on or near the
original ground, and settlements were recorded from the start
of construction, - o

The theoretical settlements are estimates of the amounts
of settlement caused by consolidation of the compressible
foundation soils, and do not include allowances for plastic

flow, compression within the fills, or consolidation of firmer

“underlying strata. -

www . fastio.com
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The caleulatiens of theoretical settlement rates are based
upOn'tﬁe vertical flow of pore water only. In thick deposits

ef'compressible soils there may also be an appreciable horizon-

tal flow of pore water, This horizontal flow of pore water may

be impertant where the fills are narrow in relation te the depth

of the- compr3331ble seilo

Example No, l = Eastern Apbrcach Fill to SF@BB

In 1933, foundatioen investigations for the approach fills
east of the toll plaza for the San Francisco-Oakland Hay Bridge
revealéd_seft silty clay to depths up to 80 feet. This seil;
known lecally as ﬁﬂﬂy Mhd;” is capable of supperting fills only

5 or 6‘feet high without failures. The mud is a silty clay of

recent geo1ogica1 origin, of high moisture content, impervieus

and highly campfesSibleg Its in=place strength is nearly zero

at the surface and increases at a rate of 12 to 15 pounds per
Squareifbot for each fooﬁ of depth, . In a fully consolidated
state it exhibits a "true" coefficient of friction of about 28°,

Tﬁis approach fill was constructed by dredging out the
upper £2 feet of the soft foundation soil and replacing with
sand fillu The fill was congtructed to about 10 feet above the
origlnal mud line, at which time a waiting peried of about one
year was alloWeda A small‘sureharge was then removed and the
roadway placed.

The measured settlements at typlical locations are shown
in Flg? 1. The settlements represent changes in the elevation
of poiﬁts set on the surface of the completed fill and deo not

include settlement which occurred during placement of the fill,

www.fastio.com
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‘Successful-project.

Theoretical time-settlement curves are given in Fig. 2. These
curves were obtained using consolidations and pefmeability
factors obtained from a limited number of consolidation tests,
Very little consolidation data are available for this project;
hence, the time comparisons must be considered only approximate,
The mud left in place could be expected to undergo ultimate
reductions in volume of 20 to 25% under the increased loads
produced by the heavier f£ill that replaced the dredged mud, and
the thickness of fill placed above original ground. Since the
thickness of soft mud left in place ranged from about zero to
70 feet, ultimate settlements up to about 12 feet could be
expected due to consolidation within the foundation (see Fig. 13
Measured settlement in areas where lO ft, or more of mud was
left in place ranged from 2.5 to 4 feet after 5 years, and

from 2,5 to 7.5 feet118 years after paving (see Fig., 1),

In the 27 years that have elapsed since the.initiél_paving
of this road, the approach pavements have reduired only
moderate maintenance. On the whole this has been a very

A study of the settlement records for this project shows
that the portions that wefe_constructed_over shallow thicknesses
of soft mud (10 - 20 ft; stabilized in about 10 years, whereas,
progressively longer tiﬁes are being required over the deeper
mud.,

Fig. 3 compares several locations on this f£ill in relation
to the thickness of mud left after dredging. It shows the

amount of settlement recorded before paving, the amount that

vww . fastio.com
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took blace in the first 18 years after paving, and the esti-
mated total ultimate settlements. The measured settlements
that appear to be completed are somewhat in excess of the

theoretical ultimate amounts of_congclidationo It is believed

that plastic flow of the soft foundation soil which may have

occurred durlng early stages and compression within the £ill

can account for this settlemento

‘EXample No, 2 Bavshoxe.Freeway

In 1947 several miles qf'freewey were constructed along
the wESt side of San Francisco Bay south of San Francisco.

