Working Hypothesis, Special Laboratory Tests, Working
Tools, Analysis of the Monitoring of a Pilot Embankment
Built on Soft Clay in Santos with Wick Drains and its
Application to the Final Design
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Abstract. Routine in-situ and laboratory investigations carried out for the basic design failed to provide reliable values for
compressibility and consolidation parameters of soft clay layers at the site of a terminal to be built in Santos. A pilot em-
bankment was designed and built divided in three equal areas, two with wick drains in a square mesh at spacings of 1.2 m
and 2.4 m respectively and one with no drain. The basic working hypothesis adopted by the authors was that, in the field,
primary and secondary consolidation occur simultaneously. High quality standard and special (long term and relaxation)
oedometer tests provided reliable values of C,, C, and 6°, and the OCR value of 2.1 as equivalent to the end of secondary
consolidation allowing to estimate the total primary and secondary compressions of one of the most compressible layers
(layer 6). No of the shelf tool is available to backanalyze the measured compression of a soft clay layer based on the
adopted hypothesis. The first tool tested, the € vs. log(c’ ) Bjerrum type abacus with lines of equal ¢ values built from the
oedometer tests results, proved to be non applicable. The second tool tested, the same type of abacus extrapolated from the
first one for the field conditions through Taylor and Merchant’s theory also proved to be non applicable. Both the third tool
tested, the fitting of a theoretical Taylor and Merchant type curve to the measured compression curve in the area with no
drain and the fourth tool tested, the fitting of a theoretical curve obtained through a method tailored by the authors desig-
nated “Primary Barron + secondary pseudo Taylor and Merchant” to the measured compression curves in the areas with
wickdrains proved to provide excellent conformity of the theoretical and measured curves. The ¢, and ¢, field values thus
obtained are of the same order of magnitude as the laboratory values and show the same trend to decrease when the effec-
tive stress increases, contradicting the current creed based on backanalysis through Asaoka’s method, i.e. considering that
secondary consolidation only starts after primary consolidations ends, that field ¢, and ¢, values are commonly 10 to
100 times higher than laboratory values. Based on their results the authors conclude that the excellent conformity of the
theoretical and the measured curves obtained with the working hypothesis they adopted, the results of the laboratory tests
they performed and the tools they used for the back-analysis, leads to the conclusion that the working hypothesis, the labo-
ratory tests and the tools proved to be very efficient and trustworthy in leading to reliable compressibility and consolidation
parameters of the soft clay, and will be equally efficient and trustworthy when used for the final design of the improvement
of the foundation soft clay layer.
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* 176 2% diameter percussion borings with SPT at

1. Introduction every meter, 148 of them down to refusal, covering the

whole area, including the quay and the vessels access chan-

A multipurpose terminal is to be built at Barnabé Is-  nel areas, leading to an average distance between borings

land on the Santos Channel opposite Santos Harbour as  over the whole project area a little smaller than 100 m by

shown in Fig. 1. The total area to be filled is 800 000 m’>. 100 m, 220 “undisturbed” samples extracted from 4” and 6”
Area 3 will be used for containers storage and part of it will  diameter borings and

be reclaimed underwater. * 375 vane-tests in 31 borings and

The field investigations carried out for the basic de- * 15 cone penetration tests (CPT) with 78 pore pres-
sign included: sure dissipation tests.
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Figure 1 - Location of the container terminal.

The subsoil is rather heterogeneous and consists basi-
cally of very soft to soft clayey alluvium (SPT from O to 4)
down to a total depth varying between 22.0 m and 43.1 m
within which one or several sandy lenses or layers with SPT
higher than 4 were found, mostly, with individual thick-
nesses of 1 to 3 m, in 83 of the 148 deep borings. The sum of
these layers and lenses thicknesses is up to 2 meters in
34 borings, between 2 and 5 meters in 34 borings and be-
tween 5 and 11 meters in 15 borings.

The basic design geotechnical laboratory investiga-
tions consisted in:

* 220 grain-size distribution curves, Atterberg limits,
unit weight, natural water content and specific gravity and

¢ 141 standard stage loading oedometer tests,
from which conservative clay layers parameters were ob-
tained to be used for the basic design of soft soil treatment,
earthworks (fills and dikes) and quay, tanks and building
foundations.

2. Soil Parameters Critically Important for
the Final Design and Construction of the
Containers Terminal Still Not Reliably
Known at the End of the Basic Design

All parameters listed in Table 1 are fairly reliable and
local variations from the design values do not imply in dras-
tic impacts on the three key points of the design which are
(a) settlements values, (b) time necessary for these settle-
ments (and the associated undrained shear strength in-
crease) to occur and (c) fills and dikes slopes safety factors.

On the other hand, any variation of the compressibil-
ity, shear strength and consolidation parameters listed in
Table 2 has a drastic impact on these key points, with spe-
cial emphasis on the preconsolidation stress value which is
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the soil parameter with most influence on each and every-
one of the three key points listed above.

A real field value of preconsolidation stress greater
than the design value will lead to overestimated settlements
and underestimated undrained shear strength of the soft
clay. Hence, a safe design has to be based on a conservative
design value of the preconsolidation stress chosen so that
there be low probability of the real field value to be smaller
than the design value.

On the other hand the choice of a preconsolidation
stress design value on the low side may lead to a very
antieconomical design due to the fact that it might require
an unnecessary small spacing of wickdrains or an unneces-
sary thick preloading fill, or both, to meet the project dead-
line. This is mainly due to the fact that the value of the
coefficient of consolidation in the recompression domain is
usually between 30 and 100 times greater than in the virgin
domain, as will be shown ahead.

The left side of Fig. 2 shows the preconsolidation
stress values obtained from the 141 oedometer tests carried
out for the basic design. The scattering is so high that these
values could not be used to define the preconsolidation
stress design profile. This is a typical example of “highly
scattered lab data resulting from poor quality samples and
inappropriate testing such as doubling the load in oedo-
meter test (ill defined ¢’ )” as pointed out by Ladd (2008).

The only possible way of inferring the preconsoli-
dation stress design profile was from the shear strength pro-
files given by the vane tests as shown by the two straight
lines on the right side of Fig. 2. The equations of these two
straight lines were used to obtain the design profile of ¢’
through the correlation between the in-situ undrained shear
strength S, obtained from the vane test values, S (VT) (see

u’
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Table 1 - Physical properties of soft clay — Basic design values (¥).

Depth % <51 (%) w (%) LL (%) PI (%) ¥ (kN/m’) e,
Oto3m

3to6m 36 73.5 78.2 47.1 15.6 2.08
6t0o 9 m

9to 18 m 63 94.4 124.1 79.6 14.4 2.79
>18m 49 70.0 89.0 54.3 15.7 2.08

(*) % < 5 p = percentage of particles smaller than 0.005 mm, w = natural water content, LL = liquid limit, PI = plasticity index, y = unit

weight, e, = initial void ratio (after sampling).

Table 2 - Compressibility, shear strength and consolidation parameters — Basic design values (**).

Depth C/(1+e) cJC, o, (kPa) (z in meters) S, (kPa) (z in meters) N ¢, (m’/s)
0Oto3m 1.6+4.7z 0.5+1.2z

3to6m 0.28 0.112 14+4.7z 4.0+1.2z

6t09m 0.26 2.5x 107
9to 18 m 0.36 0.126 30+4.7z 9.0+1.2z

>18m 0.29 0.146

(**) C,=compression index, C, = expansion index, 6’ = preconsolidation stress, S, = undrained in-situ shear strength, ¢, = horizontal co-
efficient of consolidation in the recompression range.

S, (VT) (kPa)
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Figure 2 - Preconsolidation stresses measured in oedometer tests and S (VT) profile from vane test.
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the right side of Fig. 2), by applying Bjerrum’s reduction
factor to obtain the field values §,, and 6° .

3. Local Soil Profile and Soil Properties
Under the Pilot Embankment

The main aim of the pilot embankment and its geo-
technical investigations was to provide the best information
about the consolidation characteristics of the soft clay. The
embankment total length at elevation +3.00 m (which was
the terminal pavement design elevation) is 150 m and its
width at elevation +3.00 mis 70 m. Itis divided in 3 areas as
shown in Fig. 3. Area 1 is provided with a square mesh of
wick drains spaced 1.20 m penetrating 30 m from elevation
+1.80 m down to elevation -28.20 m. Area 2 is provided
with a square mesh of wick drains spaced 2.40 m also pene-
trating from elevation +1.80 m down to elevation -28.20 m.
Area 3 has no wick drain.

The geotechnical investigations under the pilot em-
bankment consisted of 5 percussion borings with SPT at ev-
ery meter down to refusal, three 6” borings to obtain 4”
undisturbed samples for laboratory tests, 4 CPT with
28 pore pressure dissipation tests and 67 vane tests in 5 bor-
ings, as shown in Fig. 3. The water content of SPT samples
was measured in the material collected close to the bottom
of every sample and proved to be very helpful in defining
the soil profile.

