4 Laboratory tests for properties of sedimentsin
subsiding areas, by A. I. Johnson and Working Group

4.1 | NTRODUCTI ON

Laboratory tests of core sanples are nade to determine their physical, hydrologic, and
engi neering properties and their consolidation and rebound characteristics. The | aboratory test
results then are utilized, along with the observed changes in artesian head, to conpute
conpaction of the aquifer system on the basis of soil nechanics theory. In addition, the
m neral ogy and petrography of sanples is determined in the laboratory in order to study these
properties with special reference to the environnent of deposition

This chapter briefly describes sone of the test methods used in the | aboratory and presents
exanpl es of the tables and graphs summarizing the properties for conpacting sedinments in the
specific study area--primarily the San Joaquin Valley, with sone reference to the Santa Cara
Vall ey, both in central California. The physical and geol ogic characteristics and the subsi dence
problenms for these areas are described in Case Histories 9.13 and 9.14 and all |aboratory
net hods and data are presented in nore detail in the report by Johnson, Mston, and Mrris
(1968). The l|aboratory analyses that were used directly in this case study were primarily the
particle-size distribution, specific gravity and unit weight, porosity and void ratio, and the
consolidation and rebound tests. The tests of Atterberg limts and indices were not used
quantitatively in the central California study but provided supplenentary data that furnish at
least a qualitative index to the conpressibility characteristics of the sediments. For exanple,
inthe Unified Soil Cassification system the liquid limt is used to distinguish between clay
of high conpressibility and clay of |low conpressibility. The tests of perneability were usefu
in related studies. The tests conparing perneability parallel and normal to the stratification
gave sonme data on the rel ative ease of novenment of water in the two directions, and thus were of
use in studies of |eakage through confining beds.

Applications of laboratory-test data may be found in chapters 3 and 5 and in some case
histories in Chapter 9 (such as 9.3, 9.13 and 9. 14).

4.2 FIELD SAMPLI NG

The sanples for which test results are discussed later in this chapter were obtained fromcore
holes in the San Joaquin and Santa Clara Valleys, in Central California. Ei ght core holes were
drilled to depths as great as 620 m and sanples were collected from these core holes for
anal ysis in the |aboratory.

The core holes were drilled by a rotary-drilling rig, utilizing core barrels of the doubl e-
tube type, which have an outer rotating barrel and an inner stationary barrel. The inside
di ameter of the core barrel was nomnally 7.6 cmand the average di aneter of core recovered was
about 7 cm In nost of the work, a core barrel capable of taking a core 3 mlong was used. A 6-m
core barrel was tried but did not give as good core recovery.

Above the Corcoran Cay Menber of the Tulare Formation in the Los Banos-Kettleman City
area, (Figure 4.1) a 3-minterval was cored after each 9-m of drilling. Below the top of the
Corcoran O ay Menber, coring was generally continuous to the bottom of the hole. Core recovery
was excellent for unconsolidated to sem consolidated alluvial deposits of sand, silt, and clay.
For exanple, at core hole 14/13-11D, the accunul ated cored interval was 302 mand the aggregate
core footage brought to land surface was 211 m an average core recovery of 70 per cent. Core
recovery was as high as 80 per cent and as low as 30 per cent. The |owest recovery was in the

coarse, |loose water-bearing material. Hence, the core suite obtained did not contain a
representative sanpling of the coarser, nobst perneable |ayers.
At each of the drilling sites, cores were laid out in sequence in 1.2-m wooden core boxes

and properly labelled for future reference. Fromeach 3-minterval cored, the foll owi ng sanpl es
were col | ected:
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Figure 4.1 Sinplified geologic section through core holes in the Los Banos-Kettleman City

area, San Joaquin Valley, California.

1. Physi cal and engineering properties sanple.--One litre-sized sanple (about 15 cm
long), taken from the nbst representative materials of the cored interval, was
sealed in wax in a cardboard container to preserve the natural npisture content
i nsofar as practicable and to prevent disturbance of the core.

2. Petrographic sanples.--One or nore sanples, taken from the sanme materials and
contiguous to the physical characteristic sanples, were collected and seal ed i n wax
ina 0.5 litre cardboard container and retained for petrographi c exam nation. For
pal eontol ogi ¢ exami nation, sanples also were taken of fossiliferous beds
encountered in several of the core holes; they were not sealed in wax.

3. Ceneral purpose sanples.--Two or nore 0.25 litre sanples were collected for genera
reference, one representing the fine-textured materials and one representing the
coarse-textured layers; they were retained in cardboard cartons but not sealed in
wax.

In addition, undisturbed sanpl es of representative fine-grained deposits were collected for
consolidation tests. Litre-sized sanples were carefully selected and then sealed in wax in neta
containers to keep themin an undisturbed condition

4.3 COWPCSI TE LOGS OF CORE HOLES

An electric log was obtained for each core hole after coring was conpleted. G aphic |ogs and
generalized lithologic descriptions were prepared from the geol ogists’ |logs nmade at the dril
site, supplenented by interpretation of the electric log in zones not cored or of poor recovery.
These three el ements were conbined to give a conposite |og for each core hole. The depths of the
sanpl es tested also are plotted on the conposite logs. Figure 4. 2 is an exanple of a conposite
log for one of the core holes.

The interpretation of electric logs is based on the principle that, in fresh-water-bearing
deposits such as those penetrated in this area, high resistivity values are indicative of sand
and low resistivity values are indicative of clay and silty clay. Internediate values are
i ndicative of clayey silt, silt, silty sand, and other sedinments classified texturally between
sand and clay. Resistivity is indicated by the right-hand curve of the electric log; it
i ncreases toward the right. Thus, the Corcoran Cay Menber of the Tulare Formation is indicated
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by a curve segnent of uniformy low resistivity (Figure 4.2). The electric logs of the core
holes can be conpared with the physical and hydrologic properties of the sanples plotted
according to depth, as in Figures 4.3 and 4. 4.

4.4 METHODS OF LABORATORY ANALYSI S

Uilizing a hydraulic-press assenbly in the |aboratory, cores 5 cmin diameter by 5 cmlong were
obtained by forcing thin-wall brass cylinders into the |arger core--one in a direction at right
angl es to the bedding (vertical) and the other parallel to the bedding (horizontal). These small
cores were used for perneability tests and for determ ning unit weight and porosity.

The rest of the large core was prepared and used for determ nation of specific gravity,
particle-size distribution, and Atterberg limts and indices. Sanple preparation for these
anal yses began with the air-drying of chunks of the large core. These chunks of material were
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Figure 4.3 A graph of physical properties from core hole 14/13-IIDI in the San Joaquin
Valley, California.

then gently but thoroughly separated into individual particles in a nortar with a rubber-covered
pestle. Care was taken to prevent crushing of the individual particles.

Core sanples were analyzed by use of the standard methods described briefly in the
foll ow ng paragraphs. Additional information on the theory and methods of analysis is available
in Meinzer (1923, 1949), Wnzel (1942), Taylor (1948), U S. Bureau of Reclamation (1974, p.
407-508) and the Anerican Society for Testing Materials (1980). Results of the |aboratory
anal yses were reported in tables. The first page of each of the tables is shown as tables 4.1
through 4.5 at the end of this chapter as an exanple of the format and type of the data
reported. The tables were published in inch-pound units, thus readers interested in netric units
may refer to the nmetric conversion table, Appendix E.

4.4.1 Particle-size distribution

Particle-size analysis, also termed a "mechanical analysis," is the determnation of the
distribution of particle sizes in a sanple. Particle sizes smaller than 0.0625 nm were
determi ned by the hydroneter method of sedinentation analysis, and sizes larger than 0.0625 nm
were determnmi ned by wet-sieve anal ysis.