Thisiis a portion of the "Bayshore" freeway. It is founded

'-on'bey mud in varying thicknesses ﬁp to 60 feet., This mud is

a soft silty clay of high moisture content, low strength, and
low permeabllity rather similar to that under the eastern

approach fills to the San Francisco=oekland Bay Bridge, dis-

‘cussed above. At some locations the soft mud is underlain by

~ sand ‘and at others by a stiff bay mud, The soil conditions

are;;therefore; conducive to variable drainage. Sand drains
were used for acceleration of consolidation of the foundations

of'fiil epproaches to structures, Considerable settlement data.

'have:been collected for this portion of highway., In the

present report, settlement records are given for four loca-
tionegftwo in sand drain areae and two in ncn;drain areas (see
Figs; 4 & 5). In each kind of construction area one shallow
mud location was selected and one deeﬁ'ﬁud location. Thus, in
the eand drain-treated sections, iccation A had a mud thickness

of 42‘feet, and Lbcation B 12,5 feet. In the non sand-drain

[ AN
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areas, one section (Location C) had a wud thickness of 39
feet and the other (Locétion D) a mud thickness of 13 feet,
The sand drains were installed with a closed mandrel,
They were backfilled with sand and drained by means of a
layer of sand fill placed over a thin working table of earth
fill, The rate of loading was 3 feet per week and a 5-foot
surcharge was placed in the sand drain areas. Extensive
failures occurred on this section of roadway during construc-
tion, and at some locations the sand drains may have been
sheared or damaged by these failures. The examples used in
this report are in areas where no shear failures were known
to have occurred; however, plastic flow of the bay mud may

have taken place throughout much of the length of this project

'since the loading was at a comparatively rapid rate,

By reference to the settlement curves for the non-drain
areas (Fig. 5) it is seen that settlement at the shallow mud
location (13 ft. of mud) appeared to be essentially complete
within 8 or 10 years, but the deeper area (39 ft. of mud)
probably will reéuire 90 to 100_yea:s; In contrast to these
times, the sand drain installation in 12.5 feet of mud (Fig. 4)

was well consolidated within a year (quicker than average for _

‘the project) and the deeper area (42~feet of mud) appeared to

~be well stabilized 6 or 7 years after construction,

The examples illustrate that wide variations in rate of
settlement were recorded in the non sand-drain and in the sand

drain-treated portions of this freeway, Broad conclusions of

. the benefits of sand drains should not be attempted from the

few examples presented here. A review of the records at 50 or

www . fastio.com
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more locations has suggested that the sand drain-treated founda-
tions generally consolidated several times more rapidly than
comparable non-treated foundations. However, failures during
construction, variations in natural drainage, and possibly other
factors, have influenced the behavior of the foundations.
Saﬁd.ﬁrains'evidently were speeding up consolidation, but
because of the very slow nature of the whole process, a fairly
long time still was réquired, An evaluation of the efficiency
of sahd drains is beyond the scope of this paper. The data
reviéwed'here are presented only to permit a comparison of this
projeét'in relation ts the other examples,

Example No., 3 - Candlestick Cove "Open Water® Fill

‘One of the most outstanding ﬁud.aisplacément projects
ever:attempted is the "open water' f£ill which was constructed
across Candlestick Cove in the pefiod from 1952 - 19554’5°
"Bay Mud" varied in depth from 30 to 80 feet on this two-mile
streﬁch of highway. The soft mud is a low permeability silty
clay of high moisture content, and low strength. Boring data
showed sand under the mud in some of this area; hence, it is
-possible that dOubléadrainage exists for portions of this
éoundation, |