All undisturbed samples were extracted with station-
ary piston sampler with authors Martins and Aguiar present
on the site to ensure that proper procedures were rigorously
followed to provide the best possible samples quality. The
12 samples obtained in boring SRA-203 under area 3 were

very carefully sealed with paraffin, wrapped, packed and
transported into special manufactured wood boxes which
allowed keeping them in their proper upside vertical posi-
tion. These samples were transported to the soil mechanics
laboratory of the Rheology Group at COPPE — UFRJ where
they were tested. The test program consisted of unit weight,
natural water content, specific gravity, grain size analysis,
Atterberg limits and organic matter content for each sam-
ple. 42 standard and 32 special oedometer tests were per-
formed under controlled temperature by Aguiar (2008) and
Andrade (2009) on 70 mm diameter, 20 mm height speci-
mens. The specimens were prepared according to Ladd and
DeGroot (2003) recommendations. Figure 4 shows the re-
sults of 7 oedometer tests carried out on undisturbed speci-
mens trimmed in sample number 6 and the result of one test
carried out on a remoulded specimen prepared from the
same sample.

In respect to Coutinho’s (2007) samples quality clas-
sification criteria, all specimens from layer 6, save two
specimens in sample SRA-203(10) and one in sample
SRA-203(5), were classified as excellent to fair.

Figure 5 shows the soil profiles below the centers of
areas 3, 2 and 1 as established based on the results of all
field and laboratory soil investigations carried out in the
subsoil under the pilot embankment. The figure shows the
stratigraphy with each layer description, the SPT values,
the positions of the undisturbed samples and the positions
of the settlement measuring magnets. In area 3, it also
shows the initial vertical effective stress profile (c’) and
the preconsolidation stress profile (c”)) obtained from the
oedometer tests performed on SRA-203 samples as dis-
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Figure 3 - Pilot embankment soil investigations location.
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Figure 4 - Results of standard oedometer tests on sample number
6 of boring SRA-203.

cussed ahead. As shown in Fig. 6, the preconsolidation
stresses obtained at strain rate &, = 10 s from the good
quality samples tested at COPPE were much higher than
the adopted values for the basic design, the same being true
for the C /(1 + ¢,) values. Andrade (2009) observed that the

o’ valuesatg, = 10°s" are, in average, 8% higher than the

o’ values determined for 24 h loading stages. The authors
consider these COPPE values to be very reliable since the
same high repeatability of the results shown in Fig. 4 was
obtained on all the clayey samples of SRA-203, and very
good repeatability, although not as high, was obtained on
the more sandy samples. The samples taken from borings
SRA-201 and SRA-202 were tested in another laboratory
and their results which indicate that the specimen tested
were of lower quality than the ones tested at COPPE are not
included in the present analysis.

To define the o’ profile, a line passing through the
highest ¢’ experimental values was chosen considering
that these correspond to the highest quality specimens since
any degree of remoulding of the samples lowers the value
ofc’,.

Table 3 shows the soils properties defined from the
soils investigations carried out in the foundation of the pilot
embankment, including the physical properties of samples
from SRA-201 and SRA-202.

4. Pilot Embankment Construction History
and Instrumentation

The pilot embankment construction was very care-
fully planned and carried out to avoid any local failure of
the extremely soft clay layer (layer 1) which extends down
to 1.5 to 2 meters depth. At first, nonwoven geotextile was
laid on top of the soft clay layer, covering the whole area.
Then a 15 to 30 cm thick layer of quarry dust was hydrauli-
cally carefully spread into place. This layer was covered
with a geogrid with a strength of 800 kN/m and the fill ma-
terial was slowly put into place, first being dumped under
the water level and then as soon as access was possible at
low tide, poured by trucks and bulldozers. When elevation
+ 1.80 m was reached, the wick drains were driven down to
their design depth of 30 m below embankment level, requir-
ing that holes be first drilled through the embankment and
the geogrid. The embankment was then completed up to el-
evation +3.00 m as shown in Fig. 3.

Table 3 - Soils properties from the soils investigations of the pilot embankment (*).

Layer(**) v (kN/m”) C/(1+e,) Cc/C. c,, (m’s) c,, (m’/s) c,, (m’/s)
1 13.0 0.36 0.12 - - -

2 20.0 - - - 1.5x 10"
3 16.5 0.28 0.19 1.7x10° 6.0x 107 1.0x 10°
4 17.6 0.16 0.27 1.4x10° 1.5x10° 83x10°
5 16.5 0.28 0.19 1.7x 10° 6.0x 107 1.0x 10°
6 15.0 0.56 0.11 6.5x 107 1.5x 10" 49x 107
7 18.1 0.16 0.27 1.5x10° 1.3x10° 2.1x10°
8 14.6 0.56 0.11 6.5x 107 1.5x 10" 49x 107

(*)c, and ¢, are foro’ <o,

p

(**) for identification of each layer see Fig. 5.
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After obtaining the first COPPE oedometer tests high ~ higher than the preconsolidation stress. Figure 7 shows the
preconsolidation stress values, it was decided to heighten = highest embankment elevations in each area and the dates
the pilot embankment in order to apply a vertical stress ~ when they were reached as well as the locations of the set-
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Preconsolidation stress (kPa)
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Figure 6 - Preconsolidation stress values and profiles.

Preconsolidation stress profile from tests on
samples of boring SRA203 (see Fig. 5).

tlement plates (PR), magnetic settlement gauges (MR) and
inclinometers (IN) installed to monitor settlements, layers
compressions and horizontal displacements, respectively.

When the decision to increase the embankment thick-
ness was taken, the north half of area 3 had already been
heightened to elevation +7.77 m, immediately after the em-
bankment was completed to design elevation +3.00 m, with
the aim to provoke a foundation failure towards inclinom-

eters IN1, IN2 and IN3. While the heightening of the fill of
the north half of area 3 was taking place, the stresses in the
geogrid in the north south direction were measured with the
installed strain gauges. The embankment did not show ap-
parent deformations, almost no stress change was recorded
in the strain gauges and very little lateral displacements
were registered in the inclinometers. The analysis of this
behaviour will not be discussed here because this subject is
beyond the scope of the present work.

The pilot embankment was also instrumented with
full profile hydraulic settlement gauges, electrical piezo-
meters and open pipe piezometers, but these instruments,
along with the inclinometers and the strain gauges of the
geogrid were read for only a short period of time, too short
to provide helpful data.

5. Special Laboratory Tests

26 long term oedometer tests were carried out. In
some of them secondary consolidation was observed after
unloading. Stress relaxation tests where the vertical dis-
placements were restrained and the vertical stress measured
were also carried out.

Atthe top of Fig. 8 are shown the results of oedometer
tests run on 4 specimens trimmed in sample SRA-203(8),
all consolidated under 800 kPa following the same proce-
dure, and then unloaded to different stress values, generat-
ing different values of OCR. The specimens strains were
then measured for 20 days under constant stress and con-
stant temperature (20 °C + 1°).

The results at the bottom of Fig. 8 show that after
about 4000 min the specimen unloaded to OCR value of
1.60 stopped expanding and started to compress whereas
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Figure 7 - Location of instruments for settlements, layer compressions and horizontal displacements measurements.
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Figure 8 - Results of oedometer tests.

the specimens unloaded to OCR values of 2.00, 2.29 and
2.67 leveled off. Based on these and all other results from
long term oedometer tests performed on other samples,
Andrade (2009), following the procedure suggested by
Feij6 & Martins (1993), established that the end of second-
ary compression line could be drawn as being the line
equivalent to an OCR value of 2.1 relative to the £= 10° 5™
line. In their analysis the authors did not discriminate be-
tween the & = 10° s” line and the end of primary compres-
sion line due to the proximity of these two lines observed in
all oedometer tests results. This value can be compared to
the equivalent OCR value close to 2.0 relative to E.O.P.
found by Feij6 (1991) for the end of secondary compres-
sion of Sarapuf clay in Rio de Janeiro, and to 1.7 relative to
24 h stages published by Martins et al. (2009) for various
Rio de Janeiro soft clays.

The preconsolidation stresses 6° in layers 3,4, 5, and 6
were established based on the oedometer tests results as seen
on Fig. 6. It can be seen that, in layer 6, above 15.5 m depth
the lab results show ¢’ values higher than 2.1 ¢’ leading to
the conclusion that the preconsolidation is due to dune effect
(Massad 1989). The same dune effect was considered to pre-
vail in clayey sand layer 7 and the secondary compression
preconsolidation effect was considered to be the predomi-
nant one in layer 1 and in layer 8 adopting 6", =2.1 6"
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6. Pilot Embankment Monitoring Data

Due to the lack of readings of the other instruments,
the monitoring data analyzed to assess the behaviour of the
soft marine clay under the pilot embankment is limited to
the settlement data provided by the settlement plates and
the magnetic settlement gauges. Figure 9 shows the evolu-
tion of the elevation of the top of the embankment with time
and the evolution of the total settlements in the center of
area 1 measured through settlement plate PR3, in the center
of area 2 measured through settlement plate PR8 and close
to the center in area 3 measured through settlement magnet
AR-5a of gauge MRS for lack of readings of damaged set-
tlement plate PR13.