The hydroneter nmethod of sedinentation analysis consisted of (1) dispersing a representa-
tive part of the prepared sanple with a defloccul ati ng agent, sodi um hexanet aphosphate, in one
litre of water and (2) nmeasuring the density of the suspension at increasing intervals of tine
with a soil hydrometer. At given tinmes, the size of the largest particles remaining in suspen-
sion at the level of the hydrometer was computed by use of Stokes’ law, and the weight of parti-
cles finer than that size was computed from the density of the suspension at the same level.



Laboratory tests for properties of sedimentsin subsiding areas

[} T
1
200 (- - ~—§—
“w S - !
3 ™~
600 - <
- R
TR LG =
Ce L& 4
33 ‘ o
T2 | }E Y =
w
&
o
I 200 : - ’
W= ' i
X < L B i B
ok - : >
O & wuwo = i - : [oe_|
' : : ; - =
—] Shrinkage limit : i
100 - F ; ' P
Plastic limit * Plasticity index —— i : R |
; ———Liquid limi - : : i ;
‘ | i I l
2000 : ) : ‘ ‘ ; . - Lo A g - .
2100 .
gre=28 ©° 2 g 8 e 8 8 S 8 ° R ¢ 88 8g8gg ° 7 "~
Mitivolts - Ohms m2/m
SPONTAN[OUS‘I RESISHTIVITY
POTENTIAL
ELECTRIC ATTERBERG LIMITS VOLUMETRIC SHRINKAGE, IN TOUGHNESS
LOG PERCENT OF DRY VOLUME INDEX
Figure 4.4 Continuation of a graph of properties from core hole 14/13-11D in the San

Joaquin Valley, California.

After the hydronmeter analysis, the sanple suspension was poured into a sieve which had
openings of 0.0625 nm The sanple then was gently agitated and washed over the sieve. The
material retained was carefully dried and placed in a set of standard 20-cm sieves which were
shaken for a period of 15 minutes on a Ro-tap mechanical shaker. The fraction of the sanple
remai ni ng on each sieve was wei ghed on a bal ance.

From the hydrometer analysis and the sieve analysis, the percentage of the particles
smaller than a given size was calculated and plotted as a cumulative distribution curve. The
particle sizes, in mllineters, were plotted as abscissas on a logarithmc scale and the
cunul ati ve percentages of particles snaller than the size shown, by weight, as ordinates on an
arithnetic scale. The percentage in each of several size ranges was then determned fromthis
curve.

The size ranges were identified according to the follow ng particle sizes:

D aneter (nm

G avel --- - oo >2.0
Very coarse sand ------------------------ - 1.0 -2.0
Coarse Sand ---------- - oo oo oo .5 -1.0
Medi Um SANd - ---- - - mm oo oo .25 - .5
Fine sand --------mmmmmm oo .125 - .25
Very fine sand ---------mmmm oo .0625- .125
S-S Z@ - - s oo .004 - .0625
Ol | I 4 B e e <0. 004
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This size classification systemis used by the Water Resources Division, U S. GCeological Survey,
and is essentially the sane as classifications proposed by Wntworth (1922) and the National
Research Council (Lane, 1947), except that those authors proposed further subdivisions of
gravel, silt, and clay. Subsequent references to sand, silt, and clay in this report wll
relate to sand-,silt-, and clay-size particles as specified in the foregoing table.

4.4.2 Perneability

Perneability is the capacity of rock or soil to transnit fluid under the conbined action of gravity
and pressure. It can be deternmined in the |aboratory by observing the rate of novement of fluid
through a sanple of known [ ength and cross-sectional area, under a known difference head.

The basic law for flow of fluids through porous materials was established by Darcy who
denonstrated experinentally that the rate of flow of water was proportional to the hydraulic
gradient. Darcy’s |aw may be expressed as

Q= KiA (4.1)

where Qis the quantity of water discharged in a unit of tine, Ais the total cross-sectional
area through which the water flows, i is the hydraulic gradient (the difference in head, h,
divided by the length of flow, L), and K is the hydraulic conductivity (occasionally known as
the coefficient of perneability) of the material for water, or

K= 2

Because the water is assuned to be relatively pure, density is ignored.

Hydraulic conductivity is determined in the laboratory in constant-head or variabl e-head
perneaneters or is conputed fromconsolidation-test results. The perneaneters used for the tests
di scussed in this chapter are described in detail by Johnson, Moston, Mrris (1968).

Entrapped air in a sanple may cause plugging of pore space and thus reduce the apparent
hydraulic conductivity. Therefore, a specially designed vacuum system provided the de-aired
tapwat er used as the percolation fluid.

The chenical character of the water used for the perneability tests of fine-grained silty or
clayey materials should be conpatible with the chem cal character of the native pore water. If the
test water is not conpatible, the clay-water system and the perneability values obtained will be
af fected. The chemical character of the native pore water in the fine-grained sediment was not known
at the tine of the test and Denver tapwater therefore was used in the perneability tests.

The 5-cmdi aneter "undisturbed" cores cut fromthe larger original core were retained in
their cylinders. These cylinders were installed directly in the perneaneter to serve as the
percol ati on cylinder of the apparatus. The reported hydraulic conductivity was the maxi num val ue
obtained after several test runs and represents saturation perneability.

4.4.3 Unit wei ght

For reference in devel opi ng sonme of the equations used in follow ng sections of this chapter, it is
useful to study the relations found in a unit soil nmss, as seen in Figure 4 5. The concepts and
synbols shown in that figure will be used in devel opnent of equations related to the properties of
conmpacting sedinments. Oher useful definitions and synmbols can be found in the publication of the
Anmerican Society for Testing and Materials (1980).

The dry unit weight is the weight of solids per unit of total volune of oven-dry rock or soi
mass. It normally is reported in grans per cubic centineter or kilograns per cubic netre. Void space
as well as solid particles are included in the volune represented by the dry unit weight. The dry
unit weight divided by the unit weight of distilled water at a stated tenperature (usually 4° C) is
known occasionally as the apparent specific gravity, which is dinensionless.

The volume of the small cores, cut previously from the large cores, was obtained by
neasurenent of the cylinder dinensions. This volunme and the ovendry weight of the contained
sanpl e were then used to calculate the dry unit weight as foll ows:

Vg = S (4.3)
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Figure 4.5 Principal phases of a unit soil mass.
wher e
A = dry unit weight, in grans per cubic centinetre,
W = wei ght of ovendry sanple, in grans,
Vv = total mass volune of sanple, in cubic centinetres.
4.4.4 Specific gravity of solids

Specific gravity of solids, G is the ratio of (1) the weight in air of a given volune of solids
at a stated tenperature (unit weight of solid particles or particle density) to (2) the weight
in air of an equal volume of distilled water at stated tenperature (usually 4° C, or

_ Y% W

Y. ==~ and vy, = -,
S VS w VW
SO
Y
= .5 (4.4)
Yw
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wher e
Ys = unit weight of solids, in granms per cubic centinetre
Vs = volune of solids, in cubic centinetres,
Yw = unit weight of water, in grams per cubic centinetre,
Wy = weight of water, in grans,
Vi = volune of water, in cubic centinetres, and
G = specific gravity, a ratio.

The volunetric-flask method was used for determining the specific gravity of solids. A
wei ghed oven-dry part of the sanple was dispersed in water in a calibrated volunmetric flask. The
volume of the particles was equivalent to the volume of displaced water. The unit weight of the
solid particles was obtained by dividing the dry weight of the sanple by the volune of the solid
particles. Because the density of water at 4° C is unity in the metric system the specific
gravity is nunerically equivalent to this unit weight.