“In a series of contracts, fill was constructed by force-
fully displacing the mud as completely as possible, after
initial efforts to "flocat" the fill had proven unsuccessful,
A toéal of 4,007,000 cubic yards of imported f£ill material was
placéd across the cove. Borings after placement showed that

mud had been displaced.to depths as great as 70 feet and that
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as much as 80 =~ 907 of the soft mud may have been displaced
under portions of the road section. The best displacement
was obtained by maintaining continuous filling operations with
the front in the shape of a wedge having an angle of about 45
degrees on each side of centerline., Blasting was employed
periodically to keep the mud on the move and minimize its
entrapment beneath the £ill. With all of these efforts it
was not possible to remove all of the mud, which is evident
from the boring records and the slightly undulating profile
the road has developed. The settlement curves presented with
this report (Fig. 6) indicate that moderate additional dif-
ferential settlements can be expected for some years to come.
For comparison with the measured settlement rates on this and
other comparable Béy Area projects, theoretical settlement

curves are given in Fig. 7. These curves cover the range of

" thickness of mud left in place as estimated from borings after

construction. As previously noted, there is evidence that
underlying strata may furnish éome drainage to the compressing
mud. In developing Figure 7 double drainage (top and bottom)
waé assumed in the theoretical calculations, 'In most areas of
San Francisco Bay, bottom drainage appears to be relatively
non-existent; hence, single drainage usually is assumed.
Multiplying the time scale in Fig. 7 by four will convert the
time-settlement curves to singie drairage.

This project is believed to be a good'example of a
successful attempt to construct a highway over fairly deep

mud by the displacement method.

www . fastio.com
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Example No. &4 - Santa Margarita Bypass

In the summer of 1955 several highway fills up to 37 feet
in height were constructed over alluvial deposits of sandy silt
to sandy silty clay containing some gravel. Beneath 20 to 40
feet Bf these moderately compressible formations were less
compressible sands;, sandy clays, and sandy gravels., Field and
laborét@ryj'studies indicated that settlements up to 2% feet
could be expected with a substantial part occurring during
constfuction, .To reduce settlements after construction, over=-

loads were prescribed for this location, Strength was not a

_problém, and no other special measures were required.

3ecbrds'fdffthisfpfojeét showed that settlement occurred

:almoét as rapidly as the £ill was placed; Minor additional’

settlements of 0.1 to 0.2 foot'(bglieved to be secondary

consdlidation) occurred in the first three years after con-

- struqtiano Although settlements were fairly 1afge, no serious

problems developed'at this section of roédwayo
?ermgability information oﬁtai@ed on several "typicalﬁ.
soils in this foundation are shown in Table IT. . .
fypical soils:informapi@n f@r‘phis projeét may be found

in Table I, The rate of loading, and measured and theoretical

fsettiément curves are given on Fig, 8, In making settlement

calculations the soil at this 1dcati0n was assumed to be a

two=1éyer system, The top. 15 feet is a sandy siit which lies

pértiélly above the water table. Underlying this layer is

12 feet of sandy silty clay underlain by silty sand to unknown

depth. All drainage was assumed to be vertically upward into

wyw . fastio.com
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dry soil or to the underlying sand. The compression of the
soil above the water table was assumed to occur during loading,
Laboratory time-consolidation curves were used for calculation
of permeability and consolidation constants. The field perme~
ability determinations were made using a one-foot Norton tube
piezometer after A, Casagrande's design.

Combining the two laﬁers and determining the theoretical
rate of settlement assuming single drainage of the two layers
backwto=back; the field permeability indicated 100 percent |
primary consolidation at the end of construction, while the
laboratory permeability indicated 56 percent consolidétion at
the same time. The measuréd settlement is in close agreement
with the thoretical rate determined from the field permeability,

Example No, 5 = Fill Across Tormey Valley

www . fastio.com

The construction of a parallel bridge over the Carquinez
Straits near the northern end of San Francisco Bay required
some of the heaviest earthwork in California highway history.
Simultaneously with conétruction of the new bridge, several miles
of traffic bottleneck to the north and south of the Straits were

eliminated by improving the road to freeway standards and re-

- aligning the road south of the Straits. The new alignment south

of the Straits gave rise to the largest single cut in California

highway history up to that time, The "Big Cut," required 8
million cubic yards of excavation through a large hill of highly
weathered shale, To the south of the "Big Cut" from Hercules

to Tormey Valley, £ills (up to 170 ftn.height)Awere required,
Borings in the foundations of these large fills disclosed com-

paratively stiff clays that would have been of no concern for
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“ordinary" fills but were of borderline properties for the
large fills required