The last points of the settlement curves above corre-
spond to the values measured in october 5th of 2009 for set-
tlements plates PR3 and PR8 and in october 2nd of 2009 for
MRS, that is about 730 days (i.e. 2 years) after the beginning
of construction. The values of the settlements and settlement
rates measured in early october 2009 are shown in Table 4.

Figure 10 shows the evolution of the elevation of the
top of the embankment with time and the evolution of the
compression of layers 1, 2, 3, 4 and 5 altogether in the three
areas. Figure 11 shows the evolution of the elevation of the
top of the embankment with time and the evolution of layer
6 compression in the three areas. Figure 12 shows the evo-
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altogether in the three areas.
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Figure 9 - Measured total settlements in the foundation.

Table 4 - Foundation settlements and settlement rates in early october 2009.

Table 5 shows the values of measured layers com-
pressions and compression rates and of calculated strains

Area Settlement Strain Settlement rate Strain rate
1 236 cm Not applicable 3.2 cm per month Not applicable
2 146 cm Not applicable 2.9 cm per month Not applicable
101 cm Not applicable 0.8 cm per month Not applicable
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Figure 10 - Measured compression of layers 1, 2, 3, 4 and 5 altogether.
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Figure 12 - Measured compression of layers 7 and 8 altogether.

7. Primary Compression and Secondary

Compression

In order to analyze the settlement data presented in
Figs. 9 to 12, the vertical stress increase and the final verti-
cal effective stress (compared to the preconsolidation
stress) have to be known. Figure 13 shows the profiles of fi-
nal vertical stress increases calculated under the centers of
areas 1, 2 and 3. The stress increase calculations were done
considering the Holl (1940) formulas, apud Poulos & Davis
(1974), to compute Ac at depth z under the corner of loaded

286

rectangles. As can be seen, the stress increases are different
under each area.

Figure 13 also shows the final effective vertical
stresses under the centers of the three areas compared to the
profiles of preconsolidation stresses. The term “final” used
to characterize both vertical stresses and vertical stress in-
creases means the values calculated for the final situation
reached after full completion and stabilization of both pri-
mary and secondary consolidation settlements, taking into
consideration the effect of the progressive partial submer-
sion on the final stresses as the embankment settles. In or-
der to obtain these “final” values, calculations had to be
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Table S - Values of measured layers compressions and compression rates and of calculated strains and strain rates in early october 2009.

Layers Compression (cm) Compression rate (cm/month)

Area 1 Area 2 Area 3 Area 1 Area 2 Area 3
1,2,3,4,5(%) 80.8 50.9 47.6 0.1 0.1 0.3
6 90.0 45.0 18.0 2.5 1.7 0.3
7, 8(**) 65.1 50.5 35.0 0.6 1.1 0.2
Layers Strain (%) Strain rate (s")

Area 1 Area 2 Area 3 Area 1 Area 2 Area 3
1,2,3,4,5(*%) 10.8 6.0 6.1 5.8x 10™ 4.8 x 10™ 1.6 x 10™
6 8.2 4.7 1.9 9.5x 10" 72x 10" 12x10"
7, 8(**) 35 2.5 1.7 1.3x10™ 2.1x10" 3.8x 10"

(*) Most of the compression still in process is believed to occur predominantly in layer 1.
(**) Most of the compression still in process is believed to occur predominantly in layer 8.

done by successive iterations converging step by step to the
final values.

In area 1, the final effective vertical stresses are clear-
ly higher than the preconsolidation stresses ¢’ in layers 1,
3,4 and 5, alittle higher than °  in layers 6 and 7 and much
smaller than G, in layer 8. In area 2, the final effective ver-
tical stresses are clearly higher than 6°, in layers 1, 3, 4 and
5, aboutequal to 6’ in layers 6 and 7 and much smaller than
o’ in layer 8. In the center of area 3, the final effective ver-
tical stresses are higher than G’p in layers 1, 3, 4 and 5,
smaller than ¢’ in layers 6 and 7 and much smaller than ”,
in layer 8.

Figure 14 illustrates the way primary compression
and secondary compression were computed. The case in
which the final effective vertical stress is lower than the
preconsolidation stress is shown at the top of the figure and
the case in which the final effective vertical stress is higher
than the preconsolidation stress is shown at the bottom.

The following terminology is used in Fig. 14: e, = ini-
tial void ratio; o’, = initial vertical effective stress;
Ac, = vertical stress increase; 6’ = final vertical effective
stress; G’P = preconsolidation stress; e,= final void ratio at
the end of primary consolidation (without secondary);
e, = final ratio at the end of primary and secondary consoli-
dation; Ae, = variation of void ratio corresponding to pri-
mary compression and Ae, = variation of void ratio corres-
ponding to secondary compression.

Primary compression was computed through the
common well known formulas using C, and C in the re-
compression and virgin compression ranges respectively,
and secondary compression was computed through the fol-
lowing formulas.

’

c
AH, =0 when ¢/, < 2117 (1)

v =
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C c Gy o, ' /
AH =H——|1-—=llog| 21—~ | when — <o, <05, (2)
l+e, c, c, 21
and
AH, =H-Se [1-% log(21) when o/, >/, 3)
l+e ¢, !

For settlements evaluation purposes each layer was
divided in 1 m thick sublayers.

The preconsolidation stresses and calculated final ef-
fective vertical stresses at mid-height of each whole layer,
primary compressions and secondary compressions of lay-
ers 1 to 8 are shown in Tables 6, 7 and 8.

All the above compressions were computed consider-
ing all the soil mass between the drains in areas 1 and 2 to
be perfectly undisturbed. It is the authors understanding
that the existence of any remoulded zone around the drains
would lead to higher settlements as clearly illustrated by
Fig. 4. The discussion of this subject is beyond the scope of
the present work.

As shown in Table 6, in area 1 the total compression
of layer 6 equal to 2.20 m amounts to 52% of the total set-
tlement equal to 4.20 m. As shown in Table 7, in area 2 the
total compression of layer 6 equal to 1.78 m amounts to
46% of the total settlement equal to 3.89 m and as shown
in Table 8, in area 3 the total compression of layer 6 equal
to 1.38 m amounts to 48% of the total settlement equal to
2.89 m. Layer 1 comes second to layer 6 in the ranking of
the layers which most contribute to the total settlement
with 20%, 24% and 27% of the total settlement in areas 1,
2 and 3, respectively. In layer 1, no “undisturbed sample”
could be retrieved in the very soft mud which constitutes
this layer, as can be seen in Fig. 5, which means that no
data about compressibility and consolidation properties
could be obtained in the laboratory concerning layer 1. On
the other hand, 7 “undisturbed samples” were retrieved in
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Figure 13 - Vertical stress increases and final effective vertical stresses under the centers of areas 1, 2 and 3.

layer 6 under area 3 and tested at COPPE which provided
very good data for this layer. For these two reasons, the
back-analysis presented in this paper is relative only to
layer 6.

8. Drainage Conditions of Subsoil Layers

From the knowledge of the soil profiles and of the soil
properties, the authors consider that the drainage conditions
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of the subsoil layers in areas 1, 2 and 3 are the ones de-
scribed in Table 9.

9. Working Hypothesis

For the last 30 years or so, the main trend of thought
of the most prolific brazilian researchers in the study of the
behaviour of marine Santos soft clay has sustained that sec-
ondary consolidation only starts to take place at the end of
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Figure 14 - Primary compression and secondary compression.

Table 6 - Preconsolidation stresses and calculated final effective vertical stresses at mid height of each layer and primary compressions
and secondary compressions in area 1.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 Total
o, 125.9 141.3 157.4 165.4 173.4 201.6 263.1 310.5
o, 5.0 95.7 103.8 112.1 187.1 259.2 446.7
AH, 0.67 0.22 (%) 0.43 0.23 0.06 1.61
AH, 0.16 0.15 (%) 1.77 0.00 0.51 2.59
AH, 0.83 0.37 (%) 2.20 0.23 0.57 4.20
AH /AH, 65% 71% (*) 41% 82% (**)  82% (**) 56%

Table 7 - Preconsolidation stresses and calculated final effective vertical stresses at mid height of each layer and primary compressions
and secondary compressions in area 2.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 Total
o, 115.8 136.5 157.6 165.0 172.3 198.3 259.5 3224
o, 5.7 106.3 1134 121.2 192.5 2584 470.8
AH, 0.76 0.17 (%) 0.26 0.21 0.06 1.46
AH, 0.18 0.15 (%) 1.53 0.00 0.58 2.43
AH, 0.94 0.32 (%) 1.79 0.21 0.64 3.89
AH /AH, 31% 66% (*) 25% 60% (¥*)  60% (**) 38%
Soils and Rocks, Sdo Paulo, 34(4): 277-316, December, 2011. 289
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Table 8 - Preconsolidation stresses and calculated final effective vertical stresses at mid height of each layer and primary compressions

and secondary compressions in area 3.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 Total
o, 82.8 101.7 121.3 127.9 1345 160.6 2374 301.6
o, 5.0 102.7 109.3 116.0 187.3 268.8 492.2
AH, 0.61 0.10 (%) 0.18 0.15 0.04 1.08
AH, 0.16 0.15 (%) 1.20 0.00 0.30 1.81
AH, 0.77 0.25 (%) 1.38 0.15 0.34 2.89
AH /AH, 36% 77% (*) 13% T2% (¥*)  T2% (**) 35%

Pl

(*) layers 3, 4 and 5 altogether.
(**) layers 7 and 8 altogether.

where: 6’ = final vertical effective stress at mid-height of whole layer (kPa), 6°, = preconsolidation stress at mid-height of whole layer
(kPa), AH, = layer primary compression (m), AH, = layer secondary compression (m), AH, = layer total compression (m), AH, = mea-

sured layer compression (m) in october 2009.

