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SECTION I

INTRODUCTION AND SUMMARY

1-1. AUTHORIZATION,

This report is submitted in accordance with the terms and provisioné of
the Contract for Engineering Services, between Tudor Engineering Company and

Shannon and Wilson, Inc., dated 21 August 1962,

1-2. - INTRODUCTION.

Th_is-report-presents the results of a foundation investigation conducted
at the site of the main section of the earth and rock fill dam proposed to be
constructed across the Trinidad Arm of Gatun Lake, near Escobal on the Atlantic
side of thejlsthmus of Panama. The proposed dam 'will extend from Punta Mala
on the west shore of Gatun Lake to Guacha Island, thence to Tern Island and
from Tern Island to the mainland on the east shore of Gatun Lake. (Sée \a‘icinifyr
Map, Figure 1-1.) The main portion of the Dam at which the foundation investi-
gation was undertaken is that which extends from near Punta Mala to Guacha
Island.,

The purpose of the foundation investigation was to explore and evaluate
the shear strength and ¢onsolidation properties of the foundation materials in
order than an earth and rock fill dam section could be designed with an ade-
quate factor of safety against failurc. None of the foundation explorations
treated in this report deals with foundations for proposed concrcte structures

such as locks and spillways.
1-3. SUMMARY.,

The foundation material underlying the site of the proposed Dam consists

predominantly of normally consolidated organic clay interbedded with layers

1
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and scams of fibrous peat. The clay-and peat materials comprise the principal
constituents of the Atlantic Muck formation, This formation exists aver most
of the site and forms a thick mantle of sediment over more competent residual
s0il and bédrock materials. These sediments are relatively weak and highly
compressible and they will, consequently, control the stability and resultant
settlement of the proposed Dam., .. -

| Several engineering studies were undertaken to investigate the rate of
gain in shear strength due to consolidation of the foundation materials and the"
probable settlements at various sections of the Dam. Results of these studies
indicate that a moderate gain in foundation shear strength will occur near the
base of the fill during the construction operations, Since values of in-situ
shear strength are low, this strength gain becomes significant in designing the
the dam section. The settlement study revealed that substantial settlement.:
will continue for the desig-n life of the Dam and that periodic addltions to the
rolled-filled portion of the dam, therefore, will probably be required to main-
tain the design crest elevation. |

- We recommend . that various measuring devices and gages be installed to
permit measurement of pore water pressures as well as vertical and horizontal
displacements occurring from application of embankment loads. These devices
will permit confirmation of some of the assumption.s and evaluations included in
this report and will also serve to indicate areas of potential foundation insta-
bility. In addition, studies should be initiated during the first two years of
construction to determine the physical properties and characteristics of the
typical fill materials to be used in the Dam embankment. Knowledge of such
properties and characteristics as grading, saturated unit weight, particle
angularity and hardness are particularly important for fill material evaluation.

It is further recommended that, because of the exceptionally weak nature

of the foundation materials, provision be made for frequent inspection and review

of construction progress and problems by highly qualified consultants.



SECTION 11

SITE DESCRIPTION AND FIELD EXPLORATIONS

2-1. SITE DESCRIPTION.

The site under consideration fer the proposed dam crosses the Trinidad
Arm of Gatun Lake between the mainland near Punta Mals and Guacha Island
a distance of approximately 6000 feet. The area of investigation included a
strip 3000 feet wide bisected by the axis and extending the entire length of
the axis.

| The lake in this area'occupies a broad, very flat-floored valley having
walls which slope inward toward the center of the valley at grades ranging
from 30 to 40 percent. Water depths are-in.the order of from 70 to 80. feet over
about 80 percent of the site. The valley floor is at an average elevation of
about +10 feet Precise Level Datum.

" Prior to construction of Gatun Dam and the subsequent filling of Gatun
Lake, the area was heavily vegetated. Inasmuch as no attempt was made to
clear the lake bottom prior to filling, much of the préviously exposed vegeta-
tion remains. Many of the trees and stumps have been knocked down by recent
dragging operations, however many are still standing in the inaccessible areas.
It is estimated that the present cover averages one sizeable tree for each

80,000 square feet of area.

2-2. FIELD EXPLORATIONS,

Field explorations were conducted to determine the characteristics and
types of subsurface materials in the Mainland to Guacha reach of the proposcd
damsite. - A preliminary geophysical exploration had been performed in February
1362 by Geo-Recon, Inc., of Seattle, Washington, using seismic and electrical
resistivity technigues, Subsequent to these preliminary investigations, the

detatled field exploration program presented herein was conducted. It included
4



a series of 77 cone penetrometer borings, 24 classification borings, 11
undisturbed borings, and 6 field vane shear test borings. (See Figure 1-1 for
boring locations.)

Sampling and field explorations were performed from three barge-mounted
drill rigs provided and operated by the Core Drilling Unit of the Dredging
Division of the Panama_CanaI Compal}y. All field operations were supervised
by qualified inspectors provided by Shannon & Wilson, Inc.

Marker buoys placed by the Surveying Division of the Panama Canal
Company provided the initial locations for each boring. Final locations were
determined using sextant methods and are estimated to be accurate to within ten

L]

feet.

Water depths at all borings were measured using lead lines. Daily
hydrographic reports obtained from the Meteorlogical and Hydrographic Branch
of the Panama Canal Company were used to convert depths from lake level to
Precise Level Datum elevations. '

Details of field exploration procedures are given in Appendix B of this.

report.

<-3. GEOPHYSICAL EXPFLORATIONS.

The preliminary subsurface data were obtained using refraction seismic
and electrical resistivity surveys along the axis of the praposed damsite.
These surveys were performed by Geo-Recon, Inc., of Seattle, Washington,
and were completed on 19 February 1962. Four borings were made by the
Panama Canal Company to correlate the geophysical data with specific material
types. The results of these geophysical surveys, which aided in planning the
subsequent cxploration program, are contained in Appendix A of the June 1962
report titled "Study and Report on Increasing the Water Supply of the Panama

Canal"” by Tudor Engineering. Company,

2-4., CONE PENETROMETER TESTS.
A series of 77 cone penetrometer borings was made to determine relative
consistencies of the subsurface overburden materials. The cone penetrometer

consisted of a three-inch diameter, 65-degree steel cone welded on a two-foot
' 5



sgcrion of N-tod, The penetrometer was driven by a hammer weighing approxi-
mately 140 pounds using a 30-inch drop.

Two methods were used in performing the cone penetrometer tests:
{1} Continuous drive without casing and {2) a case-and-drive method, both
limited to a predetermined maximum number of blows per foot as a practical
control. The second method eliminated excessive skin friction on the drive
rods, but tended to give abnormali'y low blow counts at the start of each ten
foot drive, probably due to casing overwash. Terminal blow counts in both.
methods ranged from about 40 to 60 blows per foot §md 33 borings and from
about 100 to 120 blows per foot at the remaining borings.
2-5. CLASSIFICATION BORINGS.

Classific’ation borings were performed at 500 foot interval; along the
Axis and along cross sections at stations 25+00 and 40+00. The sampling
interval in these borings was approximately every five feet, with the boring
depth generally extending ten feet below the overburden materials. Undisturbed
sampling methods were employed using three-inch 0:D, Shelby tubing in an
Osterberg piston sampler and in a standard fixed-piston sampler. - In cases
where the materials were too firm to sample using undisturbed sampling methods,
both a split-spoon drive sampler {Standard Pene.tr_at'ion Test) and an M-serics
NX core barrel were used. - All undisturbed samples were classified, and waxed

in their Shelby tubes, immediately after detachment from the sampler.

2-6., UNDISTURBED BORINGS.

Eleven undisturbed borings were made to provide undisturbed samples for
testing in the Shannon & Wilson, Inc. laboratory in Seattle, Washington,
Representative boring locations were chosen over the dam site area; three on
the Axis, two along station 40+00, two along station 25+00, two along station
15+00, and two along station 50+00. One undisturbed boring was made in the
carly stages of the field exploration program at station 25+00onthe Axis. The
remzining boring locations were selected after review and evaluation of the
availabie cone penctromster and classification boring data. The borings were

made using the same sampling technigques used in the classification borings



cxcept sampling was done with both the 3-inch and 5-inch Osterberg pisteon
samplers. All undisturbed borings extended approximately 50 feet below the
mudline except at station 25+00 on the Axis where the boring extended to

bedrock.

2-7. FIELD VANE SHEAR TESTS.

Six field vane shear boring s:‘ were made to determine the in-place shear
strength of the soft overburden materials. The forces required to rotate the vane
apparatus for both the undlsturbed and remolded scul conditions were measured
through the use of steel vanes inserted into the seil. Bearings placed approxlv
mately every twenty feet were used to minimize friction created by the vane
rods which extended from lake level down through the casing to the bottom of
the boring. In each case the force required to overcome friction in the bearing
system was measured and subtracted from the total force required to turn the
vanes in soil, |

An attempt was made to use a strain-controlled apparatus (0,1 degree
rotation per seo'nd) but was unsuccessful due to gear assembly break down
caused by wave action induced by canal traffic.

Some difficulty was also encountered when apparent metal fatigue caused
some vanes to shear-off in the hole after several tests. These problems

minimized the number of field vane shear tests performed.



SECTION III

GEQOLOGY

3-1. SUBSURFACE GEQLQGY,

The geology within the damsite area is relatively simple insofar as its
bearing on the proposed dam is concerned, and in general relects the result of
marine and fluvizl erosion and deposition. Basically, soft, horizontally _
stratified sedimentary overburden materials,. g_ehérally designated Atlantib
Muck, overlie an old erosional surface formed on what originally was hard,

cemented sedimentary bedrock materials.

3-2. ATLANTIC MUCK FORMATION.

Since the Atlantic Muck. formation was deposited over an old irregular
erosional surface, the thicknesses of the muck materials are extremely variable
but generally are thickest in the old meandering stream channel and thinnest on
the old valley walls. The maximum t_hickneés of Atlantic Muck formation noted
in the investigation was about 160 feet measured from the lake bottom . Bedrdck
outcrops above about elevation +15 feet (P.L.D.).

Generalizing, the Atlantic Muck formation consists of very soft to medium
soft organic cla_y, usually with some silt, which is horizontally stratified with
lenses and layers of peat, silt, and sand. Detaijled lateral continuity within
the Atlantic Muck formation is limited; however, if materials are grouped by
gencral types and relative consistencies, they can easily be correlated from
boring to boring. (See Figures 3-1, 3-2, and 3-3.)

The environmental conditions which existed during deposition of the
Atlantic Muck formation were estuarine in nature and as a result, both marine
and non-marine sediments werc deposited. Deposition took place slowly
allowing clay, peat, sand, and silt layers to develop over the existing residual
clzy beds, resulting in a predominantly clay formation containing interbedded

zones and layers of peat, sand, and silt. The clays designated soft to medium
8
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weathered

Very soft clayey fibrous

L1 PEAT and organic CLAY

Very soft organic CLAY with organic pockets an
occagional sand lenses and siltstone nodules

Internedded soft to firm fibrous PEAT and soft
peaty CLAY with occasional sand lenses

Soft organic silty CLAY finely stratified with sand

oeat partings and lenses, siltstone nodules, arcasicnal shells

game as above except medium

St 5] Medium organic silty CLAY interbedcded with loose
sy fine to medium SAND and firm fibrous PEAT

1 Medium organic silty clayey fine to
=i mediur SAND with some gravel

Weathered bedrock {siltstone, conglomerate.
claysione, and basalt)
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. PEAT and organic CLAY

Very soft organic CLAY with org anic pockets an
occasional sand lenses and siltstone nodules

Intarbedded soft to firm fibrous PEAT and soft
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are generally finely laminated with fine sand, silt, and ordanic partings. The
photographs shown on Figures 3-4 and 3-5, which were taken of representative
samples of the Atlantic Muck formation, illustrate material composition and
development of stratification with depth.