4.4.5 Porosity and void ratio

Porosity, n, is defined as the ratio of (1) the volunme of the void spaces to (2) the total
volune of the rock or soil mass. It normally is expressed as a percentage. Therefore,

. V,(100) _ V-V, (100)

, 4.5
v v (4.5)
then as
Ya = v
and
VS = % il
Vs
7Yqg =W/,
= 80N
/vy
or
Ys 7Y,
n = 29100 (4.6)
]
wher e
n = porosity, in per cent,
Vy, = volune of voids, in cubic centinetres,
V = total mass volune, in cubic centinetres,
W, = weight of oven-dry particles, in grans,
Ys = unit weight of particles, in grans per cubic centimetre (equal nunerically to
specific gravity of solids in netric system,
Y¢ = dry unit weight of sanple, in grans per cubic centinetre, and
Vg = volune of solid particles, in cubic centinetres.

After the dry unit weight and the specific gravity of solids had been deternined for the
sanple, the porosity was calculated from the above equation. The relation anong these three
properties is illustrated in Figure 4.6.

The void ratio is defined as the ratio of (1) the volunme of voids to (2) the volunme of solid
particles in a soil nass, or

V,
e:Vy (4.7)
s
Its relation to porosity is expressed by
n
e = -, 4.8
i (4.8)

where e = void ratio, and n = porosity, in per cent.
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Figure 4.6 Rel ati on of porosity to dry unit weight for various specific gravities of solids.
The relation between void ratio and porosity is illustrated in Figure 4.7
4.4.6 Mbi sture cont ent

The nmoisture content of rock or soil naterial is the ratio of the weight of water contained in
a sanple to the oven-dry wei ght of solid particles, expressed as a percentage, or

Wy
w = —-'(100), (4.9)
%

wher e
w = noisture content, in per cent of dry weight,
Wy = weight of water, in grams, and

= wei ght of oven-dry sanple (dry solids), in grans.
Usual | y, sanples in noisture-proof containers, are weighed to obtain their wet weight. They are
oven-dried to constant weight at 110°C and reweighed. The loss of weight (the anmount of
contai ned water) divided by the dry wei ght of the sanple equals the nbisture content.

4.4.7 Atterberg limts

Atterberg (1911), a Swedish soil scientist, suggested a series of arbitrary limts for
indicating the effects of variations of moisture content on the plasticity of soil materials.
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The nost commonly used Atterberg limts, sonetines referred to as linmts of consistency, are the
liquid and plastic limts. Among a nunber of indices, the plasticity index is npbst commonly
det er m ned.

The moisture contents at which fine-textured sedinents pass from one state of consistency
to another are governed by the texture and conposition of the sedinents. Atterberg (1911),
Terzaghi (1926), and Col dschmidt (1926) found that plasticity is a function of the anount of fine
pl ateli ke particles in a sedi ment mass. Thus, the Atterberg consistency limts and indices are
i nfluenced by the clay content of the sedinments tested.

Al though the Atterberg limits are somewhat enpirical, nost soil investigators believe that
they are valuable in characterizing the plastic properties of fine-textured sedinent,
(Casagrande, 1932).

Only the smaller size particles of a given sanple, those passing a US. Standard No. 40
sieve (finer than 0.42 nmin dianeter) are used for Atterberg tests. Although linmits and indices
are cal cul ated as noisture content, in per cent of dry weight, (WyW) , all values are usually
reported as numbers only.

4.4.7.1 Liquid linit

The liquid limt, w, is the noisture content, expressed as a percentage of the oven-dry weight,
at which any particular soil material passes fromthe plastic to the liquid state. It is that
noi sture content at which a groove of standard dinmensions cut in a pat of soil will close for a
di stance of 1/2 in. (1.3 cm under the inpact of 25 shocks in a standard liquid-linmt apparatus.
The nmoist sanple was placed in the round-bottonmed brass cup of the nechanical liquid-limt
device and was divided into two hal ves by a V-shaped grooving tool. A camon the device raised
the cup and let it drop against the base of the machine until the two edges of the groove fl owed
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together for the specified half an inch. The nunber of taps, or shocks, were recorded, and the
noi sture content of a part of the sanple was determ ned. This process was repeated three tines
at different npoisture contents. These data are plotted as a "flow curve" on a semlogarithmc
graph, the nunber of shocks plotted as abscissa on the logarithmic scale and the noisture
content as ordinates on the arithnetic scale. The noisture content corresponding to the
intersection of the flow curve with the 25-shock line was taken as the liquid Iimt of that soi
mat eri al

4.4.7.2 Plastic limt

The plastic limt, wp, is the nmininumnoisture content, expressed as a percentage of the oven-
dry weight, at which soil material can be rolled into 1/8-in. (0.3-cn) dianeter threads w thout
the threads breaking into pieces. This npoisture content represents the transition point between
the plastic and senisolid states of consistency. The noist sanple was rolled between the hand
and a glass plate until a thread 0.3 cmin dianeter was formed. The sanple was then kneaded
together and again rolled out. This process was continued at slowy decreasing water contents
until crunbling prevented the formation of the thread. The pieces of the crunmbled sanple were
then collected together and the noisture content was determned. This npisture content was
considered to be the plastic limt.

4.4.8 Consol i dati on

Wien a saturated soil sanmple is subjected to a load, that load initially is carried by the water
in the voids of the sanple because the water is inconpressible in conparison with the sanple’s
structure. If water can escape fromthe sanple voids as a load is continually applied to the
sanpl e, an adjustnent takes place wherein the load is gradually shifted to the soil structure.
This process of load transference is generally slow for clay and is acconpani ed by a change in
volune of the soil mass. Consolidation is defined as that gradual process which involves,
simul taneously, a slow escape of water, a gradual conpression, and a gradual pressure
adjustment. This use of the term should not be confused with the geol ogists’ definition which
refers to the processes by which a material beconmes firmor coherent (Am Geol. Inst., 1957, p
62). The theory of consolidation is discussed in detail by Terzaghi (1943, p. 265-297).

To deternmine the rate and magnitude of consolidation of sedinments, a small-scale | aboratory
test known as a one-di nensi onal consolidation test is used. The test and apparatus, described in
detail by the U S. Bureau of Reclamation (1974), are discussed briefly in the follow ng
par agraphs for the benefit of the reader. The application of one-di mensional consolidation test
data to a foundation-settlenent analysis has been described by Gbbs (1953). The apparatus
(consol i doneter) used by the Bureau of Reclamation (1974) is shown in Figure 4.8. In addition to
the unit shown, a means of loading is required--usually a platform scale with a wei ghing beam
attached to the connecting rods of the consolidoneter

Normal |y, the sanple is trimed to the size of the specinen rings, which are 4-1/4 in. (10.8
cm) in inside diameter and 1-1/4 in. (3.2 cm high. Sanples nust be in as near an undi sturbed
condition as possible. Because of the small size of the cores collected for the subsidence
studi es, however, consolidation specinmens of standard size could not be used, and the core
diameter had to be trimed to fit 2 in. (5-cm rings.

Loads are applied to the specinen in increnments, but the mninum nunber of increments is
usual ly four-- 12, 25, 50, and 100 per cent of the naxi rum desired |load. Increnents are usually
sel ected so that each succeeding |load is double that of the previous |oad. Each |oad is applied
to the consolidoneter while dial readings of consolidation are taken and recorded for 4, 10, 20
seconds, and other time intervals up to 24 hours. Additional readings are taken at 24-hour
intervals until the consolidation is virtually conplete for that |oad

The percentage of consolidation of the specinmen is conputed, and a curve of consolidation
versus tinme is obtained for each I oad increment. The final stress-strain relations are presented
as a curve showing the void ratio versus |log of pressure (load), the final condition for each
i ncrenent of |oad being a point on the curve (Figure 4.9).