Table 9 - Drainage conditions of subsoil layers.

[

Layer(s)  Soil type SPT Areas 1 and 2 (Drains down to EL — 28.20 m) Area 3 (No drain)

1 Silty clay 0 Double vertical + radial Double vertical

2 Silty fine sand 2t08 Radial Horizontal

3,4,5 Silty clayey sand to Oto2 Upwards vertical + radial Upwards vertical
slightly clayey silty sand

6 slightly sandy silty clay 1to4 Radial Restricted double vertical
slightly silty clayey sand 2t05 Horizontal Horizontal

8 Silty clay 3t0 10 Upwards vertical Upwards vertical

primary consolidation. This working hypothesis has justi-
fied the fact that all settlements measured during the usual
period of test embankments monitoring, i.e around a year
more or less in most cases, have been considered by them to
be entirely primary settlements. This was so since it was
judged that primary consolidation had not yet reached its
end and, consequently, secondary consolidation had not yet
started to occur. The measured settlement curves, mainly
the settlement plates curves, were then analyzed using
Asaoka’s method (Asaoka 1978).

Based on their consideration that for U > 33% the se-
ries solution of Terzaghi’s theory could be replaced by its
first term which is:

2
-

U=1-0811¢ * (4)

it was then considered justifiable to use Asaoka’s construc-
tion to obtain the total primary settlement and the consoli-
dation coefficient, assuming that a few months after end of
construction the average consolidation ratio under field test
embankments could be considered to be higher than 33%.

In the case of radial drainage considering equal strain
theory, the average consolidation ratio is given by an ex-
pression presented by Barron (1948) similar to the one
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above mentioned, but valid for any value of the
consolidation ratio, so that Asaoka’s construction could
also be applied. In both cases, the consolidation coefficient
and total primary settlement thus obtained have been con-
sidered sound and trustworthy.

This approach has led to the endlessly repeated con-
clusion that the back-analyzed field values of the consoli-
dation coefficient are usually about 50 times higher than the
laboratory consolidation coefficient and that this fact is to-
tally explained and justified by the existence of providen-
tial very thin, obviously continuous, layers of pervious
sand. It is worth mentioning that no lense of pervious sand
was present in any of the the layer 6 samples.

The authors consider, first, that this explanation is too
far-fetched to be acceptable at once and, second, that some
basic points could not, and should not, have been over-
viewed for so many years, as has been the case, by the re-
searchers in the process of reaching the above mentioned
published conclusions and, then, of revalidating and repub-
lishing them year after year for so long. Some of these
points are clearly pointed out by Gongalves (1992).

The first point which has been systematically over-
viewed is the fact that the consolidation coefficient values
are very different in the range of stresses up to the precon-
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solidation stress and in the range of stresses beyond the
preconsolidation stress. This was very clearly illustrated in
Fig. 4 and Bjerrum (1972), just as an example, can be
quoted in this respect “The rate of pore pressure dissipation
can in principle, be computed on a similar basis as the con-
solidation settlement, i.e. taking into account that the con-
solidation properties are different in the two ranges, the first
one representing the increase in effective stresses in the
range from p, to p, and the second one representing the in-
crease in effective stress beyond p,”. This point was clearly
brought up by Gongalves (1992) “It is well known that the
¢, value of a preconsolidated soil can be 10 to 100 times
higher than the ¢, value of a normally consolidated soil.
Some papers which compare the behaviours of the soils
from Santos lowlands in the field and in the laboratory do
not state how the ¢, value was obtained and others admit to
have used the ¢, value corresponding to stresses 6°, >’ . If
in these analysis the ¢, value for the preconsolidated range
had been used, the differences between field and laboratory
behaviours would probably have been smaller”.

The second point which has also been systematically
overviewed is the fact that much evidence has been brought
up in the last decades in the technical literature showing
that secondary consolidation under embankments in the
field occurs simultaneously with primary consolidation.
The argument repeatedly used by the researchers to justify
the working hypothesis of secondary consolidation only
starting to occur after the end of primary consolidation is

Secondary consolidation starts after
primary consolidation ends
Traditional Working Hypothesis

Effective vertical stress o, (log scale)

) ? .
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EOP line
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consolidation line

I

Figure 15 - Traditional and alternative working hypothesis.
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based on the fact that since long term settlements measured
in the area of Santos vary rather linearly with the logarithm
of time, then the formulation “Ae = Ca log Af” holds true
and since Ca is historically considered to express the evo-
lution of secondary settlements after primary settlements
have ended then the straight line obtained by plotting settle-
ments vs. log of time has been taken as being the proof that
the working hypothesis is true. Since to the authors it is
clear that long field term settlements will vary, for a long
period before coming close to stabilization, rather linearly
with the logarithm of time, whether they are only primary,
or only secondary or the sum of both, the above argument
put forward by the researchers is no more than a sophism.

Figure 15 illustrates the traditional working hypothe-
sis which is that the secondary consolidation starts after pri-
mary consolidation ends and the alternative working hy-
pothesis which considers that the secondary consolidation
and the primary consolidation occur simultaneously.

As clearly indicated on the left side of Fig. 15, with
the tradional hypothesis until the end of the primary consol-
idation, the evolution of strain with time, up to €, is ex-
pressed by Terzaghi’s consolidation theory which is very
familiar to all soils engineers. After the end of the primary
consolidation takes place, then the evolution of vertical
strain with time is expressed by the traditional formula
Ag, = C,, Alog(f) which is also very familiar to all soils en-
gineers.

Secondary consolidation and primary
consolidation occur simultaneously
Alternative Hypothesis
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The right side of Fig. 15 illustrates the alternative hy-
pothesis which shows that with the primary and secondary
consolidations occurring simultaneously, at any time, ¢, the
strain is in part due to primary consolidation (¢,) and in part
due to secondary consolidation (g_). In this case no “of the
shelf” functional tool is readily available to calculate the
evolution of strain with time, and even if such a tool existed
it surely would not be familiar to almost all engineers. In
spite of this main drawback of the alternative hypothesis
the authors considered, based on the comments presented
before, that the only acceptable working hypothesis is the
one which considers that primary and secondary consolida-
tions occur simultaneously and decided that this is the one
which had to be adopted for their backanalysis, meaning, of
course, that the first step to be taken would be to look for
and to tailor, if necessary, the tools needed for this task.

10. Working Tool Number 1 to Analyze the
Behaviour of the Thick SFL Clay Layer
Under Area 3 with Vertical Drainage

A schematic path during field preloading was pro-
posed by Bjerrum (1972) and a schematic path during a
controlled gradient oedometer test and during a multiple-
stage loading oedometer test were proposed by Leroueil et
al. (1985). Both propositions are reproduced from the origi-
nal papers in Fig. 16.

On the left side of Fig. 16, the authors added the val-
ues of the “Rate of secondary consolidation”, (§) expressed

Bjerrum
1972

I~ T Surcharge

Void ratio, e

Rate of secondary
consolidation

10 % / year (E=3.2x 107 §!
1% /year (i=3.2x 10710 ¢!
107 % / year (=32 x 107!
1029% /year (6 =32x 1012 ¢
107/ year (¢ =32x 1077 ¢
l()'q%ﬂ'yeur(i::},z,\ 1074
10'5%/ycar (€=32x 10713 ¢

w, = —

Vertical pressure in logarithmic scale

in s”, calculated from the values per year indicated in
Bjerrum’s figure. The right side of Fig. 16 shows the figure
of the paper by Leroueil ef al. (1985) corresponding to the
multiple stage loading test.

Leroueil er al. (1985) stated: “Taylor & Merchant
(1940) were the first to suggest a model in which the rate of
change in void ratio is a function of the effective stress, the
void ratio and the rate of change in effective stress. This
suggestion has been followed by numerous researchers.
The rheological models proposed were seldom assessed ex-
perimentally or only on the basis of a few laboratory test re-
sults. Experimental studies, however, have been performed
on natural clays and on resedimented clays but in each
study only one type of test was used. It is thus difficult to
obtain an overall view of the rheological behaviour of clays
from these studies. As a result this abundant literature has
modified neither the common practice based on the Ter-
zaghi theory nor the way of thinking on clay behaviour”. In
the authors’ knowledge not much has changed from 1985 to
2010, and for sure, practicing engineers continue not dis-
posing of any practical tool to predict or to back-analyze the
simultaneous evolution of primary and secondary settle-
ments in soft clayey soils under embankments.