The relative softness of the Atlantic Muck sedimentS 1S apparently &
function of the thickness of the overlying materials with the consistencies
ranging from very soft near the mudline to stiff at greater depths.

In the eastern portion of the site a medium to stiff laver of organic clay
overlies the typically soft materials of the Atlantic Muck formation. This firmer
laver is believed to be the rﬂesult of desiccation. _

Bince' creation of Gatun Lake, there has been little chidnge in the char-
acter of the Atlantic Muck materials. The cover of water has been respensible
both for preventing further weathering of the sediments and for deposition of a

thin layer of algal material over the entire lake bottom.

3-3. BEDROCK.

In general the bedrock consists of siltstone, sandstonie, conglomerate,
claystone, and a trace of basalt. Most of these have been thoroughly
weathered prior to deposition of the Atlantic Muck formation 1o form highly
colored {mostly red), lateritic, very stiff clay with only the relict textures
remaining to indicate the rock's original form. Strengths of these materials zre
much greater than those of the Atlantic Muck sediments.

According to the results of the geophysical survey the bedrock between
Guacha Island and the Mainland near Punta Mala has not been subjected to

major structural deformation.

3-4. SOIL TYPES AND DISTRIBUTION.

The columnar section, Figure 3-6, summarizes the soil types and their

distribution within the site area.

12



5-3
79.0'-81.5"
Decaved
PEAT

Figure 3-4.

5-5
B85.0'-87.5"
Peaty organic

CLAY

8-7
91.0'-93.5
Organic CLAY

with peat
inclusions

and S-9, Drill Hole DN-25-CU

S-4
97.0'-99.5"
Organic CLAY
interbedded
with peat

Photograph of samples 5-3, 3-5, 5-7,




3-11 S5-13 8-15 §-17
103.0'-105.5" 109.0'-111.5" 118.0'-120.5" 124.0'-126.5"
Organic CLAY Organic CLAY Organic CLAY Organic CLAY
interbedded with peat with silt with siltstonc

with PEAT laminations pockets nodules

Figure 3-5. Photoyraph of samples S5~11,

8'13; 8_15!

and 8-17, Drill Hole DN-25-CU
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DEPTH FROM COLUMNAR MAXIMUM .
LAKE BOTTOM | FORMATION SECTION THICKNESS SO/ TYPE AND DISTR/IBUT/ION
W FEET IV FEET
Ty TT 111 ISEREEEEEEEE
ATLANTIC I_lmuﬂlmlh.E_* { “Luml: ﬂ..._nﬁ_-ﬂ_ “ 10 Nearly liguid to very soft, sometimes clayey,decayed, fibrous _
IR foleb it PEAT. COverlies almost entire site in varying thicknesses.
/0 MUCK il d i
/5 Very soft grganic CLAY with numerous organic pockets and m
20 occasional peat layers, Extends cover almost entire site. In _
eastern portion of site becomes soft to stiff clay. _
30 Interbedded firm fibrous PEAT and soft organic silty CLAY. Peat
is commonly clayey and clay is commonly peaty. These beds
40 2 _m extend over almost the entire site. A laver of sand with peat and
clay 20 feet thick was encountered at boring DH A-35-AXC in the
same stratigraphic position as the peat and clay beds.
50 : “
Soft organic silty CLAY with frequent layers, lenses, and parting4
of peat, silt and sand. Occasional layers of hard, flat siltstene
60 25 nodules occur throughout., Zone is relatively continuous over the
entire site, grading into medium material with the same composi-
70 tion near the edges of the proposed damsite abutments,
8¢
90
Medium organic silty CLAY with same composition as overlying
o0 50 material. Occurs over entire site area, thinning-out at the site
edges. Occasional shell beds occur in both this material and the NOTE:
110 overlying material. The intent of this graphical
presentation is to summarize
the material types and their
/20 stratigraphic relationships
within the site area.
/30
Medium silty clavey fine to medium SAND which is interbedded
/40 with organic silty clay and peat in the top 25 feet. Becomes
- o &0 nccasionally gravelly in the lower 15 feet, This material occupies : D 2
\WQ, the old stream channel and is the oldest portion of the Atlantic PROPOSED DAM - TRINIDA
Muck. : GATUN LAKE ,PANAMA CANAL Z0ONE
160 COLUMNAR SECT/ION
(S0IL TYPES AND DISTRIBUTION)
W-62-i47
170 Unknown 1 Weathered Badrock. Outcrops above elevaticn +15 feet (PLD). FEBRUARY, 1963
& WILSOMN
SOOI Zmﬁ””—hum_z_m_/hocznu)ﬁoz .mzn.._memm shl\mwr-;w..mv
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mateti: | would give adeguate protection and provide the necessary
drai'ﬁal[ + ag the muck consolidates under the fill load as it is placed.
" @ mat serves a two fold purpose in that (1) it .a]_lnws drajin-
age a5 e foundation ia loaded and (2) it will prevent the rupiure uf
the fou- jation caused by the dumping of large bouldera in the Zone
2 & 3 £ |. The test fill constructed earlier demonstrated tijat-large
boulder would penetrate ,-_the foundation and cause loss of foundation
gtrenptl .f
2. E netration. Studies and commputations made during the course
of invet: igations indicate that a rock B inches in diameter dropped
through ‘0 feet of water will penetrate tlha foundation maferial to
a depth { approximately 6 inches. A IDCk.‘E’c inches in diameter will
penetral : the foundation material approximately 2 inches. _‘ La.:l.;ger
rocks i1 the order of 4 feet in diameter would penetrate the foun-
datiom £ a depth of 9 t-n 10 feet. This depth of peﬁ.etration i5 borne
out by i: ipection of the teat fill constructed by the Panama Canal
Compar . The underwater inspection was made by a soils eﬁgineer
and geo! :gist of the Panama Caﬁal_ Cémpam_,r.
F:. ure No. 2 shows curves-pr;apnred by plotting penetratid‘n :
and vels: ity versus :si;z.lc of rna.tcri:al for a fall through 70 {feet cf

water. 'he penetration was determined by computing the kinetic

enercy « a mass with submerged unit weight of 90 pcf falling

through nse water, and determaining the displacement of the foun-

dation n° :terial required to dlasipate the cnergy. nsing a shear
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3-5. ATLANTIC MUCK FORMATION.,

The thickness and extent of the Atlantic Muck formation was originally
controlled by the erosional surface upon which it was deposited., The Atlantic
Muck formation was not detected in this foundation investigation above approxi-
mztely elevation +15 feet {P.L.D.}.

Within the site arca, the thickest section of Atlantic Muck was encoun-
tered at station. 25400 on the Axis and at station 25+00 on grid line "C", 1000
feet upstream. Borings atthese locationsintersected the old meandering stream
channel which generally trends in a northerly direction, more or less perpendi-
cular to the axis of the proposed damsite. The maximum thickness of Atlantic
Muck along this channel is"l 60 feet. Since the original valley was "V—shaped, t
thicknesses of the Muck decrcase in both directions from station 25+00 along
the Axis,

All materials of the Atiantic Muck formation are mantled by a layer of
pzat varying in thickness from one to ten feet.. The peat is nearly liquid to very
soft, decayed to semi-decayed, and somewhat fibrous. Often the peat is
clayey and interbedded with lenscs of very soft organic clay.

Underlying the top layer of peatisa layer of very soft, light to dark gray,
orga':_ic-' clay with numerous pockets of decayed organic material and with
occasional pockets of clayey sand, yellow clayey gilt, and siltstone nodules.
This clay is fairly continuous over the damsite except in the sastern portion of
the site where it becomes soft to stiff. It is believed that the zones of stiffer |
clay are the result of desiccation of the existing clay beds., This stiffer clay
was penetrated in borings A-45-AXC, A-35-AXC, UP-40-DC, DN-40-BC, DN-
40-CC, and DN-40-DC.

Underlying these clays is a nearly continuous stratum of interbedded
peat and clay. The psat is usually firm, fibrous, and generally somewhat
clavey. [t parts readily along herizontal planes. The constituents of the peat
are easily identified as leaves, twigs, stems, vines, and other organic debris
and are quite fresh in appearance. The clay layers are very soft to soft, organic,
«nd silty, with pockets, layers, and lenses of peat, and occasiconally with
serd partings and lenses, and siltstone nodules. A layer of silty clayey sand
coptzining peat and clay was encountered at boring A-35-AXC, in the same

16



stratigraphic position as the peat and clay bedls,representing a local change in
mcde of deposition.

The material underlying the clay and peat is soft to medium organic siity
clay which is stratified with sand layers and partings, occasional peat layers
and lenses, silt layers and siltstone nodules. This material can be separated
into two distinct 1ayers'; one soft and one medium. The soft layer grades into
medium toward the-abutments-of'the pr’oposed_dam.

- Underlying the soft td medium clays is a layer of medium sand with
interbedded medium organic silty clay and firm fibrous peat materials. The
sand is silty and clayey and overlies the sands and gravels of the old river
channel, ‘ _

The chan;nel sands are dense, silty, and clayey and occasionally contain

gravel. This sand is the oldest member of the Atlantic Muck formation.

3-6. BEDROCK.

Within the proposed damsite area, bedrock consists of sandstone, silt-
stone, conglomerate, claystone, and basalt. All, with the exception of those
encountered in the old stream channel, have been affected by severe weathering.
These materials have been decomposed'by chemical weathering processes to
such an extent that almost all the constituent minerals have been altered to
clay. This has resulted in the formation of a stiff to very stiff layer of highly
colored (primarily red) slightly sandy clay overlying the bedrock surface. The
thickness of this clay‘-is undetermined.  All materials classified as residual
clay or bedrock are suiaerior in strength, in comparison with all other materials
- encountered in the foundation, and accordingly they are presumed not to be a
factor in estimating stability of the earth and rock fill dam proposed for the

gite. They are not considered further in this report.

17



SECTION IV

LABORATORY TESTING

4-1. GENERAL,

The purpose of the laboratory testing program was to determine those _
physical characteristics-of the foundation materials necessary for the design: of
the proposed dam. To supplement testing in the Shannon & Wilson, Inc.
Seattle laboratory, and to mimmize the cost. of shipping soil samples, a field

laboratory was ‘'set up near Gatun Landing in Gatun.

4-2. FIELD LABORATORY,

The field laboratory was operated by Shannon & Wilson laboratory tech-
nicians assisted by Panama Canal Company personnel. This laboratory was
responsible fdr- performing classification-tests-and unconfined corhpression
tests on all samples from the classification borings. The procedures, practices,
and equipment employed by the field laboratory in conducting the classification

-and unconfined compression tests-are described in Appendix A.

4-3, SEATTLE LABORATCRY.

The Seattle laboratory of Shannon & Wilson, Inc. was utilized to perform
tests which required equipment not reasonably transportable to the field. The
testing program included triaxial shear tests, laboratory vane shear tests,
consolidation tests and special triaxial tests in-addition to classification tests.
Only those samples obtained from the undisturbed borings were shipped to
Seattle for testing.