Two inmportant soil properties furnished by a consolidation test are the coefficient of
consol idation and the conpression index. The coefficient of consolidation, G, represents the
rate of consolidation for a given load increment. It is determ ned by use of the 50-percent
point on the tine consolidation curve in the equation

2
TeaT
c, = 2220 (4. 10)
t
50
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Figure 4.8 One- di mensi onal consol i donmeter specinmen container (from U S Bureau of
Recl amati on, 1960, p. 495).
wher e

Tgo =time factor at 50-per-cent consolidation = 0.20,

Hso = one half the specinmen thickness at 50-per-cent consolidation, and

tgog=time required for specinen to reach 50-per-cent consolidation. The coefficient of
consolidation is usually reported in square centinetres per second or in square
i nches per second.

The conpression index, Cg represents the conpressibility of the soil sanples. It is the slope
of the straight-line portion of the void ratio-log of pressure (load) curve. The conpression
i ndex can be determ ned fromthe equation

e_—e
o o~ _ ;
C. = 5 +AP(see Figure 4.9 for synbols). (4.11)
Iog---Q -------
P
o}

Wien the consolidation is conplete under maxi mum | oadi ng, the consolidometer can be used as
a variabl e-head perneaneter, and the hydraulic conductivity can be determned directly. The
nmechani cal procedure is similar to that described previously (section 4.4.2). The consolidation
data al so can be used for conputing the hydraulic conductivity. The equation utilizing tinme-
consol i dation characteristics is

_ Glvy)(eg—e)

Ap(l+e ] (4.12)
wher e

Cy, = coefficient of consolidation,

VY = unit weight of water,

ep = void ratio at start of load increnent,:

e = final void ratio, and

Ap = increment of | oad.

Al though the exanple in Table 4.4 shows feet per year for the perneability (standard i nch-pound
systemunits), cmper sec is the conmonly reported unit for K

66



Laboratory tests for properties of sedimentsin subsiding areas

Recompression curve The virgin compression curve or the field consolidation curve,
from consolidated test for clayey soils, appears on a semilogarithmic diagram as
a straight line as shown at left. This line can be represented
\ by the equation
\‘ = k P, +4p
\ Virgin compression e=eoCelogio °p—

(]

in which C; (dimensionless) is the compression index

€o The virgin compression curve is established by extending the
Q straight-line part of the recompression curve. By selecting
: two points (e,.p,) and (e,p) and substituting in the above
= equation, C. can be determined
o
o C.= e
>
g, +ap
e log —=
10 P

PRESSURE (LOG SCALE)
A. METHOD OF DETERMINING THE COMPRESSION INDEX (Cc)

0.94
0.90 (3) Laboratory r
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' i
ose /
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. NN N[ H ]| =14psiate=078
< 7 % Graphical determination of
O \L A \\ (? preconsolidation load:
~ 074 S Draw tangent and horizontal
o M N .
b4 N\ \q\ line to point of maximum
E | (1) Laboratory \ \ curvature (A)
@ compression \ \ The point of intersection
o curve for \ between virgin compression
= 0.70 — remolded soil curve and line bisecting
8 f \ angle B, is preconsolidation
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0.66
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Figure 4.9 Void ratio-load curve, conpression index, and preconsolidation |oad (nodified

fromU S. Bureau of Reclamation, 1960, p. 58).

4.5 RESULTS OF LABORATORY ANALYSES

4.5.1 Particle-size distribution

An exanpl e of particle-size distribution data fromcentral California is presented in Table 4. 1.
The percentage of gravel-, sand, silt-, and clay-size particles were shown in such tables for
each of the 549 sanples fromseven core holes analyzed in the |aboratory. Particle-size distri-
bution curves for all of the sanples were plotted on figures simlar to Figure 4.10. An exanple
of the size-distribution (gradation) for sanples tested for consolidation is given in Table 4. 3.
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and hydrol ogi c properties of sanples fromcore holes.

Physi cal

Table 4.1
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Fi gure 4.10

Laboratory tests for properties of sedimentsin subsiding areas
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Because clay content has an inportant influence on many of the properties of sedinents, the
clay content for all the sanples was plotted to facilitate conparison with the other properties
(see exanple, Figure 4.3). In Table 4.1, the percentage of particles smaller than 2-pum
(0.002-mm clay, as well as smaller than 4- pm (0. 004-mm) clay, has been reported. Wen the 4-um
rather than the 2-pm size was used as the criterion, 78.5 per cent of the sanples showed less
than 10 per cent greater clay content. In addition, 20.9 per cent of the sanples showed 10-20
per cent greater clay content and 0.6 per cent of the sanples showed nore than 20 per cent
greater clay content for the 4-umthan for 2-pmsize criterion.

4.5.2 Sedi nent classification triangles

Mbst clastic sediments are a mxture of sand-, silt-, and clay-size particles in varying
proportions. A suitable nonenclature for sedinents is therefore inportant to describe the
approximate relations anong these three mamin constituents. Because sedinment classification is
often based on the relative percentages of sand-, silt-, and clay-size particles, it is
convenient to plot these three constituents on a triangular chart.

A | arge nunber of triangular classification systens have been devised over the years. Sone
were devel oped primarily for the use of geologists in relating classification to sedinmentation
characteristics, and others were developed for the use of soils engineers in relating
classification to the engineering properties of the sedinents. Shepard (1954) developed a
sediment classification triangle based on the needs of sedinmentol ogists for studying node of
transport and environment of deposition of sedinments. Shepard s classification gives equal
i nportance to sand-, silt-, and clay-size particles (Figure 4.11).

Because the node of transport and environment of deposition of the sediments were being
studi ed, as well as the engineering properties, Shepard s classification was used in the central
California study to determ ne the sedinment class nanme |isted for each sanple in Table 4.1. For
classification of sediments in the |lower Mssissippi Valley, the US. Arny Corps of Engineer
(Casagrande, 1948) developed a triangle which enphasizes the inportance of clay-size particle
content. To assist soils engineers in relating the classification of sanples to their
engi neering properties, a transparent overlay of the M ssissippi valley classification triangle
could be placed over the plots in Figure 4.11 to determ ne the classification name under that
system

The textural classification used in Table 4.1, based on the Shepard system is a |laboratory
classification derived from particle-size distribution graphs. It departs substantially from
the field description made from exam nation of cores and drill cuttings by geol ogi sts especially
for the fine-textured materials. In the field exam nation, material containing nore than 30-40
per cent of clay-size particles has sufficient clay content to give it the physical properties
of clay, such as plasticity. Therefore, the textural description of cores or sanples in the
field by geologists is not directly conparable to the |aboratory textural classification by the
Shepard system Field exam nation by the geologists results in a textural description nuch
closer to that of the Mssissippi Valley classification than to that of the Shepard
cl assification.

4.5.3 Statistical neasures

For conparison and statistical analysis, it is convenient to have characteristics of particle-
size distribution (mechanical analysis) curves expressed as nunbers.

The neasure of central tendency is the value (size of particle) about which all other
val ues (sizes) cluster. One such nmeasure is the nedian dianeter, Dgg, which is defined as that
particle diameter which is larger than 50 per cent of the dianeters and smaller than the other
50 per cent. It is determined by reading, from the particle-size distribution curve, the
particle diameter at the point where the particle-size distribution curve intersects the
50- percent |ine.