Based on the diagrams shown in Fig. 16 the authors
went on to produce their first working tool consisting of an
abacus, similar to Bjerrum’s but specifically built for the
soft clay of layer 6 tested at COPPE, from the laboratory
test results. It was expected that this abacus would immedi-
ately yield the mean effective stress and mean primary con-

Leroueil
1985

Schematic multiple-stage

Strain &, (%)

loading test
=107 57!
- g&,=1005"
gy=1075"

1
Effective stress o, : kPa

Figure 16 - Schematic path proposed by Bjerrum (1972) and Leroueil ez al. (1985).
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Figure 17 - Methodology expected to be used to analyze layer 6 compression under the pilot embankment.

solidation ratio of layer 6 from the known values of the
strain (g,) and the strain rate (£) at time ¢. These two values
which can be instantly calculated at any time ¢ from the
layer compression measurements under the pilot embank-
ment would be plotted together on the abacus as illustrated
on the left side of Fig. 17 with the strain at time # (¢,) entered
in ordinate as a horizontal line extended to the right until it
meets the strain rate line representing the value of the strain
rate (&,) occurring in the layer at time ¢, at point A.

From point A, the value of 6° , = mean effective stress
in the layer at time # would be directly read in the abacus
giving the mean primary consolidation ratio (U)) at time ¢
calculated as

U=(,-6")/(c",-c") ()

It was also expected that the abacus would provide
the following informations concerning the future situation
during the terminal operation phase that is, after removing
the fill surcharge or after stopping applying vacuum in the
drains, this resulting in a vertical unloading effective verti-
cal stress change equal to -Ac’ ,, and after terminal opera-
tion reaches its normal operation capacity with the applica-
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tion of an effective vertical stress increase Ac’ ,, as illus-
trated respectively by point B and by point C on the right
side of Fig. 17:

&,, = the expected vertical strain rate in the early
phase of terminal operation and

€,, = the expected vertical strain left to occur during
the terminal life.

From these two values, not only of layer 6, but also of
all other layers, then the expected rate of settlement of the
terminal pavement, in cm per month, at the beginning of
normal operation and the total remaining settlement to oc-
cur and consequent expected frequency of maintenance op-
erations and total volume of fill to be used to keep levelling
the pavement to its nominal elevation during the life of the
terminal could be quantified.

The special oedometer tests mentioned in item 5 were
programmed to provide the necessary information to pro-
duce this type of abacus representative of the behaviour of
layer 6. Figure 18 shows on the left side the results of all
special oedometer tests which provided strain rates deter-
mination during secondary consolidation plotted as log of
strain rate (log £in s") vs. overconsolidation ratio (OCR).
The curve of the left side of Fig. 18 was used, together with
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the compressibility curve of sample SRA-203(4) to pro-
duce the abacus on the right side.

As shown in Table 5, in area 3, in October 2009, the
measured strain in layer 6 was 1.9% and the strain rate was
1.2x 10" s". As can be seen on the right side of Fig. 18, the
strain rate value plots very close to the line which repre-
sents the end of secondary compression on the abacus, ob-
viously a nonsense since the consolidation ratio of layer 6
under area 3 is, without any doubt, very low as shown by its
small measured compression equal to 18 cm when com-
pared to the 90 cm of measured compression at the same
time under area 1 as reported in Table 5.

This indicates that the abacus of Fig. 18 is only repre-
sentative of the behaviour of a 2 cm thick sample of layer 6
soft clay and that for any given clay, there exists a different
specific abacus which represents the behaviour of the clay,
for each layer thickness.

The question which then arose is “can the abacus for
layer 6 be obtained through some realistic model from the
laboratory sample abacus of Fig. 187

11. Working Tool Number 2 to Analyze the
Behaviour of the Thick SFL Clay Layer
Under Area 3 with Vertical Drainage

Following this ill success with working tool number
1, the authors then decided to go for an abacus of the same
type, but built specifically for the field conditions through

Overconsolidation ratio OCR
1.00 1.20 1.40 1.60 1.80 2.00 2.20
|INENIINEENEENEINENEENEENEENEEE ENA

B Samples SRA-203 (4), SRA203 (6),
SRA203 (7) e SRA203 (8)

TT

7 =

Log of strain rate (log £) (s1)

-11

extrapolating the abacus shown on the right side of Fig. 18
from the laboratory conditions to the field conditions by
way of Taylor and Merchant’s formulation as shown be-
low.

As mentioned by Leroueil et al. (1985), many formu-
lations have been put forward to try and model secondary
consolidation occurring together with primary consolida-
tion and Taylor and Merchant’s theory (theory A) was the
first one published in the technical literature stating a basic
postulate to express the evolution of the soil void ratio with
time during secondary consolidation. This postulate is il-
lustrated at the top of Fig. 19 and its basic formulation is:

2e

Py (cd) (6)
which states “that the speed of occurrence of secondary
compression is proportional to the undeveloped secondary
compression” where p is called the “coefficient of second-
ary compression”. The mathematical solution to compute
the “aggregate consolidation ratio” based on the above pos-
tulate was given by Taylor & Merchant (1940) in their pa-
per and it shows that the evolution of this ratio depends on
the two following parameters:

e r which is the ratio of the primary settlement over
the total settlement, showing that Taylor and Merchant had
a clear understanding that secondary compression was fi-
nite and could be estimated and
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Figure 18 - Results of special oedometer tests and abacus representative of layer 6 behaviour.
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_ b _pH,
T rc,

. F 7

a dimensionless term called the “secondary compression
factor”.

The original paper includes a graph showing the ag-
gregate consolidation ratio where it can be appreciated that
this is the ratio of the settlement (or compression or strain)
at time ¢ over the total (primary plus secondary) settlement
(or compression or strain) plotted as a function of the time
factor T for the case of unidimensional vertical compres-
sion with only vertical drainage for an r value of 0.70 and
for various values of the F factor which are reproduced as
non dotted curves at the bottom of Fig. 19. The aggregate
consolidation ratio will be referred to as U, . In Taylor and
Merchant’s own words, this formulation is “based largely
on physical intuition” and “the main value of this theory is
not in the expression of a secondary compression time law,
but in the rational explanation of the superimposed action
of the two very different physical laws of time rate, allow-
ing the prediction of the action in thick strata from the ac-
tion in laboratory tests”. This “prediction of the action in
thick strata from the action in laboratory tests” is the way to
extrapolate the abacus shown on the right side of Fig. 18
from the laboratory conditions to the field conditions by
way of Taylor and Merchant’s formulation as shown below
which the authors decided to use to build their working tool
number 2. Of course, the field abacus would be used in the
same way as working tool number 1, that is determining the
mean effective stress and mean primary consolidation ratio
of layer 6 from the known values of strain and strain rate at
time .

It has been shown by Christie (1964) that the formu-
las published in Taylor and Merchant’s paper are mistaken,
but that their curves which are reproduced at the bottom of
Fig. 19 are in accordance with the correct formulas reestab-
lished by Christie (1964) in terms of excess pore pressure.
Furthermore, Christie (1964) showed that Gibson & Lo’s
(1961) formulation is identical to Taylor and Merchant’s
although expressed in different terms. The mathematical
formulation for Taylor and Merchant’s theory has also been
obtained by Carvalho (1997) in terms of void ratio. Carva-
lho’s formulas were used by the authors to compute the ag-
gregate consolidation ratio for r = 0.70 and F values of 0,
0.1 and 10 obtaining perfect agreement with Taylor and
Merchant’s curves as seen on Fig. 19. All further calcula-
tions performed using Taylor and Merchant’s theory in-
cluded ahead in this paper were done using Carvalho’s
formulas.

A number of long term oedometer tests has been per-
formed in the laboratory of the Rheology Group of the Soil
Mechanics Division at COPPE, Rio de Janeiro as shown in
Figs. 20, 21 and 22.

Figures 20, 21 and 22 show the measured laboratory
curves and the theoretical curves obtained from Taylor and
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Figure 19 - Taylor and Merchant’s theory (Theory A) basic pos-
tulate and aggregate consolidation curves.

Merchant’s theory which best fit the experimental curves
for two soft clay samples of the Rio de Janeiro area, Senac
clay (Martins 2005) and Sarapui clay (Vieira 1988) and for
a specimen trimmed from a sample prepared through a mix-
ture of kaolin (90%) and bentonite (10%) (Martins 2005),
respectively. Line AB shows for each test the line from
which the value of the coefficient of secondary consolida-
tion Ca would be normally determined from the oedometer
test result. As can be seen this line only fits the test results
up to ¢ = 10’ min, that is about 70 days, after that a much
higher value of Ca would be required to fit the test results.