The program for field explorations included a provision for one boring to
be made in the early stages of the foundation investigation to provide undisturbed.

samples for testing in the Seattle laboratory. The initial boring was located at
18
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station 25+00 on the Axis after review of cone penetrometer test data revealed
that this location contained comparatively weak foundation materials.

The undisturbed samples from drill hole A-25-AXU arrived in Seattle in
October 1962 and a thorough laboratory testing program was initiated to investi-
gate (1) the index properties of the clay and peat materials, (2} the "in-situ”
shear strength of the foundation materials, and (3) the consolidation charac-
teristics of the clay and peat materials with particular emphasis on time |
functions relatiﬁg to the rate of consolidation.

Subsequent to the completion of the laboratory program for drill hole A- ”
25-AXU, available field and laboratory data were reviewed to determine whether
the properties of the foundation materials and subsurface conditions at this
location were, in general, representative of other locations within the investi-
gational area. This review along with the re sults of supplementary test data
indicated that the properties of the clay and peat materials determined from the
labor atory tests on samples from drill hole A-25-AXT were typical.

Turther laboratory testing in Seattle on-undisturbed samples from other
locations was, therefore, selective and limited principally to tests not
previously undertaken in the initial testing program. Tests were undertaken to
(1) define the shear strength parameters, cohesion, ¢, and angle of shearing
resistance, &, for clay and peat materials from consolidated-undrained (E)
triaxial tests, (2) examine the influence of the rate of axial strain in strength
tests on values of shear strength, and (3} confirm in triaxial dissipation tests
values of the coefficient of consolidation, Cv, obtained from consolidation test
data. In addition to routine Atterberg Limit tests, special Atterberg Limit tests
were undertaken to examine, in gualitative terms, the organic content of the
foundation clays.

Specific test procedures and practices, employed in the Seattle laboratory
in conducting the various tests are outlined in Appendix A along with various
figures and tables presenting detailed test results, _

The following section presents-a summary of the properties of the clay and
peat materials disclosed by the Seattle and field laboratory testing programs,
These clay and peat materials comprise the Atlantic Muck formation. Since they
constitute the "weakest" materials enco'untered in the foundation investigation,

15



the properties of the material in this formation will control the stability and

settlement of the proposed earth and rock {ill dam.

20



SECTION V

PROPERTIES OF FOUNDATION M ATERIALS

5-1. INDEX PROPERTIES.

The classification tests performed in the laboratory were used to determine

certain index properties of the foundation materials. Such index properties as

natural water content, Atterberg Limits, unit weight, grain-size distribution and

specific gravity were obtained utilizing standard laboratory tests. These index

properties assisted in soil classification and, in addition were useful in forming

general impressions of other material properties, such @8 shear strength, per=

meability and compressibility.

5-2. NATURAL WATER CONTENT,
The natural water content {w) of the foundation materials generally

decreases with depth, reflecting a greater degree of consolidation with depth

under increasing effective overburden pressures. Erratic variations in moisture

content, oecurring within short depth intervals below the mudline to about depth
50 feet, result pI'inCipa]ly from abrupt changes.in orgal‘lic content; an increase

in organic content resulting in 2n increase in moistur® content. The natural

water contents of the peats range principaily from 100 to 300 percent while the

natural water contents of the organic clays vary primarily within the range of

7Q to 80 percent.

5-3. ATTERBERG LIMITS.

Atterberg Limits were performed on clay and clayey peat materials. Ihe
limits are essentially uniform with depth except for wide fluctuations in values
of liquid limit {LL} below the mudline to about depth 50 feet. These fluctuations

were caused by variations in the amount of organic material in the limit gamples,

The values of liquid Limit in this zone vary between 80 and 250 percent while

below depth 50 feet lhe variation between tiquid limit values ranges primarily
71



hetween 100 and 120 percent., The plastic limit (PL) of the foundation materials
is uniform with depth, varying between 40 and 60 percent. The mean value of
the plasticity index (PI) is in the order of 70 percent. The results of all Atter-
berg Limit tests are shown on the Plasticity Chart, Figure 5-1. The results
plot both. above and below the A-line within a section identifying highly
compressible and relatively impermeable materials.

Pilotted points from tests in any one boring did not show any significant
arrangement or trend; tests on adjacent tubes would at times be widely sepa-~
rated and on opposite sides of the A-line.

Tests on clay which plot below the A-line indicate, as a general rule, -
the presence of organic material. Special Atterberg Limit tests were performed
which indicate that most orgapic material in the c¢lay is in the form df pockets,
fragments, and lenses and is not intimately mixed with the individual clay
particles, This suggests that the strength and compressibility of the clay will

not be significantly influenced by its organic constituents.

5-4. WATER-PLASTICITY RATIO,.
The relationship between the natural water content {(w) and Atterberg
Limit values can be expressed by the water-plasticity ratio which 1s defined as

_ W-PL
~ LL-PL

liquid limit (L1), the value of B increases from 0 to 1.0. Deposits which have

As the water content increases from the plastic limit {PL) to the

water contents close to the liquid limit are usually much softer than those with
moisture contents close to the plastic limit, The plot of water-plasticity ratio
versus depth for drill hole A-25~-AXU (see Figure 5-2) shows tha.t close to the
mudline, the material is in a nearly "fluld" or very soft state, and that the_
consistency of the material increases with depth. A consistent decrease in
this ratio with depth from values close to 1 near the mudline is evident at most
borihg locations; the only exceptions being at borings where a desiccated clay

layer exists near the mudline.

5-5. UNIT WEIGHT.
In general, the unit weight of the foundation material increases with

depth., This trend is particularly noticeable in the deeper borings along
22



SECTION V

PROPERTIES OF FOUNDATION MATERIALS

5-1. INDEX PROPERTIES.

The classification tests performed in the laboratory were used to determine

cert2in index properties of the foundation materials. Such index properties as

natural water content, Atterberg Limits, unit weight, grain-size distribution and

specific gravity were obtained utilizing standard laporatory tests. These index

properties assisted in soil classification and, in addition were useful in forming

general impressions of other material properties, such @s shear strength, per-

meability and compressibility.

5-2. NATURAL WATER CONTENT.

The natural water content {w) of the foundation materials generally

decreases with depth, reflecting a greater degree of consolidation with depth

undcer increasing effective overburden pressures. Frratic variations in moisture

content, occurring within short depth intervals pelow the mudline to about depth

50 feet, result principally from abrupt changes in organic content; an .increasc

in organic content resulting in an increase in moisture conteat. The natural

water contents of the peats range principally from 100 to 300 percent while the

natural water contents of the organic clays vary primarily within the range of

70 to 90 percent.

5-3. ATTERBERG LIMITS,

Atterberg Limiis were performed on clay and clayey peat materials. Ihe

limits are essentially uniform with depth except for wide fluctuations in values

of liquid limit {LL) below the mudline to about depth 50 feet. These fluctuations

were caused by varialions in the amount of organic material in the limit samples.

The values of liquid limit in this zone Vary between 80 and 250 percent while

petween liguid limit values ranges primarily

helow depth 50 feet the variation
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station 25+00. Unit weights of peat samples varied from about 60 to 75 pounds
per cubic foot. Unit weights of clay samples were in the order of 80 to 95
pounds per cubic foot,

It is probable that the unit weights determined from laboratory measure-
ments are lower than in-situ unit weights, due to expansion of the material as
in-situ stresses were removed dur;"ng the sampling operation, It is estimaled
that the values.of unit weight presented in this report are from four .tC.J cight

pounds per cubic foot lower than in-place values of unit weight.

5-6. HYDROMETER ANALYRSIS,

The amount of clay size material (minus 2 microns) in typical specimens
of clay was determined from the hydrometer analysis to be in the order of 40
percent. The "activity"] of the clay is equal to 1.5. This relatively hit;‘;h value

of activity reflects the presence of organic matter in the clay specimens.

5-7. SPECIFIC GRAVITY.

Three specific gravity tests were conducted; two tests on organic clay
and one test on peat. The specific gravity values of the organic clay specimens
were determined to be 2.56 and 2.,64. The sp;—:cific gravity of the peat sample

was determined to be 1.57.

5-8. CONSOLIDATION AND STRENGTI PROPERTIES,

Other laboratory tests in addition.to classification tests, were performed
to deter.mine apecific strength and consolidation parameters of clay and peat
materials for use in the enginsering studies. The triaxial compression test was
utilized to obtain the shecar strength parameters, cohesion, ¢, and angle of
shearing resistance, @. Other strength tests, such as.vane shear and com-
pression tests were performed both in the field and laboratory to evaluate

foundation in-situ shear strength and foundation material "sensitivity". Triaxial

Plasticity Index
% minus 2

activity =
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dissipation tests and consolidation tests were used to determine values of

coefficient of consclidation, Gv'

5-9., COEFFICIENT OF CONSOLIDATION, Cv

The coefficient of consolidation, C , was determined in both consoli-
dation and triaxial dissipation tests for typlcal clay and peat materials.. - All
but one of the consolidation tests were performed on samples from various depth
in drill hole A-25-AXU. Triaxial dissipation tests and one consolidation test
were conducted on material from sample 8-1, drill hole UP-15-CU. The values
of Gv from these two widely separated locations are.in the same order of mag -
nitude {see Figure 5-3}, indicating that for engineering studies, values of Gv
from samples in drill hole A-25-AXU may be considered representative of foun-
dation materials across the dam site.

The values of C for peat and clay are in the order of 0.01 to 0.04
cmz/min. , indicating low material permeability and, consequently, very slow

rates of material consclidation.,

5-10. SHEAR STRENGTH PARAMETERS, c AND ¢.

Shear strength parameters in terms of total and effective stresses,
coheston, ¢ and ¢’, and angle of shearing resistance, @and &, ‘were deter-
mined in consolidated-undrained (R} triaxial tests for both clay and fibrous
peat materials, These parameters are shown on the Mohr's stre_ngth envelope
plots constructed for the organic clay and fibrous peat materials. (See Figures
5-4 and 5-5.) The rate of axial strain adopted in these triaxial R tests was

determined from special triaxial tests described in paragraph A-14 of Appendix .

5-11. SENSITIVITY.

The sensitivityl of the foundation materials was determined from labora-
tory vane shear tests conducted on samples from drill hole A-25-AXU. A plot
of material "sensitivity" versus depth for this location is presented on Figure

5-2. These values are in agregment with values of sensitivity revealed by the

Undisturbed shear strength
Remaolded shear strength

sensitivity =
26
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field vane shear tests. The sensitivity of the foundation materials ranges from
7 to 9 with a median value of about 5. A value of 5 indicates that severe
remolding of the foundation materials, as might be produced by "uncontrolled"
barge dumping operations, could result in approximately an 80 percent reducticon

of foundation shear strength.

5-12. IN-SITU SHEAR STRENGTH.

The "in-situ" shear strength of foundation materials was obtained from .
evaluation of data from both field and labcratory testing programs. Values of
shear strength determined from field vane shear tests and compression tests are

plotted on Eigure 5-6. The plotted points are widely scattered, but show a
general trend of increasing shear strength with depth. The scatter of points is
‘Fresultof differences in-material properties-and test-conditions. The factors-
influencing the test data and the reasoning employed in construction of the
representative shear strength versus depth line shown on the figure'-are discussed
in the following paragraphs.