The quartile deviation is a mneasure of spread of particle sizes. Qartiles are the
particle-diameter values read at the intersection of the curve with the 25- (Q), 50-(Q), and
75- (Q;) per-cent lines. By convention, the third quartile (Q) is always taken as the |arger
val ue, regardl ess of the manner of plotting. The geonetrical quartile deviation, or the "sorting
coefficient," Sgof Trask (1932, p. 70-72), is represented by the equation

So T VXK (4.13)

An S value of less than 2.5 indicates a well-sorted sedinment, of 3 a normally sorted
sedi ment, and of 4.5 a poorly sorted sedi nent.
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Figure 4.11 Sedi nent classification triangles for sanples from core holes in the Los Banos-
Kettleman City area, California.
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The log quartile deviation is the log of the geonmetrical quartile deviation, or sorting
coefficient, Sc, and is represented by the equation

Log Sc = (log Q - log G)/2 (4.14)

The 1 og Sc can be expressed to the base 10 (Krumbein and Pettijohn, 1938, p. 232) and is so
tabulated in this report.

As noted by Krunbein and Pettijohn (1938, p. 232), the geonetric quartile measures are
rati os between quartiles and thus have an advantage over the arithnmetic quartile measures in
that they elimnate both the size factor and the unit of neasurenent. They do not, however, give
a direct conparison because the log Sc (the log quartile deviation) increases arithmetically.
Thus, a sedinent having log Sc = 0.402 is twice as widely spread between @ and Q3 as one having
log Sc = 0.201

Many sedi nmentol ogi sts now use a Oscale in which

0= - logyd, (4.15)

in which d is the dianeter of the particle in millinmetres. This scale has certain advantages
over the log;y scale for expressing quartile deviation and other statistical paranmeters
(Krunmbein and Pettijohn, 1938, p. 233-235). Therefore, statistical paraneters were listed in
terms of the Oscale in the report by Meade (1967) on the petrology of sediments in subsiding
areas of central California.

4.5. 4 Perneability

The hydraulic conductivity depends in general on the degree of sorting and upon the arrangenent
and size of particles. It is usually low for clay and other fine-grained or tightly cenented
materials and high for clean coarse gravel. In general, the hydraulic conductivity in a
direction parallel to the bedding plane of the sedinents (referred to in the data tables as
hori zontal permeability) is greater than the perneability perpendicular to the bedding plane
(referred to as vertical perneability in the tables in this chapter). Mst water-bearing
materials of any significance as sources of water to wells have hydraulic conductivities above
5 x 10°3 cm per sec.

For central California, the hydraulic conductivities (coefficients of perneability) were
presented in tables simlar to Table 4.4, and in graphical form such as in Figures 4.12 and
4.13. Figure 4.12 shows the relation of horizontal and vertical hydraulic conductivity for many
pai red sanples. Horizontal hydraulic conductivity was as nuch as 200 times greater than verti cal
hydraul i c conductivity, with an average ratio of horizontal to vertical perneability of about 3.

Figure 4.14 shows the relation between vertical hydraulic conductivity and texture for
sanples fromcore holes in central California. Hydraulic conductivities have been grouped into
eight ranges; a synbol representing the proper range for each sanple is plotted in the
appropriate textural location on the triangle, which is subdivided according to the system
proposed by Shepard (1954). Although the highest hydraulic conductivity naturally occurs in the
coarse-textured and well-sorted sanples, conductivities within each textural classification
vary consi derably.

The vertical hydraulic conductivities for the clayey sedinents tested in the vari abl e-head
per neanet er under no load (Table 4.1) in general appear to be in a considerably higher range
than those in Table 4.4 (ft per yr x 9.7 x 1077 = cm per sec) which were conputed from the
consolidation tests for sanples of simlar texture. There are at |east three reasons for this
di fference:

1. The perneability of a clayey sedinent decreases markedly with decrease in void ratio
(or porosity). The hydraulic conductivities givenin Table 4.4 (in feet per year) are
computed from tine-consolidation data derived fromtest |oads ranging from7 to 112
kg per cnf and thus represent conditions of substantially reduced void ratios from
those of the sanples tested in an unloaded condition in the variable-head
permmeaneter. For sanple 23L-207 (Table 4.4), the conputed coefficient of vertical
hydraul i c conductivity for the load range 7 to 14 kg per cn? is about 50 times as
high as that for the |oad range 56 to 112 kg per cnt

2. For a clayey sedinent, the water used for testing perneability in the variabl e-head
permeanmeter, if not chemcally conpatible with the pore water, nmay affect the
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results substantially. In the water used in the Hydrologic Laboratory for the
vari abl e-head tests, calcium was the predom nant cation; however, sodium is the
predonminant cation in the pore water of the sedinents beneath the Corcoran C ay
Menber in the San Joaquin Valley area. The use of water in which the calciumion is
predominant in testing cores of such sedinents would tend to increase the val ue of
the hydraulic conductivity obtained in the variable-head tests. The consolidation
test, however, did not involve the passage of water through the sanple, only the
squeezing out of native pore water.

3. For a sanple of very low hydraulic conductivity tested under no load in a vari abl e-
head perneaneter, the disturbed condition of the sanple at and near the container
wall creates a boundary region which may produce a zone of appreciably higher
permeability than that of the undi sturbed sanple matrix. Tests in a consolidoneter
however, create lateral pressure against the container walls and thus tend to reduce
the perneability of the disturbed boundary region to approximately that of the
sanple matri x.

For these three reasons, the coefficients of pernmeability of the clayey sedinents as
derived from the wunloaded variable-head perneaneter tests (Table 4.1) are not directly
conparabl e to those conputed fromthe time-consolidation data (Table 4.4). Coefficients fromthe
consolidation tests are considered nore reliable for sanples taken as deep as these, but, to be
meani ngful for field applications, the coefficients would have to be conputed at the void ratio
or porosity, existing under the overburden (effective) stress conditions in the field.

4.5.5 Specific gravity, unit weight, and porosity

The specific gravity of a sedinment is the average of the specific gravities of all the
constituent mineral particles. The specific gravity of nobst clean sands is usually near 2.65
whereas that of clays ranges from 2.5 to 2.9. Oganic matter in the sediment will lower its
specific gravity.

The dry unit weight of a sedinent is dependent upon the shape, arrangenent, and minera
conposition of the constituent particles, the degree of sorting, the anount of conpaction, and
the amount of cenmentation. Dry unit weights of unconsolidated sedinments conmonly range from 1.3
to 1.8 g per cn?

Because porosity is calculated from the dry unit weight and specific gravity of the
sedinment, it is dependent upon the sanme factors. Mdst natural sands have porosities ranging from
25 to 50 per cent, and soft clays from 30 to 60 per cent. Conpaction and cenentation tend to
reduce these values. I n general, porosities decrease with depth below | and surface, and dry unit
wei ghts increase with depth. Athy (1930) described just such a progressive conpaction of
sedi nents as the load of overlying material increased with deposition.

The general trends discussed previously are conplicated by other factors which affect the
unit weight and porosity of individual sanples. These factors are (1) differences in particle
sizes or in particle-size distribution, (2) differences in type of clay mneral, (3) exposure to
at nosphere and pre-consolidation, such as by dessication, during their depositional history (4)
differences in intergranular structure as originally deposited, and (5) change in volume and
structure of the core during and subsequent to the sanpling operations.

