- FE5~02

e =
A )

By

@

M 2 5
L F
B ?&wﬁ-‘l’




EVALUATION OF PRIMARY AND SECONDARY CONSOLIDATION
OF HAMILTON HARBOUR AND LAKE ONTARIO SEDIMENTS
DUE TO IN-SITU CAPPING

A.J. Zeman and T.S. Patterson

Aquatic Ecosystem Restoration Branch
National Water Research Institute
867 Lakeshore Road, P.O. Box 5050
Burlington, Ontario L7R 4A6

NWRI Contribution No. 95-02



 ABSTRACT

The magnitudes and rates of primary consolidation due to
the load applied by a 0.5-m thick sand cap, which rests on a
very compressible fine=grained sediment substratum, have been
analyzed for the proposed capping site in Hamilton Harbour,
for two other locations in the Harbour, and for an adjacent
location in Lake Ontario. Large oedometer tests with pore
pressure measurements were used to determine void ratio-
effective stress and void ratio-permeability relationships.
Primary consolidation due to the dissipation of excess pore
pressure has been analyzed using the classical (Terzaghi)
consolidation analysis, the finite strain analysis, and a
numerical analysis, using a computer code CONSOL, in which the
governing (Terzaghi’s) differential equation is approximated
by a finite-difference discretization. It is shown that both
the Terzaghi and the finite strain methods predict identical
ultimate settlements of about 0.2 m at the proposed capping
site. In general, substantially faster rates of consolidation
are predicted by the finite strain theory than by the
classical theory. The results obtained by CONSOL are in a
reasonable agreement with the two other methods. The predicted
time to reach 95% of primary consolidation at the capping site
ranges from about 8 to 11 days.

The effect of secondary consolidation was investigated by
examining the dial deflection vs. time consolidation curves
from standard consolidation tests and from the results of a
creep test carried out at stresses of 5 and 10 kPa. Although
the determination of the coefficient of secondary compression
was found highly variable, the results indicate that the
sediments are of very high secondary compressibility and, for
this reason, the amount of secondary consolidation c¢ould
amount up to an additional 0.2 m over the period of 20 years.



This secondary settlement and associated pore water extrusion
will be, however, significantly reduced due to the gradual
formation of a low-permeability layer of fresh sediment
deposited onto the top of the cap.

Field monitoring by a set of settlement gauges is
proposed for the capping demonstration project in order to
obtain an empirical control on the laboratory and analytical
results'presented in this report.
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1.0 INTRODUCTION

The purpose of this report is to evaluate the relative
1mportance of primary and secondary consolidation that may
occur in recently deposited offshore sediments as a result of
subaqueous capping. The magnitude and rate of primary
consolidation of Hamilton Harbour and Lake Ontario samples
due to subaqueous capping have previously been analyzed
(Zeman, 1992). In the present report, the consolidation test
data for the same samples, as well as the data for two samples
taken in 1993 at the proposed capping site in Hamilton
Harbour, are examined.

Primary consolidation is due to the extrusion of water in
sediment voids and associated dissipation of excess pore
pressure, u. The end of primary consolidation is reached when
u becomes zero. Secondary consolidation is due to the
continued readjustment of sediment particles under sustained
loading at the end of primary consolidation. As pointed out by
Das (1983), primary and secondary consolidation are in fact
continuous processes that can be jointly investigated by
various viscoelastic models. This approach has not been
attempted within the scope of this report.

Consolidation behaviour of very soft contaminated
" sediments due to subaqueous capplng is 1nvestlgated in
connection with the proposed pilot-scale project in Hamilton
Harbour (Zeman, 1993). Results of consolidation analysis are
used for estimates of pore water released from the sediment
into the cap. Reliable estimates of both the primary and
secondary consolidation of very soft contaminated sediments
are also desirable for the evaluation of 1long-term cap
stability against major storm events and the effects of ship
traffic over the éap. The surface elevation of the cap will
reflect not only sediment erosion or deposition but also the
settlement of the underlying highly-compressible sediments.
Thus it is important to distinguish elevation changes due to
any possible sand transport, accumulation of any new fine-
grained sediment on the cap, and cap surface settlements
occurring as a result of primary and secondary consolidation.

2.0 SAMPLING AND TESTING HETKODS

Previous investigations (Mudroch and Zeman, 1975) have
shown that fine-grained sediments in Hamilton Harbour have
anomalous geotechnical properties probably due to the presence
of large amounts of iron. For this reason, consolidation
behaviour was investigated not only for Hamilton Harbour



sediments, but also for Lake Ontario basin sediments. Large
box cores were collected at sites HH-1-90, HH-2-90 and HH-1-93
(Fig. 1) in Hamilton Harbour, and at site LO-90 (Fig. 2) in
Lake Ontario. In addition, a gravity sediment core was
collected at each site for logglng and subsequent geotechnical
laboratory testing, including six gravity sediment cores taken
in and around the proposed capping site, which were collected
with a modified Kajak-Brinkhurst (K-B) corer with a 3-in.
(7.6-cm) dia. plastic liner.

Consolidation behaviour of the sediments was investigated
by large oedometer tests carried out in the Rowe Cell test
apparatus (Rowe and Barden, 1966) Each specimen was saturated
under back pressure equlvalent in magnitude to the water depth
at the respective sample location. Back pressures of 130 kPa,
176 kPa, 206 KPa, and 313 kPa were used for samples HH-1-93,
HH-1-90, HH-2-90 and LO-90 respectively. After saturation, the
consolidation stage of the test was carried out. Load
increments of 5, 10, 20, 40, 80, 160 and 320 kPa were used,
followed by unloadlng to 80 and 10 kPa. The oedometer creep
test was carried out at stressés of 5 and 10 kPa. The test
procedures are described in detail in reports by Golder
Associates (1991 and 1994). Particle size analyses were
performed using the sieve and Sedigraph method (Duncan and
Lahaie 1979), with detailed results to be found in Dalton
(1991) and Patterson (1993). Undrained shear strength of the
sediments was determined by the fall-cone method (Hansbo,
1957) . Water content determinations were carried out according
to the ASTM D2216-80 Standard. Spec1f1c gravity determinations
were carried out according to the ASTM D8854-83 Standard using
de-aired kerosene as the liquid.