Sample disturbance normally produces laboratory shear strengths which
are lower than "actual" values. Test specimens are always somewhat disturbed
regardless of refinements in sampling procedures and equipment and care in
specimen preparation.- Disturbance results partly from expansion of the soil
structure as in-situ confining pressures are removed during the sampling |
operation. The soft, normally consolidated clays and peats were particularly
susceptible to expansion during sampling since sample pore water pressures
were reduced from an equivalent head of- water greater than eighty feet to below
atmospheric. Additional sample disturbance occurs in the laboratory as the
sample is extruded from the Shelby tube and handled during specimen prepara-
tion. Unconfined shear strength data reflect the influence of sample disturbance
more than do the data from other laboratory strength tests. Thig influence is
revealed by comparison of unconfined shear strength and field vane shear
strength data at similar locations (see Figure 5-7). The data indicate that
values of shear strength from field vane shear tests are generally 1.5 to 2 times
the values of shear strength obtained from unconfined gompression tests.

lLaboratory tests which minimize sample disturbance resulting from handling or
' 30
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which attempt to restore in-situ stress conditions to.the sample prior to
application of the deviator stress, produce the most reliable values of “in-situ"
shear strength.

The field vane shear test is most valuable for determining "in-situ" shear
strength of soft, normally consolidated soils which are likely to be disturbed
by sampling opcrations. Drill barge movements and the existence of pieces of
wood and zones of peat in the fouﬁdation materials, however, affected the vane
shear test data at the Trinidad site. The vane assembly at shallow depths was
more scnsitive to barge movements than at deeper depths. The foundation
materials near the mudline, therefore, were more likely disturbed and such
disturbance probably resulted in low values.of vane shear strength. The
influence of disturbance on field vane test data at shallow depths is indicated
by the ratio of field vane shear strength and unconfined shear strength resulting
in values of 1 close to the mudline (see Figure 5~7). The foundation materials
to about depth 50 feet belo.w the mudline generally contain chunks of wood and
zones or seams of fibrous peat. These materials affected rotation of the vane
and resulted in high values of shear strength. Below depth 50 feet, the amount
of organic material decreased and the; results of the vane test are not believed
to have been significantly affected by pieces of foreign matter.l

Based upon consideration of the factors affecting shear strength data, it
was concluded that the undrained (Q) triaxial tests and the field vane shear
tests, particularly below depth 50 feet (r;efex;ence mudline) providéd_the most
reliable vahies of "in-situ" shear strengt-h. |

Since the undrained (Q) triaxial tests and most of the field vane shear
‘tests were conducted at station 25+00, it was necessary to determine whether
these data were representative of the weaker foundation materials. Index
Properties as well as values of unconfined shear strength of various samples
taken at station 25+00 w.ere compared with the index properties and unconfined
shear strength data at other locations. This comparison revealed that values of
unconfined shear strength at station 25+00 locations were among the lowest
values of strength found (see Figure 5-6). In addition, a serics of laboratory
vane shear tests was conducted on samples from drill hole UP-40-CU to

investigate the low values of unconfined shear strength previously obtained
33



on samples from drill hole UP-40-CC, particularly at shallow depths. These
values of vane shear strength, allowing for factors which affect the test data,
were considered comparable to values of shear strength obtained at similar
‘depths from Q tests in drill hole A-25-2XT,

In summary, analysis of all strength data indicates that values of shear
strength detcrmined_along station 25+0.,0 were representative of the- "weaker"
foundation materials throughout the site.

Based'upon the foregoing evaluation of strength data, a "representative"
shear strength versus depth line was constructed -as shown in Figures 5-2 and
5-6. The slope of this line as defined by the Cu/pl ratio is equal to 0.46.
From other investigations in similar foundation materials, the Cu/p ratio has
been evaluated to be in the order of 0. 392 or about 15 percent lower (see
Figure 5-2). The "representative" shear strength with depth line constructed -
for this site is, therefore, in general agreement with the findings of other

investigations.

Cu/p where Cu = undrained shear strength and

vertical effective overburden pressure.

P

Bishop, A, W. and Henkel, D. J., "The Measurement of Soil Properties
in the Triaxial Test," Edward Arnold Lid., Londen, 1957, .p. 98.
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SECTION VI

SETTLEMENT ANALYSES

6-1. GENERAL,

The series of consolidation tests performed in the Seattle laboratory
indicates that the clay and peat commonly encountered at the site are highly
compressible, extremely impervious and, in general, normally consolidated.
Due to the impefvious nature and the great thickness of the compressible
strata, the process of consolidation under the weight of the proposed embank-
ment will be extremely slow. In localized arcas, the soft compressible
stratum was found to be mantled by several feet of stiff desiceated clay which
is considered less pervious and compressible than Fhe underlying soft material.
The presence of this stiff cap will retard the process of consolidation and
decrease total settlement in these areas.

Differential settlement will develop due to variations in foundation soil
and drainage conditions as well as differences m loading conditions. The
scettlement near the toe of the dam, for eicample, will be appreciably less than
that beneath the crest of the dam.

The se;tt]ement analvses presented in this section are based on the
results of field explorations and laboratory testing, as well as theoretical
considerations and assumptions. It should be emphasized that the results
thus obtained are estimates of the foundation settlements to be -anticipatéd and,
as a result, substantial deviations will probably develop between the predicted
and actual settlements. As ficld settlement data became available, the "tifne
versus settlement"” relationships cbtained from the theoretical analyses should

be revised so that future settlements can be more accurately predicted.
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6-2. MAJOR FACTORS INFLUENCING SETTLEMENT ANALYSES,

The following paragraphs discuss the major factors considered in esti-

mating foundation settlements.

6-3. FOUNDATION CONDITIONS. .

Thicknesses of compressible str-ata were intel_"preted from the results of
field explorations. Based on the boring logs at drill holes A-25-AX. and A-40-3AX,
thicknesses of 120 and 65 feet respectively, were chosen for the analyses..
These are cénsidered to be typical of the thickness of compressible strata
existing in the area between station 15+00 and 40+00, except in those areas

where stiff, desiccated clay was encountered which capped the soft, compres-

gible stratum.

6-4. LOADING.
The saturated unit weight of the underwater portion of the fill was assumed
to be 120 pounds per cubic foot. The weight effective in producing settlements
(submerged unit weight) is, therefore, $7.5 pounds per cubic foot, For 'thé
fill above lake level, a wet unit weight of 120 pounds per cubic foot was used.
The fill placement schedule was assumed to be. linear with time as
follows. The fill will be dumped to elevation +75 during the first three years.
During the fourth year the fill will remain unichanged at elevation +75. In the
fifth year the fill will be placed to the crest of the dam and foundation loading
will be completed. The loading in the analyses does not include the additional
fill placed to compensate for settlement which takes place during construction,

The effect of this additional fill on the settlement, however, will be nominal.

6~5, STRESSES.

In the central portion of the Dam, the vertical stresses in the foundation
material calculated using the elastic theory were found to be practically
constant with depth to bedrock, the stresses at depth being equal to the

pressure applied at the mudline, The stresses at the toe area, however, will

36



be greater than the applied pressure and will increase with depth. Due to the
flexible nature of the fill structurc, some irregular stress concentrations are

likely to develop, but only uniform stress distributions were assumed in the

analyses.

6-6. LABORATORY DATA.

A typical Stress versus Percent Settlement relationship was chosen from

the results of the consolidation tests and was employed on the basis that thé
compressible foundation materials are normally consolidated. The values of
coefficient of consolidation, Cv’ were used in establishing the relationships

between time and increase in intergranular pressure at various depths,

6-7. THEORETICAL ASPECTS,

The settlement analyses are based j'on’ theory of consolidation and, .there-
fore, deal only With the ultimate settlement which occurs with dissipation cﬁ_f
excess porewater pressure. |

The average degree of consolidation of the foundation material at any
given time in the construction schedule was determined from curves developed
by R. L. Schiffmahl. These curves extend the theéry of consolidation to
include variations in rate df loading which occur during construction and
variations in the_coefficienf of perme'ability which occur during the process of
consolidation. |

The effect on scttlement of secbndar.y consolidation and lateral creep of
the soft compressible stratum is consid:ered to be relatively minor in the time

span considered-and hence is not included in the -analyses.

6-8. PRACTICAL ASPECTS.
It is expected that dumping the first several feet of fill will cause some
disturbance of the foundation material at the mudline and that some of the fill

material will penetrate into the soft foundation., There is, however, no reliable

Schiffmarn, R. L., "Cofisoltdation of Soil Under Time=-Dependent Loading
and Varving Permeability," Proceedings HRE Vol. 37, 1858,
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way of evaluating the extent and effect of such disturbance on the consolidation
characteristics of the materials. The analyses presented herein assume that
there will be no disturbance when the initial load is applied. We strongly

recommend that construction materials and procedures designed to minimize

disturbance be specified.

'6-9. SETTLEMENT DURING CONSTRUGTION.

The "Time versus Settlement" relationships calculated on the foregoing
bases are illustrated in Figure 6-1 together with the assumed time-loading
schedule. Settlements were analysed for two different soil profiles: One with
the compressible stratum 120 feet thick and the other with the compressible
stratum 65 feet thick. In addition, two different loading conditions were -
considered: One below the crest of the dam and the other under a berm at
elevation +30. The time versus settlement relationships beneath the dam crest
are indicated by solid lines and those beneath the elevation +30 berm by dotted
lines., The difference in the settlements at.the berm for the two assumed
thicknesses of compressible strata is minor and, therefore, is not differentiated
in Figure 6-1.

The analyses indicate that the central portion of the dam will settle as
much as 8 feet before the fill structure is completed. The settlements of the
dam outside station 15+00 and station 40+00 will gradually decrease to almost
zero as the compressible stratum becomes thinner toward the abutments. In
view of the probably flexible nature of the fill structure and the gradual change
in the magnitude of the settlements, the dam embankment, in our opinion, will
not be adversely affected by differential settlements occurring during construc-

tion.

6-10. SETTLEMENT AFTER CONSTRUCTION.

Large post-construction settlements will continue at a decreasing rate
over a long perilod of time. This trend is illustrated in Figure 6-1. As time

proceeds, variations in the existing foundation and loading conditions will

result in substantial differcntial settlemcnts.
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The settlement analyses indicate that between the Axis of the dam and the

berm at elevation +30, a horizontal distance of approximately 350 feet, differ-

ential foundation settlements will be in.the following order of magnitude:

at the end of construction 1 to 3 feet
5 years after consiructicon 3 to 5 feet
20 years after construction 5 to 7 feet
.50 '_years after construction 7. to 10 feet

In the longitudinal section, the anticipated differential settlements will
be greater where the compressible stratum thins toward the Guacha Island
abutment than those anticipated near the Mainland abutment. The total founda-
tion settlement ;':lt station 40+00 is represented approximately by the curve in
Figure 6-1 for the compressible stratum 65 feet thick, whereas the settlement
at station 48+00 will be practically zero. The difference in settlement over this
distance of approximately 800 feet may reach somewhere in the order_of 8 feet
by the end of construction and as much as 15 feet in 50 years after the dam is
constructed. In the areas near station 40+00 and station 35+00, where stiff
desiccated clays mantle the thick compressible materials, greater differential
settlements may develop. It is believed, however, that:the mode and magnitude
of these differential settlements will not impair the performance of the Dam.