The first four factors are natural phenonmena, whereas the last one, the change in vol une
and structure of the core during and subsequent to the sanpling operation, is introduced by man
in his disturbance of the natural state in order to procure the sanple. The sedinments cored in
the hol es of the San Joaquin Valley ranged in depth from21 to 630 mbel ow the | and surface. The
effective stress, or grain-to-grain load, of the overburden on these naterials in place
increased from about 3 to 70 kg per cnf in this depth range. Wile the core was being cut
addi tional load was placed on the material by the core barrel and drill pipe, especially near
the outer edge of the core. As soon as the materials were encased in the core barrel, however
the effective stress of the overburden was renoved and they expanded elastically. Thus, the
change in volume (porosity and unit weight) fromthe natural to the |aboratory condition is a
functi on of several variables:

1. Compacting effect produced by displacenent of the material by the cutting edge, the
inside-wall friction, or by overdriving of the core barrel

2. Expandi ng effect of rempoval of the effective stress of the overburden |oad at the
time the core enters the barrel; the magnitude depends on the elasticity of the
material and on the anobunt of the effective stress renpved (increasing with depth).

74



Laboratory tests for properties of sedimentsin subsiding areas

3. Di sturbing effects of mechanical rotation of core-barrel teeth and core catcher
while cutting the core, removal of core from barrel, packing, shipping, unpacking
and processing.

The net effect of this sanpling process is believed to be an expansion of the sedinments as
tested in the laboratory, thus providing values that are higher for porosity and |ower for unit
weight than exist in the natural state. On the basis of a study of the consolidation and
rebound data, the |aboratory-determ ned porosity of the fine-textured materials from the San
Joaquin Valley was estimated to be as much as 2-3 per cent higher than the in-place field
porosity (J. F. Poland, witten conmmun., 1963).

4.5.6 Atterberg limts and indices

The Atterberg limits and indices determned for selected fine-textured sanples from the core
hol es are presented in Tables 4.2 and 4.3. Predom nantly fine-textured sanples to be tested were
sel ected by visual inspection. Because the Atterberg limts describe properties of the fine part
of a sanple, presenting Atterberg linmt data for sanples which are predom nantly coarse textured
coul d be m sl eading. Wien the influence which the limts of consistency have on the behavior of
a sanple is being judged, the percentage of the sanple tested nust be considered. Table 4.2
i ncludes a columm which lists the per cent (by weight) of the total sanple that passed a No. 40
sieve (0.42-mm openi ngs) and was therefore the part of the sanple tested for Atterberg limts.

Mbst of these Atterberg limits and indices are not directly applicable to the study of
subsi dence and conpaction of sedi nents under increased effective overburden |oad, but they do
furnish a rough conparative neasure of the way in which fine-grained sedinents respond to a
decrease in noisture content as they pass fromthe liquid to the solid state. Because the val ues
of these indices are related to texture, conposition, clay content, and type of clay mnerals
present, they may be of qualitative use in conparing the fine-textured clayey deposits in
different areas to each other and to fine-textured sedinents in other areas for which Atterberg
i ndi ces have been obtained but for which the clay content, the conpression index (Cg, and the
type of clay minerals present are not known.

The liquid and plastic limts (noisture content, in per cent by weight) for sanples from
all core holes in the central California subsidence areas are plotted against percentage of
clay-size particles in figure 4.14. As shown by the trend lines, both limts tend to increase
with an increase in clay content, the liquid limt increasing at a greater rate than the plastic
limt.

The trend lines shown in Figure 4.14 were plotted from equations derived by conputer. The
equations are of the formy = a + bx, in which y represents the noisture content (w), X repre-
sents the clay content (C), both in per cent, and a and b are constants. In Figure 4.14A the
equation of the liquid-limt trend lineis w - 13.5 + 1.3C and that of the plastic-limt trend
line is wo = 17.3 + 0.54C. In Figure 4.14C the equation of the liquid-limt trend line is w =
14.0 +0.72C and that of the plastic-limt trend line is w = 14.7 + 0.22C. The equations of al
these trend lines are for sanples having clay content based on the percentage of particles |ess
than 0.004 mmin size.

Fi gure 4.14D shows trends which are conposites of all the sanples shown in Figures 4.14A-C
The equation of line 1, the liquid-limt trend line for clay sizes less than 0.002 mm is W =
27.8 + 0.71C. The equation of line 2, the liquid-linmt trend line for clay sizes |less than
0.004 mm is w - 25.8 + 0.60C. The equation of line 3, the plastic-limt trend line for clay
sizes less than 0.002 nmmis w, = 25.6 + 0.21C. The equation of line 4, the plastic-limt trend
l[ine for clay sizes |less than 0.004 mMmmis wp = 24.5 + 0.19C. Lines 1 and 3 are included to show
the relation between liquid and plastic limts and per cent of clay-size particles if 0.002 mm
is chosen as the upper linmt of the clay-size range

The value of the standard error for each trend |line was obtained by conputer. The pairs of
dashed lines which parallel each trend |line designate two standard errors on either side of the
trend line. The probability is 19 to 1 that, for a given value of clay content (in per cent),
the observed liquid limt or plastic limt will lie within the interval between the dashed
l'i nes.

The difference between the liquid and plastic limts, or the plasticity index, represents
the range of noisture content within which a sedinment nass will remain in the plastic state. The
noi sture content difference between the liquid-limt trend Iine and the plastic-limt trend |line
in each part of Figure 4.14 represents the average plasticity index for different clay contents
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Tabl e 4.3 Visual

classification,

Atterberg limts,

and specific gravities of sanples

{Data from Earth Laboratory, U.S. Bureau of Reclamation, Denver, Colo.]

tested

for consolidation.