3.0 SITE (SAMPLE) CONDITIONS

Locations of the Hamilton Harbour sites are shown in Fig.
1. The Lake Ontario sample site for LO-90 is shown in Fig. 2.
The proposed capping site, including contours and sample
locations, is shown in Fig. 3.

3.1 Site LO-90

This site is at the same location as Moses Station No.
14, which was previously sampled and tested by Vanderpost
(1972). On the basis of particle distribution measured at 10-
cm intervals on subsamples (Fig. 4a), the sediment is clayey
silt throughout, with the silt fraction varying from about 60%
to 80%, and the clay fraction varying from about 20% to 40%.
The natural water content, w, decreases in a parabolic fashion
within the upper 30 cm from about 250% to 75%, and further
below decreases slightly with depth to about 60% towards the
end of the core (Fig. 6a). Fall-cone shear strength values,
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s,, increase with depth:ffom the‘near zero value to about 5
kPa at the end of the core (Fig. 12a). The sediment is of very
soft consistency throughout (s, < 12 kPa). '

3.2 site HH-1-90

The sediment is texturally clayey silt to silty c¢lay. The
silty fraction predominates in the upper 10 cm and below the
depth of 60 cm (Fig. 4b). The natural water content
measurements (Fig. 5b) decrease in a parabolic fashion from
about 360% to about 145% at 40 cm below the surface. Further
‘below, the w values increase with depth in the interval 45 cm
to 60 cm from about 145% to 250%, and then decrease slightly
to about 225% at 75 cm. The s, measurements (Fig. 6b) increase
linearly with depth, having some variability, from near zero
values to about 3 kPa. Somewhat lower s, values measured
toward the bottom of the core may be due to sediment
disturbance during sampling.

3.3 gsite HH-2-90

The vertical trend of particle size distribution (Fig.
4c) is quite similar to Site HH-1-90. The sediment is clayey
silt within the uppermost 15 cm of the core, silty clay from
15 to 70 cm and clayey silt from 70 to 80 cm. Natural water
content at the sediment-water interface is about 430%,
decreases rapidly with depth to about 200% at 20 cm, remains
approximately constant from 20 cm to 65 cm, and increases to
about 275% toward the end of the cére (Fig. 5c). The overall
trend of w values is similar to Core HH-1-90, with the
exception of higher values near the sediment-water interface.
The shear strength profile (Fig. 6c) is also quite similar to
Core HH-1-90, with values ranging from near zero at the
sediment-water interface, increasing irregularly with depth to
about 3 kPa at 65 cm. Lower s, values obtained between 65 cm
and 80 cm are likely caused by sediment disturbance during
sampling.

3.4 Sample HH-1-93

Sample HH-1-93 was collected within the proposed capping
site. Specific gravity and moisture content measurements for
the samplé are available in Golder Associates (1994). Grain
size, shear strength and moisture content data were measured
on subsamples from six gravity cores taken in and around the
capping site within about 100 m from Sample HH-1-93 (Fig. 3
and Figs. 7a to f). Although all cores differ somewhat from
each other, the top 30 cm interval for all cores is generally
silty clay, changing to clayey silt below this approximate
depth. Sand pockets appear without any apparent pattern in a
total of three cores, between 40 cm and 100 cm. Natural water
content ranges from about 480% at the top layer (Fig. 7c -
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Core 2X) to as low as 25% at sand pockets (Figs. 7a and 74).
Shear strength profiles were also quite consistent for all
cores, ranging from close to zero values to about 2 kPa. Sand
pockets were the exception, where shear strength rose as high
as 32.7 kPa (Fig. 74). ' -



"~ PART A: PRIMARY CONSOLIDATION

4.0 THEORY
4.1 Terzaghi’s Governing Equation

The usual form of Terzaghi’s governing equation (Terzaghi
and Peck, 1968) is

(1)

ﬂl.zc azu

t v 8x2?

where u is the excess pore pressure and C, is the
coefficient of consolidation. The independent variables are
time, t, and the vertical space coordinate, x. The
relationship between the degree of consolidation, U, and the
length of time, t, elapsed from the application of load is

Us% = £(T,) (2)
t = 4
C

where H is the thickness of a singly-drained layer and T,
is the dimensionless time factor. The relationship between U
and T, has been tabulated and plotted for principal practical
situations (Terzaghi and Peck, 1968; Das, 1983).

Expected ultimate settlement due to primary
consolidation, S (), can be computed from the piecewise
relationship for individual sublayers (Terzaghi and Peck,
1968) ‘

n ,
S(®) = Y my; Ao’y Ax; - (4)

i=1



where m, is the coefficient of volume compressibility,
Ad’is the change in vertical effective stress due to applied
load, Ax; is the sublayer height and n is the number of
sublayers used during summation.

4.2
Equation

Finite-Difference Solution of Terzaghi’s Governin

A computer code CONSOL Version 2.0 (Duncan et al. 1988)
was used to calculate magnitudes and rates of consolidation
settlement. In the program, S(w) is computed by applying Eq.
(4). An implicit finite-difference approximation is used to
calculate the rate of consolidation settlement and the rate of
dissipation of excess pore pressures. In comparison with a
chart solution, a numerical solution permits variations in the
changes of stress with depth, and variations in sediment
properties with depth to be taken into account as input
parameters. The finite-difference equations used by CONSOL to
approximate Eq. (1) are given in Duncan et al. (1988) and they
are not repeated here. The required input parameters: total
unit weight, ¥, void ratio, e, compression index, C,, and
coefficient of consolidation, C,, were obtained from the
available consolidation test results and core geotechnical
profiles.