Settlements will require placement of additional rolled fill material at
periodic intervals to maintain the design crest eclevation of the dam. The
amount of fill material required and the time intervals for placement can be
-estimated from Figure 6-1. Additional settlement caused by placement of this
fill material at periodic intervals will be negligible.

It will be recognized that, to provide for placing additional fill at the
crest to compensate for settlement, provision will have to be made in the design
for an initial crest width which is wider than the nominal design width, To
provide additional width economically, it would be permissible to stecpen the
embankment slopes for the upper ten feet of the dam to perhaps a slope of

2 Horiz. to 1 Vert.
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SECTION VII

SHEAR STRENGTH INCREASE WITH TIME

7-1. GENERAL.

Consolidation of the foundation materials under dam embankment loads
will result in an increase in foundation shear strength. Since foundation shear
strengths are low, any increase in strength resulting from the consolidation
precess should be considered in the design of the dam section. The gain in
foundation shear strength resulting from the consolidation process, therefore,

was determined in this investigation for various periods in the construction

schedule.

7-2. THECORETICAL CONBSIDERATIONS.

Shear strength gain is a function of the intergranular pressure which
gradually increases as conselidation proceeds. A study was made to determine
the relationships between time and increase in intergranular pressure by use of
curves developed by R. L. E‘>c:l'1iffmau'1:l |

In the study, various drainage conditions and drainage layer thicknesses
were assumed, It was found, however, that the depth affected by foundation
consolidation in the initial five year construction period did not significantly
vary. from about depth 20 feet. In all calculations an effective drainage-zone
was assumed to exist between the embankment fill and the foundation,

Based on available information for fill materials and the shear strength
data of the foundation material, two sets of assumptions were made: (1) Fill
saturated unit weight equal to 100 pounds per cubic foot, foundaticn strangth

paramecters, ¢=0 and @= 190 , and (2) Fill saturated unit weight equal to 120

Refcr to paragraph 6-7.
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pounds per cubic foot, foundation strength parameters, c=0 and ¢ = 170, The

values of fill unit weight used arc tentative pending further fill characteristic

studies.

7-3. INCREASE-IN-SHEAR-STRENGTH DETERMINATION AND RESULTS,

The increase in shear strength of the foundation material with time was
evaluated in the following manner. The increase in effective stress ocowring |
in the foundation due to consolidation under embankme'nt lcads.-was determined
at a particular depth and at a given time. The sum of the increase in effective
stress and the effective averburden pressure was considered an effective con- -
solidation pressure, o . The shear strength of the foundation material consoli-.
dated under an effective pressure,o‘c, was determined from the Mohr Strength
Envelope plot on Figure 5-4.

The results of the evaluation of shear strength gain with time are shown
by curves on Figures 7-1 through 7-3. Only curves derived from the second set
of assumptions are presented, The variation in results between the two sets of
assumptions will not significantly influence the stability analyées.

The curves of foundation shear strength for use in the stability analyses
are presented for certain times in the construction schedule and for particular
portions of the dam section. | The curves in Figure 7-1 for example, present
toundation shear strength existing at the end of the first year of construction
with the assumption that the height of fill would have reached approximately
the elevation shown. The shear strength profiles on Figures 7-1, 7-2, and 7-3
are applicable under varicus portions of the proposed dam section as noted on
each figure. Values of shear strength for usc in the stability analyses can be
selected from the curves for each portion of the dam or interpolated between
portions as noted on the figures.

On Figure 7-3 are shown the shear strength profiles at the end of both the
drd and 4th year .of construction. These profiles are based on the assumption
that the fill will be at about elevation +75 at the end of both periods. For
evaluation of the dam topped to elevation +105, the shear strength profile given

for the end of the fourth year should be used.
42



Elevation — Foe!

750

[ —— T

500

e kg o R b M WP gy s L st T T D A o

¢
250 )

. Vi . 00 g
+ 100 Present Max. Lake Level @
“ L
; H 50 1
t5 . Elev. 30 Feet Year
Fresent Mudl L Assume I Complered io bl 2 $
Elev IGQ2 m
", o 3
A £ C ™
DIAGRAM T _ DIAGRAM IT
( Existing Shear Strength V5. Depth Relotionship) ( Shear Strength Between Band C)
R 20 Probable mawm of Darm
FPresdnt Mudline _ — Belween B ¢nd C [ Year
\I in-Sity lll\ After Stortof Constructor
Shear | H_ -
Strength | | \
o 0 i
Shear Strength! ! Year NOTES =
s =17qps, Atper Strart of Gonstruchon ; Between A and B, Use Sheor Strength
/ interpofated From Diagrams. [ and [T
2ok -20
2 Between B ond C, Use Diagrom I
3. §F Colculated Minimum Sheor Strength | year
Arfter Start of Consfruction.
M,
® -40 \ 40 \
L,
_ ®
Q e
2 L
-
5 1
& 60 g 60
W =
S
2
Ly
-8¢ -80 \
/ PROPOSED DAM - TRINIDAD ARM
GATUN LAKE , PANAMA CANAL ZONE
DATA FOR STABILITY ANALYSES
~100 . -100 Depth Vs. Shear Strength
| YEAR
After Start of Construction
_ wW-82-147
FEBRUARY , 1963
-{20 L -120 e — -
o S0 1000 1500 o 00 1000 1500 SHANNON & WILSON | e
. ; s a4 e gl ] ot e Efprmempbr £ e S Cq 25 ) SOIL MECHANICS & FOUMNDATION EMGINEERS __.mw_ﬁ. 7




s =

£
0
|

i s, = g

Shear Strength (Lbs /Sq. Ft)

Shear Strength (L.bs ~Sg £t}

750 500 250
M Fresent Max. Loke Level ] @
f. €&
k Assume Fill Completedto Elev. 45 in 2 Years )
! uw% T T B R Y e e A S T S R TR VeSS TPy N ,W.Q !
g Present My o . ,m
< £/ 10t ] m
m Q T T L o i Q aV.u
N A B o c 5
DIAGRAM IIT DIACRAM I¥
( Shear Strepgth Eetween & and D) { Shear Strength Between D and C)
+ 20 + 201
¢ Mudii
.\I m«quma o . Frobople Bose of Dom Between Dond C & Years
ﬁ_l -t f\n Proboble |Base of Dom Bplween \M Sity ' \N\\mw Start of -Consiruction
! 2] Band D 2 Years After .:ﬂmmmﬂ ~ ,
i \\ Start of Consiruction 2 \
\ vl.M..\_mWﬁ Streagth 2 vears :II\SQ rES
= 200 psf After Start of Construction /. Between A and 8, Use Shear Strength
. =5, = E00p s/ e # mterpolated  From Diagroms T (Fig.7+)ond AT
-20 -20 .
2. Between B and D, Use Diagrom [T
3. 8Between D ond C , Use Diagrom [I7
-0 N - 40 \ 4. S,= Colculated Minimum Sheor Strength 2 Yeors
- After Srart of Construction.
by “
'« %
. W
o
2 |
v 60 S
2 N
W I
3
Wy
-80 N 50 q
PROPOSED DAM - TRINIDAD ARM
GATUN LAKE, PANAMA CANAL ZONE
DATA FOR STABILITY ANALYSES
-100 — ~100 Depth Vs. Shear Sirength
2 YEARS
After Start of Construction
W-82-147
: ] FEBRUARY, 1963
120 _ 42 I S
0 500 1000 1500 o 506 1000 1500 SHANNON & WILSON :
EOIL MECHAMICH B FOUNDATION EMGIMEESS |

IH
1y
&k
m=j

[l



T

R D

Elevation - Feeg?

750

¥

500

*oo

Fresent Mox. Loke Level

+50

Fresent Mudiine

Efev. 10t

Elev. 485

ki
— o

e

€
0

~Assume F, i1 Completed to £175 in

Elovation - Feet

DIAGRAM ¥

( Shear Strength Between B and D)/

+20

-40

-60

-100

F Y e

Presen? Mudiine

LProboble Base of Dom
g Between B-and

L/
N Shear Stresngth 4 Years
After Starfof

Construction

\ 3 Yeors After Start of Construction

Feef

Elevation -

m

DIAGRAM VT
( Shear Strength Between £ and CJ

/0 .

i

3 yeors |
S50 &

Q

S

Y

SO

E

o

20

-40

-60

-80

/100

—_— " e

FProbable Base of Dom

M’m.wgmma Fand C 3 Years After Construction

—

NOTES
Between A ond B, Use Shear Strength
Interpalared  From Diogroms-7(Fg 7-tland &

Batween B8 ond D, Use Diggrom. 7

Between O and £, Use Shear Sfrength
Interpofo ted From 9.&.@3&% Veonagd Pr
Between Eand C, Use Diogram WL

m...w , ,m.h = Calcutated Minimum Sheor Strength
3 and 4 Yeors After Sturt of Construction,

Respectively.

\
. ,Mwn.NWQb cf /

! Strength | vear /
After | Filf Completed _

to Etav. 75
.Mnrum Opst | Shear Strengih 3 Years 2.
Afrter Start of| Construction 3

b
-7
5.
\

PROPOSED DAM - TRINIDAD ARM
GATUN LAKE, PANAMA CANAL ZONE

k.

DATA FOR STABILITY ANALYSES
Depth V5. Shear Strength

3AND 4 YEARS
After Start of Construction

W-62-147
FEBRUARY. 1963

—




The shear strength curves are based upon theoratical COncepts. mcorporatin'g
- laboratory test results as well as assumptions relating to drainage layer thick-
nesses and drainage conditions. These curves, therefore, may be at variance
with actual field conditions, however any deviation will be, in our opinion, .on
the side of safety. Field measurements to discern variations from assumed
conditions In the strength gain with time study are recommended and are diS™
cussed in Section VIII.

Values of shear strength determined in this study do not reflect any
consideration of loss in shear strength resulting from material disturbance- The
curves are not applicable, therefore, if disturbance or remolding of the founda-
tion materials docurs from bargeh dumping operations or stability failures. It is
considered of utmost importance to control both matemals and procedures used

in the initial blanketing phases of embankmeni construcuon to reduce, as mUCh

as practical, loss in shear strength resulting from foundation disturbanceé.
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SECTION VIIi

RECOMMENDATIONS

8-1. GENERAL.

The factor of safety, as determincd from étability analyses, is dependent

~upon the properties of both the fill and foundation materials. Preliminary
stability analyses have utilized assumed values of saturated unit weight and |
angle of sheari!ng resistance, ¢, of the fill materials. To assure satisfactory
values of factor of safe.ty of the proposed dam section, and#dmrecognitidn of
the significant influence of the fill propertics on the factor of safety, it is
recommended that the properties of the fill be investigated more completely by
field test programs. It would appear from the proposed construction schedule
that field tests conducted during the fi_rst two years of construction would bhe
practicable, useful and economical. In addition, since stability analyses have
utilized values of foundation shear strength estimated from both office and
iaboratory studies, it is advisable to . install field measuring devices and gages

to confirm some of the assumptions and evaluations employed in these studies,

8-2. INSTALLATION OF MEASURING DEVICES,

Iicld measuring devices should be installed to measure pore water
pressures in the foundation materials and both vertical and herizontal displace-

ments of the dam section occurring during and after construction.