Gradation (estimated) Atterberg limits
: N L Unified Specific
Earth Laboratory | Depth (feet) Maxi- Gravel | Sand, | Siltand | Color (wet) Soil classification and deseription Soil Classi- gravity
sample mum size}] >4.76 4.76- clay fication Liquid Plsstic Plas- of
(U.8. mm 0.074mm| <0.074 symbol Nmit ticity solids
Standard | (percent) | (percent, mm (percent) (percent) index
sieve No.) (percent)
Core hole 12/12-16H1
23801 e e 84.3- 84.6 30 0 10 90 | Brown. i some fine sand; medium plasticity; slight | CL 3t 14 17 2,80
dfllatancy, meiiium dry strength, no reasction to HCI; trace
of gypsum. '
L . 159.4~ 150.8 100 0 10 90 do. lay, ining some fine sand; medium to high plasticity; | CL~CH 50 19 31 2,74
’ slow dilatancy; medium reaction to HCIL.
[~ J— 230.8- 231.2 50 0 10 60 { Tan to brown. Clay,hl?an, ltoiw ptl:sg%ity slight dilatancy; low dry strength; | CL 33 11 2 2.73
slight reaction :
[T Y, 324.5- 324.9 100 4] 20 80! Gray e Clay, containing fine sand; low plasticity; medium dllatancy, CL 20 19 10 2.68
ome micaceous material present, no reaction to HCI.
[ S 374.0- 374.5 200 0 0 100 |....- Lo | T— Clay, fat; high plasticity; no dilatancy; no reaction to HCL_..| CH 54 23 31 2.73
96 425.0- 425.3 100 0 10 90 do. Clay, tat, eontalning fine sand lenses; high plasticity; no | CH 76 27 49 2,87
o dilatancy; no reaction to HCJ; moist, and
471.2- 4715 100 0 5 L1 2 DR U, S, Clay, fat; igh plasticity; no dﬂstancy, lensed with fine sand..| CH 58 38 2.68
516.5- 516.9 50 0 75 25 | Gray toblack.| 8Sand, ﬁne, no plasticity; fast dilatancy; strong organic odor | 8M 2.70
l;‘;resenl: soft and loosely cemented.
579.0- 579.3 100 0 35 65 | Tan.coono. y. silty containing fine sand; medium plasticity; slight | CL 32 14 18 2,60
. 625.0- 625.4 200 0 0 100 | Gray- . ._..... Clay. tat high plasticity; no dilatancy; firm; numerous planes CH 59 19 40 2,79
eontainlng some silt.
h (1) . 676.9- 676.2 50 0 45 55 do. Clay, silty eontaining fine sand, medium plasticity, slow | CL 45 14 31 2,72
dilatancy; clay on outer surraee, sand in center, an
102 el 722.0- 722.3 100 0 b 95 |.-..- do......... Cl?y, fat; h:gi: plﬁzticity, no dilatancy, blocky structure; trac- | CH 70 20 50 2,60
: ures contain si
108 oo 773.0- 773.4 50 0 60 40 | Brown to gray.| Sand, fine containing silt; no plasticity; fast dilatancy; lensed | SM R S 2,77
with clay and silt; medium cementation; no reaction to HCI.
b {17 R 821.4~ 821.8 50 0 55 45| Gray. ... Sand, fine containing silt; no plasticity; fast dilatancy; organic | 8M  |oeefieeoaa 2,74
odor present; no reaction to HCI.
1050 oo 877.4- B77.8 30 0 65 35| Brown._...... Sand, fine, unitorm. no plasticity; fast dilatancy; free water { SM 2,7
Present, no reaction to
b 1) S—— 926.8~ 927.2 50 0 20 80 sﬂty, medium plastlcity, slow dilatancy; no reaction to | CL 47 32 15 2.72
; top of sample contained sand of No. 30 size; rest of
ssmple was silt and clay lensed.
107 e 972.0- 972.4 30 0 75 26 | L T, S— 3and, fine: no plasticity; fast dilatancy; slight binder._.._ ... SM 2,70 .
108 e 998.6- 999.0 50 0 40 60 | Brown......-. Clay containi;xg fine sand; medium ticity, slow dilatancy; | CL 37 20 17 2,68
sample Jensed with clay and fine sand.
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Casagrande (1948, P. 919) devised a chart on which the liquid limt is plotted against the
plasticity index and used it for rough classification of soils. Points representing different
sanples fromthe same stratum or fine-grained deposit plot as a straight line that is roughly
parallel to an "A" line, an enpirical boundary between typically inorganic clays above and
pl astic organic soils below the line. The higher a sanple plots on this chart at a given liquid
limt, the greater its toughness and dry strength and the lower its perneability and rate of
volume change. Figure 4.15 shows plasticity charts of the Casagrande type on which the data for
all sanples tested fromthe central California subsidence areas have been plotted

4.5.7 Consol i dati on

As one phase of the research on subsidence and conpaction of aquifer systenms in centra
California, |aboratory consolidation tests were nmade on representative cores from eight core
hol es. The results of these consolidation tests were utilized in interpretive reports of the
Ceol ogi cal Survey to conpute conpaction in the confined aquifer systemin response to the known
decline in artesian head. The nethod has been described by MIler (1961); it is a refinement of
a technique outlined by G bbs (1959, p. 4-5) based upon Terzaghi’s (1943) theory of consolid-
ation and the use of one-dinensional consolidation tests. The consolidation test results are
summari zed as in Table 4.4.

Consol i dation-test curves representative of sanples from various depths in one of the San
Joaquin valley core holes are shown in Figure 4.16. The curves show, in general, that the
Corcoran O ay Menber has a greater unit consolidation potential than any of the other sedinments.
The conpaction of the Corcoran Cay Menber, however, has contributed very little to the tota
subsi dence to date (MIler, 1961, p. B57) because, where the Corcoran is thick, water noves out
very slowy, owing to the formation’s |low vertical perneability. Where the Corcoran is thin and
nore perneable, it forns only a snall percentage of the water-bearing section. Consolidation
curves for the Corcoran Clay Member are generally steep in the |oad range 14-70 kg per cnf and
indicate that the clay is normally | oaded and has not been preconpressed. Therefore the clay has
only partly conpleted its potential consolidation at the present tinme and at the present
artesi an pressure.

4.5.7.1 Estimating the conpression index

Terzaghi and Peck (1948, p. 66), in a continuation of work begun by Skenpton (1944, p. 126),
state that the conpression indices for clays in a renolded state (C o) increase consistently
with increasing liquid limt (w). Using data from approximtely 30 sanples selected at random
from different parts of the world and representing both ordinary and extra-sensitive clays

Terzaghi and Peck (1948) state that the data on conpression indices and liquid limts for these
clays plot on a graph within + 30 per cent of a line representing the equation

Cc=0.007 (w - 10 per cent). (4. 16)

They state further that for an ordinary clay of mediumor |ow sensitivity tested in the undis-
turbed state, the value of Cccorresponding to field consolidation is approximtely equal to
1.30 C g thus,

Cc = 0.009 (w - 10 per cent). (4.17)

Hence, these authors conclude that for normally | oaded clays with |low or noderate sensitivity
the conpression index, C- can be estimated approxi mately from know edge of the liquid lint and
use of equation 4.17. However, Terzaghi and Peck do caution that this approxi mate nethod of
conputation may furnish nerely a lower limting value for the conpression index of an extra-
sensitive clay. Later papers by N shida (1956), and Roberts and Darragh (1963), showed excep-
tions to the conpression index-liquid limt relationships described by Terzaghi and Peck (1948)
and indicated a wide scattering of data. Furthernore, they found no sinple correlation between
these factors for the sanple data they studied

Figure 4.17 shows the relationship between liquid limt and conpression index for core
sanples fromtest holes in subsiding areas of central California. Athough the liquid limt is
cal cul ated as noisture content in per cent of dry weight, values usually are reported as nunbers
only and are reported thus in Figure 4.17 and henceforth in this section. The conpression
i ndi ces used in these graphs were obtai ned fromconsolidation tests, not by calculation fromthe
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Tabl e 4.4 Consolidation test summari es.

80

[Data from Earth Laboratory, U.S. Bureau of Reclamation, Denver, Colo.]

Compression index, C. Time-consolidation data

Unified
Earth laboratory Depth . Coefficient of Coefficient of soil
sample (feet) From From Load consolidation, C, permeability classificatior
consoli- Atter- range symbol
dation berg (psi) .
curve test Sqin. Sqft Calculated From test
per sec per yr (it per y») (ft per y1)
Core hole 12/12-16H1
23BeY. .. 84.3- 84.6 0.12 0.19 100~ 200 3.3X10¢ 72.5 8.5X10~*
200~ 400 1.6X10~¢ 31.8 2.0X10- |.
| RPN 159.4- 159.8 21 . 36 100~ 200 9.2X10-5 20.1 2.8X10-3
200~ 400 5.1X10-% 1.2 1.3X10-3
[ J PPN 230.8- 231.2 .21 .21 200~ 400 1.7X10~¢ 37.2 4.0X10-3
324.5- 324.9 11 P ¥ PO VI OIS SN
374.0- 374.5 .32 .39 200~ 400 1.5X10-5 3.3 2,9X10~¢
400~ 800 1,0X10-¢ 2.2 1.5X10~4
B8, o ieeiliiian 425.0- 425.3 1.13 59 200- 400 , 2X10-¢ 0.92 3.2X10~4
400~ 800 3.2X10-¢ .70 1.2X10-+
L7 R, 471.2- 471.5 90 .43 200~ 400 1.3X10-4 28.5 8.0X10-*
400- 800 1,3X10-¢ 28.5 3.6X10-3
[ S 516.5- 516.9 | .4l | ifeeiiiiiaioai i aeaan
9 i 579.0- 579.3 200- 400 5.6X10+ 122.
) 400~ 800 3.8X10-+ 83.
800-1, 600 2.5X104 54
625.0- 625.4 400~ 800 1.7X10-% 3.
800-1, 600 8.0X10-¢ L.
675.9- 676.2 400~ 800 1.1X10-2 232,
800-1, 600 6. 9X10+4 151
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Figure 4.16 Void ratio/load curves for sel ected sanples fromcore hole 14/13-11D in the San Joaquin
Val l ey, California.