4.3 _ Finite strain Governing Equation
The governing equation for finite strain consolidation
(Gibson et al., 1967; Gibson et al., 1981) is

Ve, d(_k %, 8k dode , de.
L¥; 1) dé[ (1+e)] oz = oz v, (1+e) de az] T 0 (5)

where y, is the unit weight of solids, 7, is the unit
weight of water, e is the void ratio, z is the strain-
invariant material coordinate and k is the coefficient of
permeability. The relationship between the degree of
consolidation for finite strain, U;,, and t can can be
determined from solution charts developed from a finite-
difference solution of Eq. 5 (Cargill, 1984). The charts
provide U;, as a function of the dimensionless time factor for
finite strain, T;,, defined as

cr

Trs = 23 (6)




where g is the coefficient of consolidatign for fini?e
strain and 1 is the thickness of a singly-drained layer 1in
material coordinates. '

The ultimate settlement, S(w), can be computed from the
relationship (Gibson et al., 1981)

1 ‘n )
S(=) = [le(z,0)-e(z,=)1dz = Y (e;,-€;,.) I; (7)
0

i=1

where 1, is the total height of material solids calculated
for each sublayer from

Ax;
1; = Ive; (8)

where e; is the average initial void ratio in a sublayer.

As m,; in Eq. 4 is equal to

a,; Ae, :
my = s (9)

where a, is the coefficient of compressibility,'it is
apparent that Egs. 4 and 7 are mathematically equivalent.

5.0 RESULTS

5.1 Ultimate Settlement, §(«)

The results obtained for Samples LO-90, HH-1-90 and HH-2-
90 are presented in Zeman (1992). The void ratio, e, vs.
effective stress, o’ (kPa), and void ratio vs. coefficient of
permeability, k (m/day), relationships for Sample HH-1-93 are
presented in Figs. 8 and 9. These results are compared with
other samples tested in Figs. 10 and 11. The logarithmic and
power regression coefficients, for the two relationships and
the four samples tested, are presented in Tables 1 and 2.



As can be seen from Fig. 10, the initial void ratio for
Sample HH-1-93 is somewhat lower than that for Sample HH-2-90,
but it is higher than the corresponding values for the two
remaining samples. Using the relationship for the compression
index, C.:

Ae
log(—#)
0

C =

c

(10)

the C, values are obtained from the regression curves
presented in Fig. 12. These values are 0.940, 1.343, 2.068 and
2.054 for Samples L0-90, HH-1-90, HH-=2-90 and HH-1-93
respectively. It can thus be —concluded that the
compressibility of Sample HH-1-93 is very close to that of
Sample HH-2-92. The k values for Sample HH-1-93 range from
about 1*10"! imn/day to about 1*10° m/day and they are within the
general range obtained for the two other samples taken in the
Harbour (Fig. 11).

Further data on primary consolidation characteristics at
Site HH-1-93 were obtained from the results of the creep test
carried out to estimate the coefficient of secondary
compressibility, €, (Section 7.2 following). The C. value
obtained from the creep test, taken as the straight line from
end of saturation (2 kPa) to 10 kPa stress, is 1.4. The reason
for the difference in the C, values between the standard test
and the creep test at Site HH-1-93 is not known.

Geotechnical data measured on six gravity sediment cores
from the capping site were used to compute the effective
vertical stress, o/, as a function of depth below the bottom
(Fig. 13). Using the settlement formulas (Egs. 4 and 7) and
the e-o’ relationship obtained from the consolidation test,
the ultimate settlement, S(w), can then be computed as the
function of the depth below the bottom. The S (w) values
obtained are somewhat larger than corresponding values for
Sample HH-2-90 (Zeman, 1992), i.e., about 22 cm and 35 cm for
the upper 1 m (H = 1 m) and the upper 2 m (H = 2 m) below the
sediment-water interface respectively (Fig. 14). The result
for H = 2 m should be regarded as a gross estimate, as the
stratigraphy below the one-metre depth is presently unknown.
The computed S () values for all four samples are summarized
in Table 3.

5.2 Determination _of = Time for 100% Primary
consolidation, t;,




The t,, values are required for the determination of the
coefficient of secondary compression, ¢, (Section 7.0). The
end of primary consolidation is usually determined from
deformation-log time curves of a consolidation test using the
Casagrande'method (Terzaghi and Peck, 1968). However, the time
for 100% primary consolidation, t,,, is often not well-defined
on deformation-log time curves for colloidal and organic clays
(Yong and Warkentin, 1971, Sridharan et al., 1987). For this
reason, the rectangular hyperbola method (Sridharan et al.,
1987) is also used in the present report, in order to
determine t;, and the magnitude of primary consolidation, &y,
for each loading stage.

The Casagrande (t;n:) and the rectangular hyperbola
methods (t;,z) were both plotted on deformation-log time curves
in Figs. 15a to 18g for varying applied pressures (effective
stresses, ¢’) ranging from 5 kPa to 320 kPa.

Typical deformation-log time curves have a lower gradient
toward the end of the curve (e.g. Fig. 16f), allowing t,, to
be measured. Many unusual curves were encountered (e.g. Fig.
16e), which often made it difficult or impossible to determlne
tiwc- Dial deflections were no more than 1 mm for each of the
samples measured at 5 kPa, but rose to as much as 8 mm as
higher pressure was applied. Irregular deformation=log time
curves were obtained especially for low applied pressures.

In general, all samples required more time to reach t
as a higher load was applied. Between 7 and 25 minutes were
required at 5 kPa, increasing to about 500 to 1,000 minutes at
160 kPa and 320 kPa. The ¢t for 160 kPa could only be
recorded for Samples HH-1-90, HH-2-90 and HH-1-93, and these
times were more than the times required for 320 kPa for these
same samples.

There was no consistent difference in t, and ¢ty
values, except for the fact that t,, values were generally
lower than t,,; values for the same consolidation pressure
(Table 4).

5.2.1 Casagrande’s method

The deformation-log time curves were used to obtain time
required to reach the end of primary consolidation, t;pc. In
some cases, the point of intersection could not be determined
due to 1nsuff1c1ent time allowed in testing of the sample, or
simply due to an obscurely shaped curve. Three determinations
were possible for Samples LO-90, HH-1-90, and HH-1-93. Four
determinations were possible for Sample HH-2-90. The values
range from 20 to 280 min for Sample LO-90, from 25 t6 390 nin
for Sample HH-1-90, from 120 to 410 min for Sample HH-2-90,
and from 220 to 1040 min for Sample HH-1-93 (Table 4). Apart
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from low values obtained for 5-kPa plots for Samples LO-90 and
HH-1-90, no trend was found between t;c Values and
consolidation pressure.