#-3. PORE WATER PRESSURE MEASUREMENTS,

It is recommended that pore water pressure measuring devices be installed
in the foundation to confirm rate of consolidation assumptions used in both the
shear strength gain with time study and the settlement study. Higher rates of

consolidation occurring in the field will result in a higher gain of foundation
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shear stre.ngth with time than presently assumed in our stability studies. A
higher gain in shear strength with time would increase the factor of safety
determined from stability studies of the dam scction. If significant savings in
embankmenf quantities would result, some design modification in the dam section
could be made during construction. Lower than assumed rates of consolidation
occurring in the field would lower the factor of safety of the final design section,
since foundation strength build-up would oceur at a slower rate than assumed in
the stability studies. If this occurs, a slower rate of embankment constrdctiori-,-
for instance, could be adopted in potentially unstable areas.

Pore pressure devices should be embedded within the top 20 feet of the
foundation at select locations-dh the Axis and near the toe portion of the Dam.
It is estimated that seven devices installed along station 25400 and seven de-
vices along station 40+00 would provide adequate pore water préssure .data.
Three of each group of seven devices should be placed on the Axis and the
remaining should be placed near both_the upsiream and downstream toes. The
available types of gages, which WOuld properly function under existing and
proposed site conditions, as well as an estimate of equipment and ihstallation

costs are presently under study.

8~4. HORIZONTAL AND VERTICAL DISPLACEMENT MEASUREMENTS.

It is recommended that gages be installed to measure vertical and

~ horizontal displacements occurring in the dam section during and after

construction.

8-5. Horizontal Displacements. Gages installed to reflect horizontal move-
ments would be useful indicators of arcas o'f potential instability. - Each gage
could consist of a 4 foot x 4 foot concrete plate or cquivalent, a cable, with
one end attached to the plate, strung over a pulley supported by a bucy, and a

counter-weight attached to the free end of the cable. The plate should be

~ placed on the foundation material Just outside and adjacent to the toe, either

before or immediately after construction of the first layer. This arrangement
would permit dumping of fill material without buoy interference. The initial
location of the busy would be accurately determined by appropriate survey
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methods. During subsequent construction, ‘buoy locations would be determined
at periodic intervals and compared with initial locations. Unusually large hori-
zontal movements would reflect the development of large shearing strains in the
founddtlon 1dent1fying possible imminent embankment failure. This area could
then be more closely inspected by underwater reconnaissance. Detection of
potentially unstable areas might perrnlt adoption of corrective measures which
would prevent foundatlon failure.

It is estimated that a total of 22 horizontal displacement gages placed at-
the upstream and downstream toe sections of the Dam would permit measurement

of horizontal movement, particularly within the central portion of the dam.

. These gages, gs presently envfsioned, would be placed between stations 15+00

and 40+00 at 250 foot intervals.

8-6. Vertical Displacements. To measure. settlements occurring at the Axis of
the proposed Dam, it is proposed that settlement monuments or plates be -
installed in the initial layers of select blanket material. Thesé settlement
monuments could consist of § foot square steel. plates embedded in the. fill with
3-inch piiae or similar welded to the plate. Pipe sections df_.pre-—measured
iength could be added by divers to extend the pipe up through the fill as the
fill is placed. Settiement measurenient-s at'these monuments could ultimately
be made with an engineers level. Settlement data-obtained in this manner
would assist in estimating additional quantities of rolled fill material required
in future years to maintain crest elevation and the estimated time intervals for
such maintenance.

About ten gages placed at 500 foot intervals on the Axis would permit
measurement of dam settlements occurring along the Axis. In addition to these,
some of the horizontal displacement gages located near the upstream and down-
stream toes might be arranged to permit measurement of settlements occurring

near the toe of the Dam.
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8-7. STUDY OF IN-PLACE FILL CHARACTERISTICS.

It is recommended that the physical properties of the in-place embankment
fill materials be studied during the first two years of construction. This study
would enable a comparison to be made between the in-place values and the
presently assumed values of saturated unit weight and angle of shearing resist-
ance, @. The stability of the proposed dam sectlon could then be reviewed and
the design modified, if necessary, in the early stages of construction without -
placing any foresceable burden on the contractor.

The characteristics of the embankment material, such as saturated unit
weight and angle of shearing resistance, @, will be dependent upon the 1n-place
structure of the embankment resulting from barge dumping fill material in water.-
The embankment structure formed by this process may be both loose and layered.

The structure and saturated unit weight of the embankment material could
be determined as follows. - A large. steel box _(10' x 10' x 10") would be placed
in the initial ‘layers of select fill. Mter.dumping sufficient_matér.ial to fill the
box, the box would be raised to the lake surface. Volume ahd weight measure-
ments would then be made to determine the saturated unit weight of the fill
material, Possible layering of the fill sample would be determined by visual
examination. In addition, characteristics of the fill sample, such as grading,
angularity, and hardness would also be determined., The knowledge of these
characteristics would be helpful in evaluating the angle of shearing resistance,
- ¥, of the fill material. The above procedure could also be repeated in the -

initial layers of "random” fill material.
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8-8. PRQIECT PERSONNEL.

This report is the result of the combined efforts of the following personnel
of Shannon and Wilson, Inc., under the direct supervision of T. M. Leps and
L. K. Bestwick. The report was written by L. R. Squier, T. L. Olmsted, and
T. Akagi. Illustrations were prepared for publication by J. J, Zimcik., The
Seattle Laboratory testing, supervised by G. Yamane and T. E. Kirkland, was -
performed by H.- W, McCutcheon, H. G. Aggeler jr., and R, C. Beltran. All
field operations were supervised by D. H. Henkel. Field exploration inspection
was performed by T. Akagi and T. L. Olmsted. The Field Laboratory was

operated by P. Thordarson.
. Respectfully submitted,

SHANNON AND WILSON, INC.

J%ng

T M. Leps

by A Bl

L. K. Bestwick

3l



e e

BIBLIOGRAPHY

Bishop, A. W. and Henkel, D. J, "The Measurement of Soil Properties in the
Triaxial Test." Edward Arnold LTD., Londén, 1957, p. 98

Casagrande, A. "An Unsolved Problem of Embankment Stability on Soft Ground."
Proceedings First Panamerican Conference on Soil Mechanics and Founda-
tion Engineering, Vol. II, 1959, pp. 721-746. :

Casagrande, A. and Shannon, W. L. "Research on. S_treSS-Deformation_ and
Strength Characteristics of Soils and Soft Rock under Transient Loading."
Graduate School of Enging_ering, Harvard University, Publication 447, 1948

‘

Panama Canal Department of Operation and Maintenance, Special Engineering
Division "The Panama Canal Third Locks Project." Report on Modified
Third Locks Project, 1943, Part 11, Chap. 5

Panama Canal Department of Operation and Maintenance, Special Engineering
Division ™"Papers Presented for Discussion at the Meeting of Special
Consulting Engineers on Dynamic Stability of Slopes and Related Topics. "
Isthmian Canal Studies, 1947 ‘

Schiffman, R. L. "Consolidation of Soil Under Time—Dependent Loading and
Varying Permeability." Proceedings Thirty-Seventh Annual Meeting
‘Highway Research Board, 1958, pp. 584-617

"Slopes and Foundations." Report of the Governor of the Panama Canal, 1947,
Appendix 12

Smith, C. K. "New Gatun Locks, Black Muck Slope Design." The Panama
Canal Special Engineering Division, Soil Mechanics Section, 1942

"Study and Report on Increasing the Water Supply of the Panama Canal." Tudor
Engineering Company, 1962

Zegarra, E. J. "Laboratory Test Data, Monte Lirio Railroad Fill Foundation
Materials." The Panama Canal Department of Operation and Maintenance,
Special Engineering Division, I.C.P. Memo 60, 1948

52



BIBLIOGRAPHY - Continued

Zegarra, E. J. "Stability Analysis, Monte Lirio Railroad Fill.* The Panama
Canal Department of QOperation and Maintenance, Special Engineering
Division, I.C,P. Memo 74, 1948



APPENDIX A

LABORATORY TESTING - PROCEDURES AND TEST RESULTS

54



APPENDIX A
LABORATORY TESTING - PROCEDURES AND TEST RESULTS

TABLE OF CONTENTS

Paragraph
A-l. GENERAL. . ........................ ... ..
A-2.  SEATTLE LABORATORY. . ..... .................. . .
A-3. CLASSIFICATION TESTS. .. .................... .
A~4, Natural Water Content. . . ...,......,..... .. .
A-5, Atterberg Limit Tests, ..., ..., .. ... . . . .. . .
A-6, Unit:Weight Determination. . ............... .. .
A-7. Specific Gravity betermination. ......... e e e e .
A-8, Hydrometer Analysis. .......,.............. . .
A-9, UNCONFINED COMPRESSION TESTS.
A-10. LABORATORY VANE SHEAR TESTS, ......... e e e
A-11. TRIAXIAL COMPRESSION TESTS. .. ................
A-12. Triaxial Specimens. . .., ... e e e e e o
CA-13. Undrained (Q) Tests. . ......................
A-14, Rate of Shear Study. . .............. A e e e
A-15, Consolidated-Undrained (R) Tests, .. ,..,.........
A-16, CONSOLIDATION TESTS. . . ................... ..
A-17, TRIAXIAL DISSIPATION TESTS. . ................ . .
A-18. FIELD LABORATORY. ., .. . ...\ uiu
A-19, VISUAL CLASSIFICATION. . . . ... ... ... ... ... .
A-20. CLASSIFICATION TESTS. .. ....... ..o\ ..
A-21, Natural Water Contents. . ... .................
A-22. Atterberg Limit Tests. . ., ... ..., ... .. ..
A=-23. Unit Weight Determination. ... ................
A-24, UNCONFINED COMPRESSION TESTS. . .. ............

55



APPENDIX A

LIST OF FIGURES

Fig. No. Title Page
A-1 Grain Size Distribution Curves .. ... ... . . . e e e e 67
A-2 Boring Log and Laboratory Test Results, Boring UP-40-CU ., . . 69
A-3 The LEifect of Rate of Shear on Shear Strength ..., ......... 74
A-4 Consolidation Phase Time-Volume Change - Triaxial

R Tests - Organic Clay ... .... e e e e e e e e e e e . e 76"
A-5 Consolidation Phase Time-Volume Change - Triaxial _ B

RTests ~Peat .. ........ e e e e e .. e e e e 77

Triaxial (R) Compression Tests - Stress vs. Strain

3

A-6 Boring A-25-AXU Sample 8-4 . ... ......... 78
A-7 Boring A-25-AXU Sample S-7 .. ..... e 78
A-8 Boring A-25-AXU  Sample S-7 . . ... e 78
A-9 Boring A-25-AXU Sample 8-9 ... .... e e 78
A~10 Boring A-25-AXU Sample S-10 ....... e e 7%
A-11 Boring UP-25-CU Sample S-6 .. ....... AP 79
A-12 © Boring A-40-AXU Sampie 8-3 . .... e e e e e, 79
A-13 Boring A-40-AXU Sample 8-3 . ............ 79
A-14 Boring A~40-AXU Sample 8-7 ., ........... 80
A-158 Boring A-40-AXU Sample S-7 . ..., ..,....... 80
A-16 Boring A-40-AXU Sample 8-9 ., ,...,........ 80
A-17 Boring A-40-AXU Sample 8-11 ......... e 80

Consolidation Tests - Time vs. Settlement

A-18 Boring A-25-AXU Sample 3-5 .. ..... e e e e 82
A-19 - Boring A-25-AXU Sample 5-31 .., ........... 83
A-20 Boring UP-15-CU Sample 8~1 ., .. .. .. ...... 84