Terzaghi and Peck equation. The solid line in each of the parts of Figure 4.17 represents the
regression line for the Terzaghi and Peck equation, Cc = 0.0009 (w - 10).

The data in Figure 4.17 show that 10 of the 22 sanples from the Los Banos-Kettleman City
area, 11 of the 12 sanples fromthe Tul are-Wasco area, and 4 of the 21 sanples, fromthe Santa
Clara Valley, lie outside the £30 per-cent limts of scatter about the regression line for the
Terzaghi and Peck equation, Co = 0.0009 (w_ - 10). Three sanples of clay in the Los Banos-
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Kettleman City area have conpression indices approximately twice as |large as woul d be predicted
fromthe Terzaghi-Peck equation. The void ratio-load curves for these three sanpl es suggest that
they are extrasensitive clays and, if so, they woul d be expected to plot well above the equation
line. However, even if these sanples are excluded, the data of Figure 4.17 show that the
relationship between liquid Iimt and conpression index for fine-textured sedinents on the west
side of the San Joaquin Valley does not fit the Terzaghi -Peck equation as closely as m ght be
expected fromthe discussion by those authors (Terzaghi and Peck, 1948), p. 66).

Regression lines were determined by conputer for the liquid limt-conpression index
relationship for sanples fromcore holes in the San Joaquin and Santa Clara Valleys. Table 4.5
presents the equations of the regression lines for data fromthe central California area so they
can be conpared with the regression line for the Terzaghi and Peck equations, C . = 0.0007 (w -
10) and Cc = 0.0009 (w - 10). The table shows that only the equation for core hole 16/15-34Nl is
approxi mately equi valent to either equation discussed by Terzaghi and Peck. Figure 4.17, part D
and Table 4.5 show that the equation of the regression line for 11 sanples fromthe San Joaquin
Val | ey (except the three sanples with the exceptionally high conpression indices) is C. = 0.014
(w, - 22) and the equation for the Santa Clara Valley is Cc = 0.003 (w + 35).

4.5.7.2 Correlation of conpression indices

Figure 4.18 denobnstrates the correlation between conpression indices estimated from
liquid-linmt tests and those determ ned from consolidation curves such as are shown in Figure
4.16. In Figure 4.18 the heavy |line passing through the origin at an angle of 45 degrees to the
x and y axes represents absolute correlati on between the val ues represented by the two axes. The
conpression indices estimated fromliquid linmts for the Los Banos-Kettleman City area and Santa
Clara Valley generally are higher than those determi ned from consolidation curves and those for
the Tul are-Wasco area are | ower.

The data in Figure 4.18 also show that the sedinents of marine origin have much higher
conpression indices when determned from consolidation curves than when estinmated from liquid
limts. Furthernore, sedinments of lacustrine origin have sonmewhat |ower conpression indices
when determ ned from consolidation curves than when estimated fromliquid limts. Again, the
expl anation nmay be due to the difference in load conditions, the marine sedinents being the
deepest and the alluvial sedinents being the shall owest.

4.5.7.3 Estimating coefficients of consolidation

Figure 4.19 shows the conputed coefficient of consolidation for 1 to 4 different |oad ranges
plotted against liquid limt for sanples from the central California areas. Although the
coefficient of consolidation shows a general decrease for increasing values of liquid limt,
Figure 4.17 indicates that the coefficient of consolidation for any particular |oad range can
vary through nore than one order of magnitude for any given liquid limt. Terzaghi and Peck
(1948, pp. 76-77) described a simlar relationship for data fromabout 30 sanples and noted that
the relationship is different for each core hole as well as for each area

4.5.7.4 Effect of soil classification

Information in Figures 4.17 and 4.18 indicates the effect of particle size and texture on the
consolidation characteristics and the liquid limt. The Unified Soil Cassification (Am Soc
Testing Materials, 1964, pp. 208-220) designation, which is based on texture, is indicated at
the top of Figure 4.17

In general, those sanples with a classification of CH MH have the largest liquid [imts and
conpression indices, and the smallest coefficients of consolidation. Sanples wth a
classification of SC and SM have the smallest liquid linmts and conpression indices, and the
| argest coefficient of consolidation. Sanples with a classification of M., CL and CH have val ues
sonewhere between these two extremes. Sanples of sedinments of alluvial origin tended to be
classified as CL and CH, and those of marine origin were classified primarily as CH MH

4.5.7.5 Relationship of consolidation characteristics and liquid limts
Data presented in this chapter show that the equations presented by Terzaghi and Peck (1948)

(equations 4.16 and 4.17) do not apply to the rel ati onship between conpression index and liquid
limt for sedinentary deposits tested fromthe central California subsidence areas.
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Table 4.5 Equations for regression lines for various groups of data fromsubsiding areas in
central California

Dat a used Equati on

Los Banos-Kettleman City area

Core hole 12/12-16H, exclusive of the 3 sanples with exceptionally

hi gh conpression indices Cc=0.005 (w =6)

Core hol e 16/ 15-34N1 Cc=0.007 (w-12)

Al'l sanples in area, exclusive of 3 sanples with exceptionally

hi gh conpressi on indices Cc=0.006 (w-3)
Tul are-Wasco area

Core hol e 23/ 25-16N Cc=0.015 (w-

Core hol e 24/ 26-36A2 Cc=0.024 (w-32)

Al sanples in area Cc=0.018 (w-16)
San Joaquin Valley, exclusive of 3 sanples with exceptionally

hi gh conpressi on indices Cc=0.014 (w-22)
Santa O ara Valley

Core hol e 6S/2W 24C7 Cc=0.003 (w-47)

Core hole 7S/| E-16C6 Cc = 0. 0005 (W+370)

Al sanples in area Cc=0.003 (w +35)

Furthernore, the data show that no single equation applies to the relationship for all areas
studied, with the foll owi ng equations being obtained for the two valleys:

San Joaquin Valley: Cc = 0.014 (W - 22); (4.18)
Santa O ara Valley: Cc = 0.003 (w + 35). (4.19)

In essentially every case, the equations of the regression lines represent only general trends
because there is considerable scatter of data for all core holes. The trend line for data from
the Santa Clara Valley is so nearly horizontal that a rather narrow range of conpression indices
coul d be obtained over a wide range of liquid limts. Conpression indices estimated fromliquid
limts, however, showed better correlation with indices determned from consolidation curves
when the sedinents were of alluvial or lacustrine origin than when they were of nmarine origin

Al'l coefficients of consolidation showed a general decrease for increasing values of |iquid
limt. However, because the coefficients for any particular |oad range could vary through nore
than one order of nagnitude for any given liquid limt, the relationship could not be estinated
with reasonabl e accuracy. In fact, the general trend for the relationship even varies, for each
subsi dence area and for each core hole.

At least for the areas studied in central California, the consolidation characteristics of
the undi sturbed sedinents in the field cannot be closely approximated by liquid limts, which
are made on disturbed sanples of those sedinments. The studies also indicate that the equations
reported by Terzaghi and Peck (1948) nust be used with extrene caution to estimate the
consol idation characteristics of sedinments in areas of subsidence--especially if the conpacting
sedi nents are at consi derabl e depth.
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Figure 4.19 Relation of coefficient of consolidation to liquid limit for samples from core
holes in the San Joaquin and Santa Clara Valleys, California.
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