5.2.2 Rectanqular hyperbola method

The time required for primary consolidation, tiu, was
determined from the compression corresponding to 100 % primary
consolidation, &,,, using the equation (Sridharan et al.,
1987)

8100 = 09-3,159 (11)

where m is the slope of the linear portion of the
hyperbolic plot of t/§ vs. t (Sridharan et al., 1987). The
point of intersection on the deflection vs. log-of-time plots
was then determined (Figs. 15a to 18g). For seven curves
(Figs. 15b, 16b, 16c, 17d, 18a, 18f and 18g), §,, are below
the end of experimental curves and, consequently, no %t
values were obtained. The results for the four samples and
different consolidation pressures are summarized in Table 4.
The results are comparable to Casagrande’s method (Section
5.2.1) in that low values were obtained for the consolidation
pressure of 5 kPa and no obvious relationship was established
for higher consolidation pressures. Values are both higher and

‘lower than t,n for those curves where both estimates were

obtained.
5.3 Determination of Coefficient of Consolidation
5.3.1 Taylor’s method

The c,; values were computed from the equatidn (Das, 1983)

2
c,p = D:848 H (12)

t90

where H = the length of the drainage path in the sample
and t, = time required to reach 90% primary consolidation
(which is obtained from dial readings vs. square-root-of-time
plots). The values are presented in Table 5.

The ¢, values obtained for Sample LO-90 are relatively
constant for stresses greater than 10 kPa (Table 5, Fig. 19a).
The values obtained for Samples HH-1-90 and HH-2-90 slightly
decrease with pressure within the range of about 1.7 x 107 to
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_about 7.3 x 10% cm? s! (Table 5, Figs. 19b and 19c). For Sample
HH-1-93, c,; .values generally decrease with consolidation
pressure from about 3.7 x 10? at 5 kPa to about 1.1 x 103 cm?
s! at 80 kPa (Table 5, Fig. 19d).

$.3.2 Casagrande’s method

The c,. values were computed from the equation (Das, 1983)

2 .
Cpp = 1237 H_ (13)
t50
where t,, = time required to reach 50% primary
consolidation obtained from deflection - logarithm-of-time

plots. These values were obtained for only those curves that
allowed the deflection reading to correspond to 100% primary
consolidation. For Sample LO-90, three values were obtained in
the range of about 2.5 x 10° to about 2.3 x 10* cm’ s? (Table
5, Fig. 19a). Three c, values obtained for Sample HH-1-90
(Table 5, Fig. 19b), four values obtained for Sample HH-2-90
(Table 5, Fig. 19c) and three values determined for Sample HH-
1-93 are denerally lower than c, values discussed in Section
5.3.1 preceding. The values obtained for Sample HH-1-93, at
the three highest consolidation pressures, were in the range
from 2.7 x 10* to 4.1 x 10° cm? s! (Table 5, Fig. 19d). The
empirical ¢, < or = c,; relationship, reported by Sridharan et
al. (1987) who used a large amount of experimental data, holds
for all comparisons.

$.3.3 Rectanqular hyperbola method

The c,; values were computed from the equation (Sridharan
et al., 1987)

. 0.24mH? (14)

CVR

where m = slope of the linear portion of the t/é§ versus
t plot, § = observed compression at any time (t), and c =
intercept made by the linear portion of the t/§ versus t plot
on the t/é§ axis. The c, values for the three samples are,
except for two values obtained for Sample LO-90 and three
values obtained for Sample HH-2-90, somewhat lower than those
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calculated from Taylor’s and Casagrande’s methods (Table 5,
Figs. 19a to 19d), with noticeably lower c, values in Sample
HH-1-93 (Fig. 19d). This is contrary to empirical findings
reported by Sridharan et al. (1987) who reported the general
relationship

Cyc S Cygp S Cyp _ (15)

A possible reason for this deviation between expected and
obtained results can be due to very high compressibility of
the four samples tested. Due to relatively large deflection
values of § at the beginning of a loading stage, t/§ vs t
plots are linear only toward the end of a loading stage, which
introduces appreciable uncertainties in determining both m and
¢ in Egq. 14.

5.4 Degree of Consolidation
5.4.1 Terzaghi’s theory

'~ The degree of consolidation, U, as a function of time, t,
has been computed for Sample HH-1-93 using the average
coefficient of consolidation, c,, obtained from the
consolidation test. The results for H =1 m and H= 2 m are
presented in Figs. 20a and 20b respectively. For the 1-m thick
layer, the time required to reach 95 % primary consolidation
is about 11.3 days and for the 2-m thick layer 45.1 days.
These values are somewhat lower than those obtained for
Samples LO-90, HH-1-90 and HH-2-90 (Zeman, 1992).

5.4.2 Finite strain theory

The degree of consolidation for finite strain has been
determined by means of the solution charts for Eq. 5 (Cargill,
1984) and the results for H= 1 m and H = 2 m are presented in
Figs. 21a and 21b respectively. The average coefficients of
consolidation for finite strain, g, were determined using the
relation (Gibson et al., 1981): ‘

Cy (16)

77 (1+e,)?

The values of g are functions of the average void ratio,
e,, and the average effective stress, o,’, are therefore
influenced by the selected value of H. The computed times for
95% primary consolidation are 8.8 days and 29.6 days for H =
1 m and H = 2 m respectively (Figs. 2la and 21b). These
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results, i.e. faster finite-strain consolidation rates, are
consistent with the previous comparisons between the Terzaghi
theory and the finite strain theory obtained for Samples LO-
90, HH-1-90 and HH=2-90 (Table 6).