The best fit is obtained by varying the three parame-
ters: r, ¢, and p and each diagram on Figs. 20, 21 and 22
shows the values which provided the best fit in each case.
The values, which are only valid for the given range of
stresses applied on the tested samples and not for the clay
deposit as a whole, are compared in Table 10.

The longest of the 3 tests is the one on the Senac clay,
illustrated in Fig. 21, which lasted for 5 years and it can be
seen that for the last 19 months, that is after 3.4 yearsup to 5
years, the compression was totally stabilized, confirming
that the secondary compression is finite and that it com-
pletely stabilizes within a given time. As can be seen on all
three diagrams, the Taylor and Merchant’s theory agrees
rather well with the experimental curves at the beginning

295



Agregate consolidation ratio U+ (%)

Time (min)
8.1 1 10 100 1000 10000 100000 1000000 10000000
' g
10 Senac clay, Jacarepagua (Rio de Janeiro) EI{
Martins (2005)
20
Cp=58x 108 m%s

30— N\ 7=0.69

— 12 N\ F=0,00002
40 p=25x 1081
50 F i
60 o

CTHAN I
70 T = i‘ i : —_ e ]
1] — -

30 T A SHHHEE

H=— Laboratory curve
90 [[|= == Theoretical curve

=== Casagrande construction

1008 (A : End of primary consolidation)

Rémy et al.

5 years | |

Figure 20 - Comparison of long term oedometer test in Senac clay with Taylor and Merchant’s theory.
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Figure 21 - Comparison of long term oedometer test in Sarapui clay with Taylor and Merchant’s theory.

Figure 22 - Comparison of long term oedometer test in a kaolin-bentonite mixture with Taylor and Merchant’s theory.
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Table 10 - Values of r, ¢, and p for Senac clay, Sarapui clay and
kaolin-bentonite mixture.

Senac clay  Sarapui clay Kaolin + bentonite
r 0.69 0.79 0.72
¢, (10° m’/s) 5.8 1.2 4.8
u (107 s 0.25 1.5 0.5

and at the end of the consolidation process but fails to pro-
vide good agreement in between, where it can be seen that
the measured secondary compression is consistently higher
than the theoretically predicted one, which means, in other
words, that the secondary consolidation on 2 cm thick sam-
ples proceeds faster than modeled by Taylor and Mer-
chant’s theory mainly in the middle of the process.

Figure 23 shows Taylor and Merchant’s aggregate
consolidation ratio U, vs. time factor T for samples or clay
layers, double drained (H, = drainage distance = half the
thickness) with thicknesses of 20 mm (lab sample), 40 mm,
80 mm, 200 mm, 1 m, 4 m and 20 m for a clay withc,=1.0x
10° m*/s, p=1.5x 107 s" and with r = 0.30.

Figure 24 shows Taylor and Merchant’s aggregate
consolidation ratio U , vs. time ¢ for samples or clay layers,
double drained (H,= drainage distance = half the thickness)
with thicknesses of 20 mm (lab sample), 40 mm, 80 mm,
200 mm, 1 m, 4 m and 20 m for a clay withc,=1x 10° m’/s,
p=15x10"s" and with r = 0.30.

Line AB drawn on Fig. 24 for H,= 10 mm, that is for
the standard oedometer test, is the line from which the value
of the coefficient of secondary consolidation Ca would
normally be determined from the laboratory consolidation
curve plotted in terms of Ae vs. log (7). According to Taylor
and Merchant’s formulation, it can be seen that the inclina-
tions of the lines drawn in Fig. 24 for clay thickesses up to

Time factor, T
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Figure 23 - Taylor and Merchant’s curves: Aggregate consolida-
tion ratio U, vs. time factor T.

200 mm, that is for H, up to 100 mm, in the range U, >
90%, that is below the black point marked on each curve,
would not be constant through time, as already observed on
the actual laboratory tests curves shown in Figs. 20, 21 and
22. It can also be seen that the inclinations of all the curves
intherange U, . >90% are about the same for H, between
500 mm and 10 m: 1:69 to 1:66, and it is clear that these in-
clinations are totally different from the laboratory Ca. line
whichis 1:1.1.

Table 11 shows the time to reach U, equal to 99.9%
from Taylor and Merchant’s theory in a clay with p = 1.5 x
107 s and r = 0.3.

It seems reasonable to expect that for any thickness,
Taylor and Merchant’s theoretical curves might be rather

realistic at the beginning and at the end of the consolidation
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Figure 24 - Taylor and Merchant’s curves: Aggregate consolidation ratio U, vs. time .
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Table 11 - Time to reach U equal to 99.9% from Taylor and Merchant’s theory in a clay with u=1.5x 10”7 s" and r = 0.3.

ps

c, (m’/s) Thickness (H) of double drained layer
2 cm 20 cm 2m 10 m 20 m
4x107 500 days 500 days 500 days 4000 days 15 000 days
1.37 year 1.37 year 1.37 year 11.0 years 41.1 years
10° 500 days 500 days 6000 days 150 000 days 600 000 days
1.37 year 1.37 year 16.4 years 411 years 1644 years

process and might underestimate the settlement (or strain)
in the middle of the process as was observed on the 2 cm
thick laboratory samples (see Figs. 20, 21 and 22). As a
consequence, it might then be admitted that for all predic-
tions based on Taylor and Merchant’s theory with reliable
soil parameters, with emphasis on a realistic value of ¢, cor-
responding to the range of effective vertical stress (c°, to
o’ ) effectively applied, not a simple task when 6°, < ¢’ <
o’ the real value of secondary compression will always be
equal to or higher than the predicted one mainly in the mid-
dle of the process.

With this limitation in mind, the authors proceeded to
build the abacus for the field conditions of layer 6 under the
center of area 3 using Carvalho’s formulas for the specific
values of:

* Layer thickness = 9.50 m, vertically double drained
with no restriction, although Table 9 indicates that drainage
conditions of layer 6 is considered to be “Restricted double
vertical”,

*C/(1+e)=0.56andC/(1+¢)=0.11xC/(1+¢)=
0.062,

*c’,=82kPa, Ac’, =78 kPaand ¢’ .= 160 kPa,

*c’, =187 kPa,

ec,=15x 10* m*/s and

eu=1.5x10"s" (this value is the only one which has
not been experimentally determined specifically for the
clay of layer 6 since, to the authors’ knowledge, the only
way to determine the p value is from long term oedometer
tests run till the end of secondary consolidation, that is for
at least 10 months as in the case of Sarapui clay shown in
Fig. 21 to more than 41 months as in case of Senac clay
shown in Fig. 20 through the adjustment of Taylor and
Merchant’s theoretical curves to the experimental curves.
The value of p which was used is the one of Sarapui clay.

The abacus thus obtained is shown on Fig. 25.

In this abacus, point P corresponds to the initial state
of the middle of layer 6 before building the pilot embank-
ment, that is with an initial vertical effective stress equal to
82 kPa and a strain €’ relative to its initial state obviously
equal to zero. The preconsolidation stress in the middle of
layer 6 is 187 kPa which corresponds to an OCR value a lit-
tle higher than the value of 2.1 which would be equivalent
to the end of secondary consolidation. This means that dur-
ing consolidation under an applied load, layer 6 primary
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compression would plot on the primary recompression line
PQ for ¢’ smaller than ¢ . In october 2009, the measured
mean strain in layer 6 was 1.9%, represented as €’ and the
measured strain rate in layer 6 was £ = 1.2 x 10" s" (as
shown in Table 5) which would correspond to point Q in the
abacus. As can be seen, point Q would correspond to an ap-
plied effective stress of 142 kPa which would mean an
average primary consolidation ratio equal to
(142-82)/(160-82) = 77%. This does not suit the experi-
mental measured settlement data which, as already men-
tioned indicates that the consolidation ratio of layer 6 under
area 3 is, without any doubt, very low as shown by its small
measured compression equal to 18 cm when compared to
the 90 cm of measured compression at the same time under
area 1 as reported in Table 5. Point A is very close to the
recompression line, in the heart of the recompression range.
Since the ¢, value which governs primary consolidation in
the recompression range is roughly 50 times higher than the
c, value of 1.5 x 10° m’/s of the virgin compression range
used to build the abacus (see Fig. 4), it cannot be expected
that the abacus shown in Fig. 25 yield worthy results.

The abacus was then rebuilt, using the same proce-
dure but using the ¢, value of the recompression range equal
to 10° m’/s but this also failed to lead to acceptable results.
The authors had then to come to the conclusion that their
second working tool consisting in an abacus tailored to rep-
resent the field conditions of layer 6 through extrapolation
of the abacus built from the oedometer laboratory test re-
sults by way of Taylor and Merchant theory also failed to be
usable, the main reason for this being that the ¢, value in the
field varies when the consolidation ratio increases, as will
be seen in the conclusions, and that Taylor and Merchant’s
formulation used to built the abacus only allows the use of a
constant ¢, value.