Consolidation Tests ~ Stress vs. Percent Settlement

A-21 Boring A-25-AXU, selected samples . . . . . v . v v o . .. 85
A-22 Boring UP-15-CU Sample 8-1 . ..,...... C e 86



LIST OF FIGURES {Continued)
Fig. No. Title Page

Boring Logs and Field Laboratory Test Data

-A-23 Borings A-5-AXC and A-10-AXC . . e e e e e e, 100
A-24 Boring A-15-AXC ., ,.......... e e sae. 100
A-25 "Boring A-20-AXC . . e e e e e e e e e e e e e 101
A-26 Boring A-30-AXC ..., ....... 101
A-27 Boring A-35-AXC . .. ... e e e e 102
A-28 Boring A-40-AXC ....... .. e e e e e e e 102
A-29 BoringA—4S—AXC.................‘ ........ 103
A-30  Borings A-50-AXC and A-§5-AXC . . . . | e c. .. 103
A-31 Boring DN-25-DC ., . .. .. e e e e e e e e e e e . 104
A-32 Boring DN-25-CC., .. ... ....... e e e e .. 104
A-33 Boring DN-25~BC . . ... . ........... C e e aa.. 105
A~34 ' Boring UP-25-BC . ... ................ .. .. . 105
A-35. Boring UP-25-CC . . ... ............ e . 106
A-36 Boring UP-25-DC . . ... ............ e . 106
A-37 Boring DN-40-DC. .., ... .. .. e e e e e e 107
A-38 Boring DN-40-CC., . . . . .. e e 107
A-39 Boring DN-40-BC .. . .. ... ........... 108
A-40 Boring' UP-40-BC , .. ..... ... ... e e e e e .. 108
A-41 Boring UP-40-~CC . . ... . e e e 109
A-42 | Boring UP-40-DC . ... ... ... e . e e e 109

LIST OF TABLES

Table No. Title Page
A-1 Summary'of Seattle Laboratory Test Data . . . ........... 60
A-2 Summary of Special Atterberg Limit Tests, . .. ... .... ... 65
A-3 Summary of‘TriaXial TestData. . .. .. ... ... ... ...... 71
A-4 Comparison of Coefficient of Consolidation, Cy, from
Triaxial Dissipation Tests and Consolidation Test Data e 88
A-5 Summary of Field Laboratory Test Data , , . .o o oo oo on ... 80
57



APPENDIX A

LABORATORY TESTING - PROCEDURES AND TEST RESULTS

A-1. GENERAL,

Laboratory tests on foundation clay and peat materials were performed
both in Seattle, Washington and in a field laboratory established in Gatun,
Panama Canal Zone. -

The fielci laboratory was established in order to perform more economi-
cally the bulk of routine classification and unconfined compression tests.

This laboratory was staffed with qualified Shannon and Wilson personnel
assisted by personnel provided by the Panama Canal Company.

Undisturbed samples were shipped to Seattle for triaxial and consoli-
dation tests and other specialized tests not within the capabilities of the field
laboratory because of equipment limitations. Routine classification tests and

unconfined compression tests were also performed in Seattle to supplement

field laboratory data.

A-2, BSEATTLE LABORATORY.

In the Seattle laboratory, selected undisturbed samples were visually
classified and portions were tested for water content, Atterberg Limits, and
unit weight. Specific gravity tests and hydrometer analyses were performed on
typical samples of clay material. Undisturbed and remolded strengths of clay
and peat materials were obtained from triaxial tests, unconfined compression
tests and laboratory vane shear tests., Consolidation characteristics of the
clay and peat materials were investigated using the standard consolidation
test procedure., Triaxial dissipation tests were performed to confirm cocfficient

of consolidation (Cv) values obtained from consolidation tests.



A-3. CLASSIFICATION TESTS.
The following paragraphs discuss the techniques and procedures usecd in

performing the various classification tests,

A-4, Natural Water Content. The natural water content is defined as the
weight of water in a soil expressed as a percentage of the dry soil weight.
Natural water contents of the foundation materials were determined at selected
intervals for all classified undisturbed samples. In addition, water contents
of the various strength and consohdation test specimens were also determined.,

. The oven temperature for. drymg of clay samples was maintained close to 105 C,
but for drying: of peat samples the temperature was reduced to about 80° C to
avoid oxidation of organic matter. The natural water content determinations

are summarized in Table A-1.

A-5. Atterberg Limit Tests. Standard Atterberg Limit Tests were performed on
representative samples of clay and clayey peat materials in accordance with
ASTM Des1gnat10n D 423-54T and ASTM Designation D 424 - -54T except as noted
below. In general, one Atterberg Limit Test was conducted on representative
material. from each classified Shelby tube sample. The liquid limit was deter-
mined using the “one-point method” in accordance with the following formula

developed by the Corps of Engineers:

0.121
N
= W — .
w n (25 )
Where Wn = the water content of the soil which closes in N blows in

the standard liquid limit device.
In all cases two separate water content determinations were made at identical
blow counts. The plastic limit was also determined as the average water con-

tent of two separate test threads. Sample preparation for the tests was limited

"Simplification of Liquid Limit Tests ;"' WESB Technical Memorandum No,
3-286, Report No. 1, Waterways Experiment Station, Vicksburg, Miss, ,

June, 1949,
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to removing visible pieces of leaves, roots and twigs. Oven temperatures were
regulated according to the types of materials tested, as noted previously in the
natural water content section. The liquid_limit and plastic limit values deter-
mined in the Atterberg Limit Tests are presented in Table A-1.

A special series of Atterberg Limit Tests were conducted on dlay material
from samples S-5, drill hole A-40-AXU and 8-1, drill hole UP-15-CU to examine
in qualitative terms the_ amount of organi¢ material contained in typical clay
samples. Both samples were from about depth 90 feet below mean lake levél’. g
In this series, the liquid limit and plastic limit of the clay material in the
natural state, after air—drying, and after oven-drving were determined. The
presence of organic materia1 in a soil sample can be generally inferred from
this type of test series as oven-drying produces irreversible changes in the
organic constituents that significantly lower the liquid limit, Sample prepara-
tion included removal of visible chunks and pockets of organic matter prior to
testing. The results of this test series are shown in Table A-2. The test

results indicate that organic matter is present in 8-5, but is absent in S-1.

TABLE A-2. .SUMMARY OF SPECIAL ATTEREERG LIMIT TESTS

Sample 5-5 DH A-40-AXU

N_[_aterial Condition Liquid Limit | Plastic Limit Plasticity Index
From Natural State 130 52 78
After Air-Drying _ 126 52 74
‘After Oven-Drying ‘104 45 59

Sample - S-1 DH UP-15-CU

Material Condition Liquid _Limit Plastic Limit Plasticity Index
From Natura;l State 117 37 80
After Air-Drying _ 127 47 80
After Oven-Drying 113 37 76
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A-6. TUnit Weight Determination. The unit weight of the undisturbed samples
of peat and clay was determined. by measuring the diameter and height of an
extruded sample and weighing the specimen on a gram scale. Unit weights
were determined on all unconfined and triaxial test specimens., The unit

weight determinations are summearized in Table A-1,

A-7. OSpecific Gravity Determination, Three specific gravity tests were per-
formed on representativé samples of the foundation material in accordance with.
ASTM designation D 854-52. Entrapped air was removed from the material by '
subjecting the pycnometer containing the soil to a partial vacuum while the

pycnometer was immersed in warm water., The results of this test are presented

in Table A-1,

A-B. Hydrometer Analysis. The distribution of particle sizes in typical sam-
ples of foundation material were determined in the hydrometer analysis using,
in general, the procedure outlined in ASTM designation D 422-54T, The dis-
persing agent used 'vyas sodium silicate. The grain size curves for thé selected

samples are shown in Figure A-1.

A-9., UNCONFINED COMPRESSION TESTS,

Unconfined compression tests were conducted on undisturbed specimens
from drill hole A-25-AXU utilizing a portable, hand-operated, strain-controlled
apparatus supplied by Soiltest Incorporated. ' Specimen height to diameter ratios
were generally 2:1 with sample heights: predominantly & inches or 3,5 inches,
Water contents were determined before and after each test. The applied rate of
strain for most tests varied from 1 to 2 percent per minute. The strain at
failure for most of the specimens ranged from 4 to 7 percent. The results of the

unconfined compression tests are summarized on Table A-1.

A-10. LABORATCRY VANE SHEAR TESTS.

Laboratory vane shear tests were conducted on samples from drill holes
A-25~-AXU and UP-40-ClU. The latter series of tests were undertaken to further
investigate the "low" values of shear strength obtained from field laboratory

unconfined compression tests on samples from drill hole UP-40-CC.
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The vane shear tests were performed on undisturbed and remolded samples
of clay and peat materials. Shear strengths of the fibrous peat materials deter-
mined from the tests were generally higher than those determined from the Q
triaxial tests. This was due, essentially, to the "interlocking" nature of the
peat fibers. Shear strengths determined from the laboratory vane shear tests on
clay were gencrally in agreement with_l shear strengths determined from the Q
triaxial tests, and were higher than the shear strength values determined from.
the unconfined compression tests. The results of the vaﬁe tests on the
undisturbed and remolded peat and clay materials are summarized in Table A-1
and shown on Figure A-2.

The laboratory vane used for the tests was a four-bladed model (blade
height 1 inch, diameter 0. 68 inch, thickness 0.02 inch) which was posiﬂoned
horizontally and rotated in a ball-bearing guide. The specimen was held in.a |
tight fitting ¢lamp to prevent rotation as torque was applied. A cord attached
to a suspended container and counterweight rode over a pulley connected to the
vane shaft., Torgque was applied by adding water to the container. As failure
was approached, the rate of application of torque was reduced and was stopped
as soon as slight movement of the vane was observed. Torque was then deter—
mined by measuring the volume of water added to the container. Applied torque
reached a well defined peak value, particularly in the undisturbed clays. After
the undisturbed shear strength torque was determined, the material was thor-
oughly remolded, and the torque required to again rotate the vane was immedi-
ately measured. The undisturbed and remolded values of shear strength were
used to obtain the sensitivity of the material; the sensitivity being the ratio of
the undisturbed to remolded values of shear strength.

The time required to complete a test on undisturbed material varied
-according to the relative consistency of the material. The time for completion
of a test, therefore, varied from about 2 minutes near the mudline to about 7 to
10 minutes at and below a depth of 50 feet below the mudline. Time to failure
for remolded specimens was about 2 minutes,

A program of study hag been initiated to investigate the possible gain in
shear strength of the foundation c¢lays with time after remolding. Past experi-

ence has shown that some normally consclidated clays will “set-up” or gain
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strength with time after having been disturbed or remolded. This phenomenon
is known as the thixotropic effect,

fo investigate the thixotropic effect in the foundation clays, a serics of
undisturbed vane shear tests was conducted on clay material contained in tube
sample S-1I from drill hole A-40-AXU. After the undisturbed shear strengths
were determined and the initial conditions established, the material was thor-
oughly mixed.. The remolded shear strength of this material was then deter—
mined. Specimens were prepared in aluminum containers and sealed to pre;\?‘ent

loss of molsture., At periodic intervals, successive specimens will be opencd,

one for each interval, and the shear strength of the materlal will be determmed

-utilizing the vane dpparatus The values of shear strength obtained from this
approach will indicate the degree of shear strength gain if any, with time.
The cata obtained for the relatively short intervals will be extended to greater
intervals of time by extrapolation.