5.5 Results Obtained with Computer Code CONSOL

A brief description of the computer code CONSOL Version 2.0
(Duncan et al., 1988) was given in Section 4.2. All
computations using the code were made for the upppermost one
metre of the sediment (subdivided into ten 10-cm thick
sublayers) at the four locations (Figs. 1 and 2). One of the
required input parameters, the void ratio e, can be derived
from available geotechnical data either from the measured
moisture profiles and the measured specific gravity values
(referred to below as . the "e derivation no. 1"). The
alternative approach is to use e values obtained from the void
ratio-effective stress relationships (Fig. 10). This procedure
is referred to below as the "e derivation no. 2". The
remaining input parameters were the same for both types of
computations. The coefficients of consolidation values used
were the average values obtained by the Taylor method, c,;, for
each sample (Section 5.3.1).

5.5.1 Ultimate settlement, 8(w)

The results using CONSOL (Table 7) are in general agreement
with the S(») values described in Section 5.1. As can be seen
from this table, selection of void ratio values influences the
results to a certain degree.

5.5.2 Degree of Consolidation

The estimated number of days required for 95 % primary
consolidation to occur using CONSOL are presented in Table 7.
The t,; values obtained are considered to be in a reasonable
agreement with those obtained by other procedures and they are
closer to the results obtained by the finite strain theory
(Section 5.4.2) than to those obtained by the Terzaghi theory
(Section 5.4.1).
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PART B: SECONDARY CONSOLIDATION
6.0 THEORY

The mechanism of secondary consolidation is due to the
continuation of volume change' initiated during primary
consolidation including deformation of individual particles
and particle flocs, and the relative movement of these with
respect to each other (Mesri, 1973). The volumetric changes
during secondary consolidation occur under constant effective
stress. The coefficient of secondary compression, C,, appears
to be the most useful parameter for evaluating the magnitude
of secondary consolidation. In the present report, C, is
defined following Das (1983) as )

AH
c = Hp (17)
¢ log(t,-t,;)

where AH = sample height change between times t, and t,,
and H, = sample height at the beginning of the linear portion
of a deformation-log time curve.

Note that in this definition, C, corresponds to ¢, of
Mesri (1973) while Mesri’s C,, referred to also as the
coefficient of secondary compression, is defined as

Ae

C,[Mesri] = Tog(t, €7

(18)

where Ae = sample void ratio change between times t, and
t,.

The relationship between Egs. (17) and (18) is

C, [Mesril

Co = €p = ——Té;— (19)
where e, = sample void ratio at the beginning of the

linear portion of a deformation-log time curve.
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7.0 RESULTS

7.1 ' Determination of Coefficient of Secondary
Compression, (C)) ‘

C, was plotted against consolidation pressure (Figs. 22a
to 22d) for each of the four samples.

7.1.1 casagrande method (C . using t;,c)

The determination of coefficient of secondary compression
using the Casagrande method (C.) could only be found where the
proper shaped curve existed on the dial deflection vs. time
graph.

C,. remained below 10% in all of the samples, for all
loadings, ranging from 0.17% in Sample HH-1-90 to 8.02% in
Sample HH-1-93 (Figs. 22a to 22d and Table 7). It can be
concluded that C,. values are highly variable and they fall
within all categories of secondary compressibility proposed by
Mesri (1973), ranging from "very low" (<0.2%) to "extremely
high" (>6.4%)

7.1.2 Rectanqular hyperbola method (C.: using t,ug)

The coefficient of secondary compression using ty
determined by the rectangular hyperbola method, C, could only
be found where the dial deflection readings on the ordinate.
were within the range of the curve. The coefficient was found
in the same way as in Section 7.1.1.

C.x peaked at 80 kPa for Samples HH-1<90 and HH-2-90
(5.61% and 10.31% respectively), but peaked at 10 kPa for HH-
1-93 (Sample LO-90 at 80 kPa was undetermined). Percentages
for Cy, remained below 10.5% for all samples and loadings,
ranging from 0.15% for Sample HH-2-90 at 5 kPa to 10.31% for
Sample HH-2-90 at 80 kPa (Table 7). The C,; values are also
highly variable and they range from "very low" to "extremely
high" according the classification proposed by Mesri (Mesri,
1973)

7.2 Creep Test

The oedometer creep test was carried out at stresses of
5 and 10 kPa and the results pertaining to primary
consolidation are reported in Section 5.1 preceding. Testing
was first conducted at 5 kPa for 47 days, and then tested at
10 kPa for 52 days on the same sample (Golder Associates,
1994). Porewater pressure, volume (inflow and outflow)
changes, back pressure, applied pressure and dial deflection
readings against elapsed time were measured and recorded
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periodically. After approximately 37 days of testing, gas
bubble build-up in the outflow (volume chahge) line was
observed, in contrast to the standard consolidation test
(using the same Rowe cell), which was completed within a much
shorter time duration. The volume change inflow line for the
cell (applied pressure) was not observed to contain gas
bubbles and it was therefore used to determine the dial
deflection (void ratio) vs. elapsed time relationship. The gas
bubble generation had apparently little influence on this
relationship (Golder Associates, private communication).

7.2.1 Evaluation of C_from creep test

The void ratio-time relationships obtained at applied
pressures of 5 and 10 kPa are plotted in Figs. 23a and 24a
respectively. Figs 23b and 24b show the same relationships
with time plotted on the logarithmic scale. The steeper
portlons of e-log t curves were used to obtain estimates for

(Equations 18 and 19). The values of C, [Mesri] were found
to be 0.302 and 0.338 for applied pressures of 5 and 10 kPa
respectively. Assuming e, values to be 4.741 at 5 kPa (Fig.
23c) and 4.541 at 10 kPa (Flg 24c), the corresponding values
for C, from Eg. 19 are 5.268% and 6.104%. Both values are in
reasonable agreement with estimates obtained in Sections 7.1.1
and 7.1.2 preceding, and the sediment can be classified as
being of very high secondary compre551b111ty (C, between 3.2%
and 6.4%) according to the classification proposed by Mesri
(1973).