In the foundation area across Tormey Valley there is a
deep oeposit of semi-consolidated alluvium. One boring was
drilled to a depth of 87 feet before a firmer underlying
stratum was encountered. Moisture contents of the alluvium
ranged between 25% and 30%. Unconfined comﬁression tests re-
sulteo in shear strengths from 1000 to 2500 pounds per square
foot;: The‘averages of all tests in three borings were 1400,
l600fand 1700 pounds per square foot shear strength, re-
spectively.

‘Because the indicated foundation strengths were border-
line for fill of thelplanned height, buttress fills 30 feet
high3end 130 feet wide were placed at the sides of the fill,
Readlngs taken on heave stakes in the struts and native soil
during constructlon showed that movements up to one foot
occurred in both the vertical and horizontal directions, indi-
cating that plastic flow was taking place, Movement of the
heave stakes continued at a greatly reduced rate for a time
after construction. No fallures occurred; however for a time
eome‘EOncern wes felt over stability,

;The height of £ill was increased at a rate of 3 ov 4

feet a week (see'Figo 9) which was considered safe from the

‘ stan&point of staoility: Consolidation eomputations indicated

that substantial settlement could be expected and that a

Vmajor part would occur during construction. The only special

measure adopted for the control of settlement was placement

of an - overload.

www . fastio (jb‘ﬂ
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Because of the magnitude of this £ill settlement platforms
and piezometers were installed so that a record of settlement:
and pore pressures could be maintained during construction.
These readings indicated that possibly 507 or more of the added
load was temporarily carried on the pore water., These
pressures dropped substantially in the first year after con-
struction, About two years after completion the fill was
dressed to grade and paved, Since paving, settlement has been
less than one foot and has not noticeably altered the smooth
profile of the roadbed, A comparison of theoretical and
measured rates and amounts of settiement is given in Fig. 9:
The agreement is within limits of error normally expected,

Example No, 6 = Fill West of La Trianon

In 1956 a fill from 5 to 45 feet in height was required
in Lake County at the edge of a swampy area near a small
community known as La Trianon. Explorations in the foundation
area disclosed wet soft plastic silty clay to sandy silt con-
taining rock fragments of broken Franciscan sandstone and shale.
The water table was at a depth of 7 to 8 feet., Unit weights of
the soil ranged from 106 to 138 pounds per cubic foot, and
in-place water contents below the water table were predominately
between 18% and 33%. Liquid limits were from 25 to 32% and
plasticity indexes from 5 to 11%.

Permeabilities calculated from laboratory consolidation
curves ranged from 8 x 10~2 to 4 x 106 ft,/hr., and averaged
3 x 1072 fr,/hr, Field permeability determinations were made-
in two borings, with the following values being obtained at

four peints: 2 x 10“2, 7 x 10°4, 5 x 10“4, and 5 x 10*%4 ft./hr.

www . fastio.com
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The average of the three lower values is approximately 50 x 1077
ft./ﬁr,,'which is 16 timeS'the'average'value'obtained'from
laboratory consolidation tests. As the laboratory consoli-
dation tests were run on the fine grain soil matrix this dif-
ference in permeability would be expected, |

" “Typical curves showing the rate of construction of the f£ill,
measured settlement, and theoretical time-settlement rates are
givéﬁ in Fig. 10, together with the typical soil cross-section.
The total séttlement measured after 3 years was 2.5 feet. The
amouﬁt estimated from laboratory P-e curves was 2.6 feet,

‘Calculations of theoretical rates of settlement with sand

draiﬁsiinstalléd to shorten the path of escape of excess water
were made using curves developed by R, Barron(7). These calcu-
latiahs indicate that settlement should have been 80 percent
compiete at the time 44 feet of fill was in place. Because of
the favorable performance that was expected with sand drains

at'tﬁis location, the design specified sand drains at a

’rectangular spacing of 15 feet under the heavier parts of the

fill. Fill was placed at an average rate of 5 feet a week

without surcharging. No struts were specified as it had been

concluded that sufficient strength would develop during con-

struction. No evidence of failures of any type developed dur-
ing construction.