12. Working Tool Number 3 to Back-Analyze
the Behaviour of the Thick SFL Clay Layer
Under Area 3 with Vertical Drainage

After coming to this conclusion, the authors found
themselves left with only one alternative to back-analyze
the measured compression in layer 6 under the center of
area 3, and that was to try and adjust some Taylor and Mer-
chant’s curve to the measured curve of Fig. 11 determining
the ¢, value which would lead to a reasonable adjustment.
As already mentioned, as settlement occurs, the total stress
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Figure 25 - Abacus built through Taylor and Merchant’s theory for layer 6 of area 3 with ¢, = 1.5 x 10® m’/s.

o, in the middle of layer 6 decreases with time due to em-
bankment submersion and the “pseudo final effective
stress” which governs the consolidation process at any
time, that is “c, - u,,”, also decreases as illustrated in
Fig. 26. For their back-analysis, the authors took the deci-
sion to calculate the values of “c, - u,,” acting in october
2009 in each of the 1 m thick sublayers considered for set-
tlement calculations.
The “pseudo final effective stress” at mid-height of
layer 6, “c, - u,,” is equal to 179.2 kPa compared to
c’, = 81.4 kPa and o’ , (lab) = 187.3 kPa and is, in fact,
higher than the (real) final effective stress, equal to
160.6 kPa, to be reached after full primary and full second-
ary consolidations when the total settlement will be 2.89 m
wheras the total settlement at the end of october 2009 was
1.01 m.
The primary and secondary compressions were then
calculated considering that this “pseudo final effective
stress” would be maintained constant thereafter, obtaining:

29

* “pseudo final primary compression” (AH,)’: 20 cm
which is, in fact, higher than the (real) final primary com-
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pression to be reached after full primary consolidation
which is equal to 18 cm as indicated in Table 8.

e “pseudo final secondary compression” (AH):
142 cm which is, in fact, higher than the (real) final second-
ary compression to be reached after full secondary consoli-
dation which is equal to 120 cm as indicated in Table 8 and
their sum:

* the “pseudo final total compression” (AH)’: 162 cm
which is, in fact, higher than the (real) final total compres-
sion to be reached after full primary and full secondary con-
solidations which is equal to 138 cm.

It was immediately found out that no satisfying adjust-
ment was to be obtained with only one constant value of c,
over the whole period. Figure 27 shows a theoretical Taylor
and Merchant’s curve reasonably well fitted to the measured
compression curve of layer 6 under the center of area 3.

This adjustment was achieved by dividing the total
measurement period into three periods. As can be seen on
Fig. 27, the values of ¢, which led to the adjustment of the
theoretical curve to the measured one are:

« for the first period: ¢, =2 x 107 m’/s,
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» for the second period: ¢, =5 x 10° m'/s,

« for the third period: ¢, = 1 x 10° m’/s

Table 12 summarizes the results of the back-analysis of
layer 6 compression with vertical drainage under the center of
area 3 through Taylor and Merchant’s theory, indicating:

* the equivalent time of the end of each period,

* the coefficient of consolidation for which the best fit
was obtained between the theoretical curve and the mea-
sured compression curve, in each period: ¢, during period 1,
¢, during period 2, ¢, during period 3,

¢ the total compression AH, measured at the end of
each period,

¢ the calculated primary compression, AH , and sec-
ondary compression, AH , at the end of period 1, period 2
and period 3,

* the calculated ratio of the primary compression at
the end of each period AH, to the “pseudo final primary
compression” (AH))’ called the “primary consolidation in-

Lt}
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Table 12 - Results of the back analysis of layer 6 compression under the center of area 3.

Period 1 Period 2 Period 3
Time ¢ (equivalent) at the end of each period 38 days 95 days 613 days
Back analyzed c, value for each period 20x 10°m”s  5.0x10°m”s 1.0x 10° m’/s
AH,;: Total compression of layer 6 measured at the end of each period 7 cm 11 cm 18 cm
AH, compression at the end of each period obtained from Taylor and Merchant 4 cm 6 cm 8 cm
calculations
AH /(AH))’ Primary consolidation index at the end of each period 4/20 = 20% 6/20 = 30% 8/20 = 40%
AH; compression at the end of each period obtained from Taylor and Merchant 3cm 5cm 10 cm
calculations
AH /(AH))" Secondary consolidation index at the end of each period 3/142=2.1% 5/142=3.5% 10/142=7.0%
AH /(AH)’ Aggregate consolidation index at the end of each period 7162=43% 11/162=6.8% 18/162=11.1%

* the calculated ratio of the secondary compression at
the end of each period AH, to the “pseudo final secondary
compression” (AH)’ called the “secondary consolidation
index”,

* the calculated ratio of the total compression at the
end of each period AH,, to the “pseudo final total compres-
sion” (AH))’ called the “aggregate consolidation index”.

It has to be emphasized that when secondary com-
pression and primary compression occur simultaneously,
the volume of water expelled in this situation is larger than
the volume of water which would be expelled if only pri-
mary consolidation took place. Since the initial pore pres-
sure and the initial gradient are not affected by the phenom-
enon of secondary consolidation, then the pore pressure
dissipation has to be slower when secondary consolidation
occurs simultaneously with primary consolidation than if it
did not as illustrated in Fig. 28.

This fact has been pointed out by Garlanger (1971)
among others. Larsson et al. (1997) can be quoted: “At
compression, the time dependence leads to a larger com-
pression than that calculated from the compression moduli
alone. A condition for this extra compression to occur is
that the corresponding amount of water flows out of the
soil. In turn, a condition for this to occur within the same
period of time as the compression corresponding to the
moduli alone is that a higher gradient exists in the pore wa-
ter. The immediate effect of the creep tendency (or time ef-
fects) during a short time step is therefore an increase in
pore pressure, whose size is determined by the pontential
creep deformation and the compression modulus”. This is
illustrated on the left side of Fig. 28. The right side of
Fig. 28, shows the comparison of the measured settlement
of an embankment on soft clay with Larsson et al.’s predic-
tion. Taylor and Merchant’s theory, although only stated in
terms of void ratio, does not take into account the influence
of the occurrence of secondary compression simulta-
neously with primary compression on the pore pressure, as
clearly shown by Carvalho’s formulas, but this influence
will necessarily lead to a field ¢, value lower than the labo-
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ratory pure primary consolidation ¢, value as clearly
illustrated at the top of the left side of Fig. 28.

It can be assumed that the value of the average pri-
mary consolidation ratio Up is equal to the primary consoli-
dation index [AH,/(AH,))’], so that the average vertical
effective stress in layer 6 at the end of each period can be
computed from the following formula:

)

o ,=c,+I[(c,-u,)-0",1x UF =

/(AH)'T

hid

o’ +1(c,-u,) -0 IX[AH,

. ®)
allowing then, to plot the back-analyzed values of ¢, against
the mean effective vertical stress ¢’ in layer 6 in area 3, as

shown in Fig. 29.

It is well known that the yielding stress decreases
when the strain rate decreases as illustrated in Fig. 16. It
has, therefore, to be expected that the vertical effective
stress at which the field ¢, value passes from its higher
value, between 3 x 10° m”/s and 3 x 107 m’/s (see Fig. 4) in
the recompression range, to its lower value, between 9 x
10" m’/s and 2 x 10* m/s (see Fig. 4) in the virgin compres-
sion range, is to be smaller than the c’p value determined in
the oedometer tests.

It can be seen in Fig. 29 that the obtained results are in
good agreement with the above observation and that the
back-analyzed c, field values are also in good agreement
with the laboratory values in the transition range between
the recompression range and the virgin compression range.

13. Working Tool Number 4 to Extrapolate
the Use of the Taylor & Merchant Model to
Back-Analyze the Behaviour of the Thick
SFL Clay Layer Under Areas 1 and 2 with
Radial Drainage

13.1. Methodology

For the back-analysis of the embankment settlement
data for layer 6 under the centers of areas 1 and 2 the same
approach is not applicable due to the fact that the mathe-
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matical formulation presently available based on Taylor
and Merchant’s theory only encompasses the case of verti-
cal drainage. In this respect, the authors are not aware of
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any published analytical formulation of secondary consoli-
dation associated with radial drainage.

It was then decided to compare the primary consoli-
dation process of layer 6 undergoing vertical compression
through pure radial drainage with a mean radial drainage
distance R equal to 0.68 m which corresponds to the drain
spacing of 1.2 m of the square wick drains mesh under area
1, to the primary consolidation process of a hypothetical
layer undergoing vertical compression with pure vertical
drainage to see if a layer such that both processes would fol-
low approximately the same course could be found.

As can be seen in Table 3, for layer 6 the value of ¢,
determined from CPT porepressure dissipation tests, which
corresponds to the recompression range according to Teh
and Houlsby (1991), is equal to 4.9 x 107 m’s and the
oedometer test ¢, value in the recompression range is 6.5 x
107 m/s, that is ¢, = 0.75 c,,. Some oedometer tests with ra-
dial drainage were performed in the laboratory which
yielded c, values of the order of 3 times the ¢, values in the
normal compression range. For this reason, all further cal-
culations were done for ¢, = ¢, as well as for ¢, =3 c..