7.3 Secondary Consolidation Settlement, 8,

Secondary consolidation settlement, S,, can be estimated
from (Das, 1983)

(20)
S, = C, H, log(-£)
tP

where H, is a thickness of sediment layer at the
beginning of secondary consolidation (1 e. H - S(w)), t is
time at which secondary consolidation is required and £ is
time at the end of primary consolldatlon.

AS cah be seen from Eq. 20, which is derived from Eq. 17,
S, depends both on the magnltude and the rate of primary
consolldatlon. Consequently, computations of S,, which have to
be regarded as pure estimates only, were carried out for four
cases: A. Terzaghi’s theory, H= 1 m; B. Terzaghi’s theory, H
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H = 2 m; C. finite strain theory, H = 1 m; and D. finite
strain theory, H = 2 m (Table 8). Three values of C, selected
were 1%, 2.5% and 5%, which are in reasonable agreement with
the C, values obtalned for low presures in Sections 7.1 and
7.2 precedlng. The secondary consolidation settléements were
computed for times ranging from 1 to 20 years. In all cases,
the highest S, values were obtained for Site HH-1-93 and the
lowest ones were obtained for Site L0-90. The finite strain
theory (Tables 8C and 8D) yielded slightly higher estimates
than Terzaghi’s theory (Tables 8A and 8B) due to faster rates
of primary consolidation. The estimates for Case A (Table 8A)
for C, = 5% and t = 20 years range from 9.5 cm for Sample LO-
90 to 11.9 cm for Sample HH-1-93. The corresponding ranges for
Cases B, C and D are 14.2 to 19.8 cm, 10.1 to 12.2 cm and 17.3
to 21.4 cm respectively (Tables 8B, 8C and 8D). The results
are linearly proportional, and therefore highly sensitive, to
pre-selected values of C,. Although actual measurements of S,
are relatively scarce, good agreement of measured and
estimated values have been reported by several observers (Das,
1983).

The estimates of S, presented in Table 7 are likely high
for the following reason. Following placement of the sand cap,
a new layer of fine-grained sediment will be gradually formed
on the top of the cap. Existing information indicates that
this layer will be dep051ted at a sedimentation rate of about
0.3 cm per year. Thus in 20 years a fine-grained layer of
about 6 cm will form. This -layer will seal the cap and slow
down the expulsion of water caused by secondary consolidation.

7.4 Amount of Pore Water Released . Durzng Prxmarx
Secondary consolldatlon

Based on the results presented in Section 5.1 preceding,
it is assumed that primary consolidation will displace about
140-350 1/m’ of pore water into the 0.5 m thick sand cap with
the porosity of the cap in the range of 40-45% (Kezdi, 1974).
out of this amount, about 70-100 1/m?> will be squeezed from
the uppermost 30-cm thick contaminated layer. The total volume
of pore water in the cap will be in the range of 200-225 1/m’.
Consequently, it is expected that all displaced water due to
primary consolidation of the 30-cm thick contaminated layer
will be confined within the cap. Additional amounts of pore
water will be released during secondary compression evaluated
in Sections 7. 2 and 7.3 preceding. Although thé secondary
consolidation settlement could theoretically be up to about 20
cm within the 20 year time period, and therefore release
additional 200 1/m* into the cap, it is concluded that this
settlement and associated pore water extrusion will be
significantly reduced by the gradual formation of a new fine-
grained layer of low permeability at the top of the cap. In
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the Hamilton Harbour demonstration project, the composition of
sediment pore water in the cap will be monitored by collecting
pore water samples in situ, using several dialysis chambers
called "peepers" (Rosa nad Azcue, 1993) . Based on the results
of long-term monitoring of capping projects by three different
US Army Corps of Engineers offices (Sumeri et al., 1991),
which lasted from three to 11 years following the placement of
caps, long-term transport of metals and organic contamlnants
up and through the caps appears unlikely.
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PART C: CONCLUSIONS

The present report summarizes available knowledge on
consolidation behaviour of very soft flne-gralned sediments
from three sites, including the proposed capping site, in
Hamilton Harbour and from one site in western Lake Ontario.
The expected magnitudes and rates of primary consolidation due
to surcharge of a sand cap 0.5 m in thickness were determined
using large diameter consolidation tests with pore pressure
measurements. In addition, gravity cores were collected at
each of these sites to establish vertical geotechnical trends.

Three different approaches were used to determine the
magnitudes and rates associated with primary consolidation; i.
the classical (Terzaghi) theory; ii. the finite strain theory
(Gibson et al., 1967; Gibson et al., 1981 and Cargill, 1984);
and iii. the computer code CONSOL (Duncan et al., 1981) that
uses humerical analysis procedures to calculate magnitudes and
rates of consolidation settlement. The ultimate settlements,
S(»), determined by approaches i. and ii. were identical,
ranging from 0.11 cm at Site LO-90 to 0.22 cm at Site HH-1-93
for the uppermost one-m thick sediment layer. Similar or
somewhat larger estimates were obtained from the analyses
using CONSOL. The rates of primary consolidation were
significantly faster (from 20 days at Site LO-90 to 9 days at
Site HH-1-93) using the finite strain method than the
classical method (from 54 days at Site LO0-90 to 11 days at
Site HH-1-93). The rates of primary consolidation using CONSOL
were in general similar to the results obtained by the finite
strain method. Furthermore, extrapolations for both the
magnitudes and rates of primary consolidation were made for a
2-m thick sediment layer.