" “The in-place shear Strength of the weaker sediments in
this  foundation as iﬂ&iéﬁﬁed by unconfined compression tests
on "indisturbed" samples was predominately in the range of
200 to 400 pounds per square foot and averaged 280 pounds per

squafe~footc Without any special treatment or control over
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rate of fill placement, 15 to 20 feet of fill probably could
have been.pléced here., With the use of struts and possibly

a conFrolled rate of loading to prevent failures it is likely
that if this road had been so constructed, and paved a year
after construction, post constructibn settlements would have
been small, As comstructed; settlements after paving have
been negligible and the grade is smooth and uniform,

The performance of this sand drain foundation job has
been so satisfactory that one might question their need. Had
sand drains not been used, however, and ample alternative
measures not been employed it is possible that serious trouble
may have developed here, due to the low strengths of the 25
to 30 feet of saturated sediments in the foundation.

Example No, 7 = Tule Ilake Fill

Many lake "{lacustrine) deposits form under conditions of
very poor drainage which lead to high compressibility and
unusually low strength, The conditions which exist during
the building-up process undoubtedly have an important influence
on the structure that is formed. A factor that usually has
been ignored is the degree of freedom with which excess water
can escape as the deposits compress under their own weight.

The authors have compared clay deposits which were formed under
good drainage (some valley deposits) with similar deposits
which were formed under poor drainage (bay and lake deposits)
and have found the well drained deposits to have developed

considerably greater strengths than the poorly drained deposits.
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}The'Tule Lake deposits (in Lake County) are among the
poorést low-organic lake deposits in the California highway
systém. These soils are very week, highly compressive and
relatively low in permeability. The highway across an arm of
TuleiLake has been progressively built up over a period of
40 yéars. Fortunately, settlement records have been kept
over::‘most of this period. This section of road furnishes an
excellent long-time record of settlement.

' The progressive changes in the cross=-section of the fill,
as tﬁe road has been improved are shown in Fig. 11. The ori-
ginai road across Tule Lake was cbnstructed to 9 or 10 foot
height in 1922, By 1950 the roadway surface had subsided to
only.three feet above the surrounding marsh area, and had to
be closed periodically due to flooding. 1In 1950 the roadway
was ?econstructed to a height of about 17 feet above the esti-
mate& original ground level. During the 1950 reconstruction a
failure occurred when the £ill reached a height of about 15 feet.
Afte# this failure, berms were increased and the fill was com-
pleted to the 17 foot height. By 1955 the roadway had sub-
sided five feet to a height of about 12 feet above the surround-
ing @arsh, which was below high water stages. The fill was
then’ reconstructed to approximately 18 feet above original ground,
which is the last major work on the £fill. At the present time
(196?) the roadway is about 15 feet above original ground.

Total settlements of up to 18 feet have been measured.

iBorings in the foundation of this £ill disclosed saturated,

soft, dark gray silty clay and clay up to 83 feet in depth,

The test unit weights averaged 93 pounds per cubic foot and the
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water contents 85%. There was no appreciable trend toward
increased density at greater depth or reduced water content
with depth.

Theoretical settlement curves are compared with the
recorded rate of settlement on Fig. 11, wherein the curves
for the three stages are plottedone above the other.

During the 1955 reconstruction, water level type settle-
ment platforms were installed at Stations 312400, 316400 and
320400, These platfarms are at the same locations as platforms
which were installed for the 1950 construction, so as to permit
continuation of settlement records. Four piezometers were
installed in the soft clay.