This study will be helpful in evaluating the shear strength of the founda-
tion materials at various times after complete remolding or disturbance caused

by, for example, foundation failures or barge-dumping opérations.

A=11., TRIAXIAL COMPRESSION TESTS. \
A series of undrained (Q) triaxial tests was performed on undisturbed
samples of clay and peat to determine. the "in-situ" shear strength of the

toundation material .

In addition, consolidated-undrained (R) tests were conducted on undis~
turbed samples of clay and peat to determine the shear sirength parameters,
cohesion, ¢, and angle of shearing resistance, ©, for thesc materials.
Undrained (Q} triaxial tests were also performed on undisturbed samples of
clay to investigate the effect of rate of shear on values of shecar strength, A
detailed summary of triaxial test data relative to test conditions and test

results is presented in Table A-3.

A-12. Triexial Specimens. All triaxial specimens werce taken from samples
exiruded from either 3-inch or S5-inch O.D. Shelby tubes. The specimens were

cylindrical with diameters of either 2.90 inches or 1.4 inches. The 1.4-inch
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dizmeter specimens were timmed from larger diameter samples and ranged in
height from 3.25 to 3.81 inches. The 2.90-inch diameter specimens were

untrimmed and ranged in héight from 5,25 to 7.81 inches,

A-13. Undrained (Q) Tests. Undrained (Q) tests were performed on 34 samples
taken from various depths in drill hole A-25-AXU. An applied cell pressure
equal to the total overblurden pressure existing at sample depth was maiﬁtained
throughout each test. Pore pressure readings were taken, but they may not
reflect the pore pressures developed in the zone of shear because of the rella—'.
tively high rate of strain (0.2 to 1.0 percent per minute) employed in the tests, .

Parameter B, which is the ratio of the pore pressure in the sample after
stabilizatic;n under the confining pressure to the cell pressure, is given for
each test in Table A-3. The values of parameter B indicate that the degree of
saturation of the samples was close to 100 percent,

The shear strength value obtained from the Q test is equal to one-half
the deviator stress at failure. The resultant values of shear strength are

summarized in Table A-3,

A-14. Rate of Shear Study. The rate of shear, or rate of axial strain, is a

- slgnificant factor influencing the compressive sirength of many soils. The
shear strength of normally loaded, sensitive clays is generally a function of

the rate of shear employed in the test, increasing as the rate of shear increases.,
To determine the effect of rate of shear on the shear strength of the soft organic
clays, two series of undrained (Q) tests were conducted. Each series was com-—
posed of four specimens which were failed at various rates of shear. One test
series was performed on four specimens from sample 8-1, drill hole UP-40-CU.
The other series was perfcrmed on four specimens from sample S-2, driil hole
DN-25-CU. Specimens were 1.4 inch in diameter and 3.5 inches high.

Each specimen of a particular test series was confined, without drainage,
under a pressure equal to the total overburden pressure cxisting at sample
depth. Specimen conditions existing prior to application of the deviator stress,
thereiore, were nearly identical for each test series. Specimens for both series

of tests were failed under rates of shear varying from 0.03 to 2.7 percent strain
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per minute. Test conditions and results are summarized in Table A~3. A
graphic presentation of the results of the test series conducted on specimens
from sam'ple §-¥, drill hole UP-40-CU, is shown con Figure A-3,

The data from this study indicate that a reduction in strain rate produces
a lower value of shear strength within the strain rates investigated. The strain
at which fatlure occurs also increases as the rate of shear or strain decreases.
in the test series on specimens from sample 8-I, drill hole UP-40-CU, for .
example, the shear strength obtained at a rate-of shear of 0.12 percent per
minute was about 13.5 percent lower tHan the shear strength obtained at a
strain ra.te of 2.69 percent per minute, The rate of loading of the f{oundation
material in the field will be&very slow, assuming a uniform rate of lcad appli-
cation resulting from fill placed from elevation +10 feet to elevation +75 feet
in a three=year construction period. The shear strength parameters, coheston
c, and angle of shearing resistance ¢, used in studies relating. to the gain.in
shear sirength of the foundation materials with consolidation must be deter-
mined, therefore, from laboratory tests simulating as closely as practical the
slow rate of field loading. Inspection of the shear strength versus rate of
shear curve, Figure A-3, shows that a rate of shear in the order of 0.05 percent -
strain per minute would provide data representative of slow rate of loading
conditions. This rate of shear would also be sufficiently slow to pérmit
measurement of pore pressures in the sample during shear. Consequently,
this strain rate was adopted for the remaining consclidated undrained tests to
be conducted on the foundation clay and peat materials. No correction for rate
of shear was applied to the values of shear strength obtained from either the
Q tests or the unconfined compression tests which were generally conducted
at higher rates of loading. It was assumed that higher values of shear strength
obtained in these tests, resulting from high rates of shear would be essentiaily
compensated for by the fact that sample disturbance in any strength test on

sensitive clays, tends to result in lower values of shear strength than those

actually existing in the field.

A-15. Consolidated Undrained (R} Tests. Eight consolidated-undrained (R)

tests were conducted on clay specimens and four consolidated-undrained tests
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were conducted on peat samples to determine the shear strength parameters of
thesc materials. Four of the R tests were conducted on clay specimens from
drill holc'A—-ZSFAXU as part of the initial laboratory testing pregram. These
samples were not provided with side drains and were tested at a rate of shear
in the order of 0.4 to 0.9 percent strain per minute. Four other tests were
conducted on cl_ay samples from drill hole A-40-AXU. These samples-were
provided with side drainé consisting of from four to six strips of blotter paper. '
The strain rate adopted for testing the latter group of specimens was determiried
from evaluation of data from the rate of shear study and , generally, was in thie.
order of 0.05 percent. strain per minute, _ |
Two procedures were adopted to consolidate the spe¢imens prior to appii-
cation of the deviator stress. In one method, Ithe' specimen was subjected to a
cell pressure and, after stabilization of conditions in the sample, drainage and
subsequent consolidation of the specimen were permitted. The effective
consdlidation pressure,crc, was then__equal- to the cell pressure. In the alter-
nate method in-situ conditions were simulated by subjecting the speciment to &
cell pressure equal to the total overburden pressure existing at sample depth ...~
and allowing conditions in the sample to stabilize. The cell pressure was then
increased and consolidation of the sample permitted with a back pressure
applied to the pore water equal to the approximate hydrostatic head existing
at sample depth. Consoclidation was cbntinued until the pore water pressure
in the sample dissipated and became equal to the back pressure. The effective
consolidation pressure in this approach, __therefore, was equal to the difference
between the cell pressure and the applied back pressure. Use of the back
pressure method causes any air trapped between the rubber membrane and the
sample or in the pores of the sample to dissolve. Time-versus-volume change
curves representing the consclidation phase in the R tests are shown for both
clay and peat specimens on Figures A-4 and A-5.

The results of the consolidated=-undrained tests are represented graphi-

cally by the stress-strain curves shown of Figures A-6 through A-17,
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A-16. CONSOQLIDATION TESTS.

Consolidation properties of the clay and peat materials encountered in
drill hole A-25-AXU werc investigated by means of 19 consolidation tests
perforrﬁed on samples from various depths in the boring. One consolidation
test was also conducted on a specimen from sample S-1, drill hole UP-15-CU
for comparison with the consolidation test results obtained from drill hele
B-25-AXU and as part of the Triaxial Dissipation Studies outlined in peragraph
A-17. The coefficient of consolidation, C‘v'_, ‘which is a measure of the rate of
corsolidation or settlement of the material, was calculated from the time—dial'
reading curves for imposed loads of 0.25% to 2 tons per square foot. The cal-
culated values of Cv, at various depths in A-25-AXTU and for sample S-_l ,. drill
hole UP-15~CU, are presented on Figure 5-3. It will be noted in this figure
that the value of C'V obtained from the test on sample 3-1, drill hole UP-15-CU,
agrees favorably with values of C?‘“r calculated from the scries of tests on
samples from A-25-AXU. Typical time-versus-dial reading curves for various
loadings are shown in Figures A-18 through A-20. The stress versus percent
strain curves obtained in the consolidation tests are presented on Figures A-21
and A-22.

The consolidation tests were performed in floating ring consolidometers
with drainage from the top and the basé of the specimen and with loads applied
in the conventional manner. Specimens 2.75 or 2.5 inches in diameter by one-
half inch high were employed in the tests on the clay and peat materiais, Due
to the fibrous n.atur'e of the peat and the sensitivity of the clay, some sample
disturbance undoubtedly resulted from trimming and handling of the test
specimens, Extreme care, however, was employed to insure that sample

disturbance was minimized.

A-17. TRIAXIAL DISSIPATION TESTS.

This test series was undertaken to compare values of the coefficient of
conaolidation, C'v, calculated from the triaxial dissipation tests with those
obtained from consolidation tests. It was conceivable, in our opinion, that
the value of Gv calculated from consolidation tests might be too low because

of gas being developed in the pore space of the sample, reducing sample
81
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permeability, - Sample expansion and possible inclusion of gas in the pore
space could occur as the in-situ stresses on the sample were removed by the
sampling operation. It was believed worthwhile, therefore, to investigate in
the triaxial test apparatus, the values of Cv which would be obtained if the
sample was returned to simulated in-situ conditions and then permitted to
drain under an increment of load obtained by increasing the ceil pressure. Any
gas in the pores of the specimen would in this manner be absorbed in the pore
water under the applied pressures. '

| Clay specimens from sample 5-1, drill hole UP-15-CU were prepared;
one specimen was prepared for a consolidation test and twe specimens were
prepared for the triaxial dis«sipation tests. The specimen heights for the
digsipation tests were 3.5 inches and 1 inch, with both specimens 1.4 inch in
diameter. Specimens were prepared without side-drains and placed in the
triaxial apparatus. The specimens were then subjected to a confining pressure,
Without sample drainage, equal to the approximate in-situ total pressure at
sample depth. The pore water pressure in the sample was determined after
conditions stabilized. The cell pressure was then increased by a pre-deter—

mined amount, Ao, and'the sample allowed to drain.. Sample volume change

3
and pore pressure measurements were made from the top and the bottom of the

sample, respectively. The pore pressures were determined using a differential
gage which indicated the difference in pressure be;tWeen the pore pressure in
the sample and a constantly maintained back-pressure. The back pressure was
equal in all cases to the pore pressure existing in the sample prior to the '

increase in cell pressure /T Values of (_'Jv were determined from a plot of

volume change, AV , versus saquare root of time, t.

In order to compare values of Cv obtained from the above dissipation
tests with those obtained from consolidation tests, one consolidation test was
conducted,

The results of this test series are summarized in Table A-4,

The values of the cocfficient of consolidation, C'V, calculated from the
triaxial dissipation data are somewhat greater than those obtained from the

consolidation test data, The variation in values of C'V, however, are not

stgnificantly great to warrant further study. Consequently, it is reasonable to
87



assume that the values of Cv calculated from consolidation test data are of the

right order of magnitude for use in rate of consolidation studies.

TABLE A-4: COMPARISON OF COEFFICIENT OF CONSOLIDATION,
Cy, FROM TRIAXIAL DISSIPATION TESTS AND
CONSOLIDATION TEST DATA

Sample ' Description- | Specimen Coefficient of Consclidation, Cy.
Height, cm?/min
inches
- Triaxial Consoli