The magnitudes and rates of secondary consolidation were
evaluated using the coefficient of secondary consolidation,
C,, obtained from the dial deflection vs. time curves. The
Casagrande method (Terzaghi and Peck, 1968) and the
rectangular hyperbola method (Sridharan ét al., 1987) were
used to determine time for 100% primary consolidation, t,y,
for individual dial deflection vs. time consolidation curves.
Both of these methods resulted in highly variable values of
C,, falling within all categories of secondary compressibility
proposed by Mesri (1973). The results of the oedometer creep
test, using a sample from the proposed capping site, yielded
values of C, of 5.3% and 6.1% for applied stresses 5 kPa and
10 kPa respectlvely, thus indicating that the sediments at the
proposed capping site are of very high secondary
compressibility according to the Mesri classification. The
predicted settlements associated with secondary consolidation
were calculated, but they are expected to be too high in view
of the gradual formation of a low-permeability new-sediment



20

layer on the top of the cap. Amounts of pore water released
from the sediment due to primary and secondary consolidation
were also computed. Potential migration of contamimnants
contained in the pore water through the cap appears unllkely
in view of the amounts predicted and the existing experience
from other capping projects.
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TABLES

Table 1: Logarithmic regression coefficients for e-o’ and e-k relationships

CONSTITUTIVE EQUATIONS FROM ROWE CELL CONSOLIDATION TESTS;

LOGARITHMIC REGRESSION: y = a + b*ln(x); r~2 = coefficient of
determination '

Sample No. a (e-0’) | b (e-a’) r~2 a (e=k) b (e=k) r~2
LO-90 3.346 -0.408 - 0.985 3.789 0.272 0.831
HH~-1-90 4.775 | =0.583 0.994 4.544 ~ 0.274 0.955
HH-2-90 7.139 -0.907 0.995 7.019 0.539 0.858
HH-1-93 6.551 -0.892 | 0.986 5.092 0.291 | 0.978

Table 2: Power regression coefficients for e-o’ and e-k relationships

CONSTITUTIVE EQUATIONS FROM ROWE CELL CONSOLIDATION TESTS;

POWER REGRESSION: y = a*x®; r*2 = coefficient of determination

Sample No. a (e=c’) | b (e-0g’) r-~2 a (e-k) b (e-k) r~2
LO-90 4.100 -0.231 0.976 5.399 0.157 0.860
HH-1-90 5.574 =-0.213 0.990 5.060 0.098 0.914
HH-2-90 9.110 | =0.254 0.983 9.607 0.162 0.843
HH-1-93 | 8.701 -0.287 0.997 5.903 0.102 0.965
Table 3: Ultimate settlements (primary consolidation only), computed for
four sites investigated, due to capping with a 0.5-m thick sand layer (Egs.
4 and 7)

Sample (Site) S(), m S(»), m

No. H=1m H=2m

LO-90 - 0.11 0.14

HH-1-90 0.14 0.18

HH-2-90 0.16 0.21

_EH-I-QB 0.22 0.35




Table 4: Time for primary compression

sample | . Consolid. twoe 100
- Pressure L
kPa ‘min. “min.
LO-90 5 20 16
10 ———— ————
20 60 1,000
40 280 505
80 . |  eem-- B 1,040
160 ————- 3,000
320 ———— 810
HH-1-90 5 25 21
10 ————— —————
20 | emee— 0 meee
40 390 1,000
80 —— 300
160 130 1,030
_HH-2-90 5 | eeee- 7
| 10 | e 405
20 160 125
40 410 -
80 | ee——- 310
160 170 210
320 120 320
HH-1-93 | 5 | e -
' 10 em 75
20 | @ -=--- 70
40 | mmee- 180
80 220 1040
160 1040 | = ==---
320 310 | ~—---




“Table 5: Coefficients of consolidation...

_ _
Sample Consolid. | ¢y Cyc Cun
Pressure o
kPa | cml/s cm’/s | énm’/s

LO-90 5 9.7 x 102 | 2.46 x 10 | 2.54 x 102
10 | 2.81 x 10% | ===e—===- |1.01 x 10°
20 3.31 x 10% | 2.31 x 10% |1.74 x 10?
40 2.35 x 10% | 2.34 x 10* | 8.02 x 10*
80 | 2.56 x 103 | ————————- 3.16 x 10*
160 1.56 % 107 | —emm—m———- 8.58 x 10°
320 1.98 x 10? | =—m—m——en 6.74 x 10*
HH-1-90 5 | 1.67 x 10* | 3.40 x 10° | 2.64 x 103
10 1.20 X 102 | ==————— 1.37 x 10*

20 | 3.39 x 10% | —-m—meee- 1.47 x 10°

40 7.30 x 10* | 1.15 x 10* | 4.76 x 10°
80 1.33 x 10% | —=wee-—-—- |1.42 x 10*
160 8.60 x 10% | 1.30 x*10* | 3.42 x 10°
HH-2-90 | & 1.30 x 102 | <=e-eeee= 19,14 x 10"
10 | 2.00 x 102 | ===meeee= | 1.45 x 10*
20 | 3.04 x 10°| 4.63 x 10* |1.82 x 103
40 | 3.31 x10°| 1.88 x 10* |1.54 x 10*
) 80 | 4.67 x 10% | ——eeee— 3.16 x 10
160 2.13 x 10° | 3.05 x 10 | 2.61 x 10*
320 1.57 x 10% | 1.62 x 10* | 1.41 x 10*
|__HH-1-93 [ 5 memme——ee | ———————— [3.03 x 10°
10 3.72-x 10? | ---=-——- | 5.25 x 10°
20 0 2.94 X 10?7 | —memm——ee 1.81 x 10%
40 1.30 x 10° | ~==-sceee- 2.24 x 10%
80 1.11 x 103 | 2.74 x 10* | 9.71 x 107
) 160 4.12 x 10% | 4.11 x 10% | 4.20 x 107
. 320 2.48 x 10% | 4.26 x 10° [1.35 x 107

Note: ¢, = coefficient of consolidation obtained from Taylor’s method (from
Golder Associates); c,. = coefficient of consolidation obtained from

. Casagrande’s method; c,; = coefficient of consolidation obtained from the
rectangular hyperbola method.