By refersnce to the settlement curves in Fig., 11 there
is evidence that considerable plastic flow has occurred, parti-
cularly during the 1950 construction. It is known that the
loading rate in the 1950 construction led to a failure and
probably set plastic flow in motion. The shape of the.time-
settlement curve for the period following this construction
seems to verify this conclusion. Also, it may be noted that
the actual total settlement has substantially exceeded the
amount calculated from consclidation tests., In this kind of
soil rather good agreement usually is obtained between calcu-
lated and actual amounts of ultimate settlement. The recorded'
amount of settlement is strong evidence that some of the

settlement may have been caused by flow.

Evidence of plastic flow on this job is also provided by e

the movement of monuments set in the berms and outside the fill

area at the time of the 1930 comstruction., Iron pipe monuments
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at the toe of the berm show an outward movement of one to

two feet between 1950 and 1955. Elevations on the iron pipes
indicate that a slight upward heave occurred in 1950, and
downward movement of about 0.4 foot between 1951 and 1955.
Thesé pipes were located five feet outside the toe of the berm.
Two éets of bronze monuments were set in the berm, one at the
toe’ of the main roadway prism, and one near the outer edge of
the berm. Those at the toe of the slope showed that settle-
ments of 0.6 to 0.7 foot and lateral movement of approximately

»0.5.ft.‘occhrred between 1950 and.1961. The monuments at’ the
outer edge of the berms recorded 0.3 ft. of settlement and
smali, erratic outward movements of 0.3 to 0.6 feet, It is
estimated that plastic flow may account for one to two feet

- of the settlement of the roadway prism that was measured.

" ' “Measurements made in 1961 on piezometers installed in the
soft'mud under the £i1l, showed pore pressures equal  to:about
75% Bf the loading of the fill. The large pore pressures,

_ and'%heir’slow rate of dissipation, indicate that consoli-
dation of the soft mud is far from complete. The theoretical
calculations of rate of consolidation indicate that about 100
years will be required for full consolidation. When working
withgimbervious soils it is normal to estimate the amount of
settlement that can be expected in a 20~ or 30-year periocd,
this:being the useful life of a road. For this project about
one-half of the estimated ultimate settlement can be expected

20 or 30 years after construction,
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CONCLUSIONS

Several important conclusions may be made from a study of
the settlement records of fills that have been constructed over
compressible foundatiéns:

1. The rate of consolidation of thick impervious soils

is very slow, reqﬁiring decades or centuries for
Vcompletionoli 7
'... ;'i_ - 2, Rational soil mechanics methods can furnish useful
indications of the pr@bable_rate and amount of settle-
ment. _

3. Methods used for reduction of settlements dfter con-
struction should not be considered "cure alls." They
should be applied only with the competent use of
present knowledge of soil mechanics principles.

4. The stability of the f£ills must be carefully studied
and construction methods used that will keep plastic
deformation of the foundation soil to & minimum. If
it is once set in motion, it may continue for many
years.

5, A broader recognition of the extremely wide variations
in soil behavior would be highly beneficial in reducing

- o the number of cases of bad project experience caused by

| delayed settlements. Soils engineers are well aware of
this facet of soil behavior. It is hoped that the
information presented in this paper will be a useful
demonstration of the broad range of soil conditions
that are regularly encountered in the foundations for

highways in the State of California.
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TABLE IT

Comparison of Soil Permeabilities
Santa Margarita Bypass

Field "k" Field "k"

Description Before. - After .

of Soil Construction Construction Lab "k"

Tested (ft/hr) (£t /hr) (£t /hr)
Sandj Loam 2 x 10-1 - 5 x 1070
Clayey Silt 2.5 x 10™* 2,9 x 107> 2,9 x 1073
Clayey Silt 2x10°t . 1.4 x 1073
-Clayéy;SilgyrgjgﬁjxﬁlO?éfx S 3 x 10~
Sand =~ ¢ et ,
Clayey Silt 4 x 107 2 x 107
with some
Sand -
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Figure 3
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