- Table 6:
(days), computed for four sites investigated

Ninety-five % degree of primary consolidation, Uy,

Sample ' Terzaghi’s Theory | Finite Strain Theory
(Site) No. ‘

o H=1mn H=2m =1m H=2m
LO0-90 54 216 20 100
HH-1-90 36 143 15 50
HH-2-90 19 77 10 40
HH-1-93 11 45 9 30

Table 7: Primary consolidation results obtained with finite-

difference computer code CONSOL in comparison to other results

Ultimate Settlement, S(«) Ninety-five % Degree of Primary
Sample | (m) Consolidation (days)
No. H=1mn H=1m ' ,
Table 3 (e e Table Table e e
deriv. | deriv. 6, 6, deriv. deriv.
no. 1 * | no. 2 * | Terz. Fin. no. 1 * |no. 2 *
CONSOL CONSOL Theory Strain CONSOL CONSOL
L0O-90 0.11 0.16 | 0.12 54 20 32 16
HH-1-90 0.14 0.17 0.15 36 15 16 16
HH-2-90 | 0.16 ~0.24 | o0.29 19 10 8 8 -
HH-1-93 0.22 0.27 0.22 11 9 8 8

* For explanation of the e derivations nos. 1 and 2

see Section 5.5




Table 8: Coefficients of secondary compression

Sample Consolid. C.c C.x
‘ Pressure o
kPa % %
LO-90 T 0.82
10 | emme— ] emeee
20 0.69 | = —=——-
40 2.39 2.39
80 e
160 | @ —ee——- o 5.34
320 | ==—=- 1.77
HH-1-90 5 0.17 1.81
R ) .
20 ————— ————
40 2.54 2.54
80 _—— 5.61
160 1.01 1.17
HH-2-90 5 ———— 0.15 ]
' 10 | —e—— | -
20 0.29 4.81
40 1.59 | 0 —eee-
80 |  —==-- 10.31
160 5.06 5.06
) 320 1.01 1.51
HH-1-93 5 |
10 10.29
20 4.60
40 . 7.08
80 '8.02 8.02
160 3.20 ‘
320 3.74




Table 9: Secondary consolidation settlements, 8

A. Terzaghi’s theory, H= 1 m
Sample Time C, = 1% C, = 2.5% C, = 5%
No. (yrs) (m) (m) (m)
LO-90 1 0.007 0.018 0.037
2 | 0.010 0.025 0.050
5 , 0.014 0.034 0.068
10 0.016 0.041 0.081
20 0.019 | 0.047 | 0.095
HH-1-90 1 | o0.009 | o0.022 | o0.043
2 . 0.011 0.028 0.056
5 0.015 0.037 0.073
10 | 0.017 | 0.043 | 0.086
20 0.020 0.050 0.099
HH-2-90 1 . 0.011 | 0.027 0.054
2 | o0.033 | 0.033 0.067
5 ~ 0.017 | o0.042 0.083
10 0.019 0.048 0.096
20 0.022 0.054 0.109.
HH-1-93 1 0.013 0.032 0.064
2 0.015 0.038 0.077
0.019 0.047 0.093
10 | o0.021 0.053 0.106 "
20 | o0.02¢4 | | 0.119




Table 9,

cont’d.:

Secondary consolidation settlements, S,

B. Terzaghi’s theory, H = 2 m ]
Sample Time c, = 1% C, = 2.5% C, = 5%
No. (yrs) (m) (m) (m)
LO-90 ! 0.004 | 0.011 0.021
2 0.010 0.025 0.049
5 0.017 0.043 0.086
10 0.023 0.057 - 0.114
, 20 0.028 0.071 0.142
HH-1-90 1 0.007 0.019 0.037
2 0.013 0.032 0.064
5 0.020 0.050 0.101
10 0.026 0.064 0.128
20 0.031 0.078 0.155
HH-2-90 1 0.012 0.030 0.060
2 ©0.017 0.044 0.087
5 0.025 0.062 0.123
10 0.030 0.075 0.150
o 20 0.035 0.088 0.177
HH-1-93 | 1 0.016 0.041 0.081
2 0.022 0.054 0.108
5 0.029 0.072 0.144
10 0.034 0.085 0.171
20 0.040 | 0.099 0.198




Table 9,

cont’d.:

Secondary consolidation settlements, §

C. Finite strain theory, H = 1';
Sample Time | C,=1% | Cc,=2.5% | C, = 5%
No. | (yrs) (m) m _(m)
LO-90 1 0.011 0.028 0.056
2 0.014 0.035 0.070
.5 0.017 0.044 | 0.087
10 0.020 0.050 0.101
20  0.023 0.057 0.114
HH-1-90 1 0.012 0.030 0.060
2 0.015 0.036 0.073
5 0.018 0.045 0.090
10 0.021 __0.051 0.103
120 1 0.023 . 0.058 0.116
HH-2-90 1 0.013 © 0.033 0.066
2 0.016 0.039 0.078
5 0.019 . 0.047 | 0.095
10 0.022 0.054 | 0.108
20 0.024 0.060 0.120
HH-1-93 1 0.014 0.034 0.068
2 0.016 0.040 0.080
5 0.019 0.048 0.097
10 0.022 0.055 0.110
20 0.024 0.061 0.122




Table 9, cont’d.:

~

Secondary consolidation settlements, 8,

D. Piniﬁzﬁstrain theory, H=2m
Sample Time c, = 1% c, = 2.5% | C, = 5%
No. (yrs) (m) (m) (m)
LO=90 ! 0.010 0.026 0.052
2 ' 0.016 | 0.040 0.080
5 0.023 0.059 0.117
10 0.029 0.073 0.145
20 0.035 0.087 0.173
HH-1-90 1  0.016 0.039 0.079
2 0.021 0.053 0.106
5 0.028 - 0.071 0.142
10 0.034 - 0.085 0.170
o 20 0.039 0.098 ©* | 0.197
HH=2-90 1 0.017 0.043 0.086
2 0.023 0.056 0.113
5 0.030 0.074 0.148
10 0.035 0.088 0.175
20  0.040 0.101 0.202
HH-1-93 1 0.019 0.049 0.097
2 0.025 0.062 0.124
5 . 0.032 0.080 0.160
10 0.037 0.093 0.187
20 0.043 0.107 | 0.214
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ROWE CELL CREEP TEST

SAMPLE HH-1-93(C)
APPLIED PRESSURE 10 kPa

VOID RATIO, e

Fiqure 2423
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ELAPSED TIME (days)
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Think Recycling!

QN

Pensez a recycler !