For this comparison, the radial primary consolidation
process of layer 6 was calculated using Barron (1948) for-
mulas considering an equivalent radius r, of 3.25 cm for the
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0.5 cm x 10 cm wick drain and a smear zone around each
drain with a radius r, equal to twice the drain equivalent ra-
dius, and a permeability coefficient equal to a fifth of the
undisturbed clay permeability coefficient. Figure 30 shows
the dotted curve which expresses the (primary) consolida-
tion ratio of layer 6 under area 1 vs. the logarithm of time
calculated for a horizontal/radial coefficient of consolida-
tion ¢, = 1.5 x 10" m/s.

Figure 30 also shows the plain curve which corre-
sponds to a hypothetical layer with vertical drainage, with
the primary consolidation ratio calculated using Terzaghi
(1936) formulation considering ¢, = 1.5 x 10" m’/s and the
drainage distance D equal to 2.03 m for which the two
curves reach U = 50% at the same time. Considering the
closeness of the two curves, it can be concluded that this
layer undergoing vertical compression with pure vertical
drainage follows a primary consolidation process equiva-
lent to the one of layer 6 under area 1 undergoing vertical
compression through pure radial drainage and the D value
of 2.03 m can be called the equivalent drainage distance:
D

eq*

The equivalent drainage distance value is influenced
by the ratio of the value of ¢, of layer 6 to the assumed value
of ¢, of the equivalent layer with vertical drainage. It is also
influenced by the assumed values of the radius and the co-
efficient of permeability of the smear zone. For this reason,
the D, value was also determined for ¢,/c, equal to 3 and for

a smear zone three times larger than the one considered be-
fore, that is with . = 19.5 cm.

The D, value was also determined following exactly
the same methodology explained above for layer 6 under-
going vertical compression through pure radial drainage
with a mean radial drainage distance R equal to 1.35 m
which corresponds to the drain spacing of 2.4 m of the
square wick drains mesh under area 2. Table 13 synthesizes
all the calculated D, values.

It was then decided to use the following procedure to
theoretically predict the course of compression of layer 6
under area 1 and under area 2:

* the course of the primary compression was calcu-
lated using Barron (1948) formulation considering the
“pseudo final primary compression” (AH,)" calculated as
already mentioned, under the “pseudo final effective
stresses”,

* the course of the secondary compression was calcu-
lated using the formulas of Carvalho, isolating the second-
ary compression from primary compression, considering it
to occur in a layer drained vertically with a drainage dis-
tance equal to D, with the “pseudo final secondary com-
pression” value (AH )’ and,

* sum the two above compressions to get the course of
the total compression.

It was decided to call this method: “Primary Barron +
secondary pseudo Taylor and Merchant”.
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Figure 30 - Comparison of primary consolidation ratio between a clay layer with pure vertical drainage with ¢, = 1.5 x 10° m’/s and a clay
layer with a 1.2 m x 1.2 m square mesh of wick drains (pure radial drainage) with ¢, = ¢, = 1.5 x 10" m’/s .

Table 13 - D, values.

Area clc” r D, Area c /e’ r D,
1 6.5cm  2.03m 1 6.5cm 433 m
1 3 6.5 cm 1.16 m 2 3 6.5cm  249m
1 195cm 2.67m 1 195cm 5.89m

(*) ratio of ¢, of layer 6 to the assumed value of c, of the equivalent layer with vertical drainage.
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13.2. Backanalysis of layer 6 compression under area 1

Under area 1, the “pseudo final effective stress” at
mid-height of layer 6, “c, - u,,,” is equal to 221.3 kPa com-
pared to 6°,=81.2 kPa and &’ (lab) = 187.1 kPa and is, in
fact, higher than the (real) final effective stress, equal to
201.6 kPa, to be reached after full primary and full second-
ary consolidations when the total settlement will be 4.20 m
whereas the total settlement at the end of october 2009 was
2.36 m.

The primary and secondary compressions were then
calculated considering that this “pseudo final effective
stress” would be maintained constant thereafter, obtaining:

* “pseudo final primary compression” (AH))’: 68 cm
which is, in fact, higher than the (real) final primary com-
pression to be reached after full primary consolidation
which is equal to 43 cm as indicated in Table 6.

e “pseudo final secondary compression” (AH)’:
177 cm which is, in fact, equal to the (real) final secondary
compression to be reached after full secondary consolida-
tion as indicated in Table 6 and their sum:

* the “pseudo final total compression” (AH))’: 245 cm
which is, in fact, higher than the (real) final total compres-
sion to be reached after full primary and full secondary con-
solidations which is equal to 220 cm.

It was immediately found out that no satisfying ad-
justment was to be obtained with only one constant value of
¢, over the whole period. Figure 31 shows the theoretical
curve obtained following the above described “Primary
Barron + secondary pseudo Taylor and Merchant” proce-
dure reasonably well fitted to the measured compression
curve of layer 6 under the center of area 1 for the value of ¢,

of layer 6 equal to the value of ¢, of the equivalent layer
with vertical drainage and r, = 6.5 cm.

This adjustment was achieved by dividing the total
measurement period into two periods. As can be seen on
Fig. 31, the values of ¢, which led to the adjustment of the
theoretical curve to the measured one are:

« for the first period: ¢, =5 x 10" m/s,

» for the second period: ¢, =2.3 x 10" m’/s.

It has to be pointed out that in the above analysis, the
vertical drainage in layer 6 has not been taken into account
for considering that it would not affect significantly the re-
sults of the back-analysis.

Table 14 summarizes the results of the back-analysis
of layer 6 compression with vertical drainage under the
center of area 1 through the “Primary Barron + secondary
pseudo Taylor and Merchant” procedure indicating:

* the equivalent time at the end of each period,

» the coefficient of consolidation for which the best fit
was obtained between the theoretical curve and the mea-
sured compression curve, in each period: ¢, during period 1,
¢, during period 2,

e the total compression AH, measured at the end of
each period,

* the calculated primary compression, AH . and sec-

ondary compression, AH ; at the end of period 1 and period
2’

e the calculated ratio of the primary compression at
the end of each period AH . to the “pseudo final primary

P
compression” (AH )’ called the “primary consolidation in-
dex”,

» the calculated ratio of the secondary compression at

the end of each period AH; to the “pseudo final secondary
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Figure 31 - Theoretical curve reasonably well fitted to the measured compression curve of layer 6 under the center of area 1.
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compression” (AH))’ called the “secondary consolidation
index”,

e the calculated ratio of the total compression at the
end of each period AH,, to the “pseudo final total compres-
sion” (AH)’ called the “aggregate consolidation index”.

Repeating the adjustment of a theoretical curve to the
measured compression curve for the value of ¢, of layer 6
equal to three times the value of c, of the equivalent layer
with vertical drainage and r,= 6.5 cm, and for r,= 19.5 cm,
for the same two periods as above, the same good adjust-
ments were obtained for the values of ¢, shown in Table 15,
with all other values identical to the ones shown in Ta-
ble 14.

An can be seen the ratio of the ¢, value in layer 6 to the
¢, value admitted to determine the drainage distance of the
equivalent layer with vertical drainage has no effect on the
backanalyzed value of c,.

As already mentioned in the backanalysis of layer 6
under area 3, it can be assumed that the value of the average
primary consolidation ratio ﬁp is equal to the primary con-
solidation index [AH,/(AH,)’], so that the average vertical
effective stress in layer 6 at the end of each period can be
computed from the following formula:

o ,=c ,+[(c,-u

v

Iud) - G’w] X Up =

G’vi + [(Gv - Mhid) - G’.y,'] X [AH, /(AI_I,,)’] ©

allowing then, to plot the back-analyzed values of ¢, against

the mean effective vertical stress ¢’ in layer 6 in area 1, as
shown in Fig. 32.

It can be seen in Fig. 32 that the obtained results are in
good agreement with the observation that it has to be ex-
pected that the vertical effective stress at which the coeffi-
cient of consolidation field value passes from its higher
value in the recompression range, to its lower value in the
virgin compression range, is to be smaller than the 6°, value

determined in the oedometer tests. It can also be observed
that the back-analyzed c, field values are also in good
agreement with the ¢, laboratory values in the transition
range between the recompression range and the virgin com-
pression range.

13.3. Backanalysis of layer 6 compression under
area 2

In area 2, the last phase of heightening the fill was
postponed due to lack of fill material. For this reason, one
set of values of “pseudo final effective stress”, “pseudo fi-
nal primary compression” and “pseudo final secondary
compression” had to be used for 7 up to 450 days and an-
other set of values had to be used for # > 450 days.

Under area 2, the “pseudo final effective stress” at
mid-height of layer 6, “c, - u,,” is equal to 205.9 kPa up to
t =450 days and equal to 221.9 kPa for # > 450 days, com-
pared to 6°, = 86.6 kPa and &’ (lab) = 192.5 kPa and is, in
fact, higher than the (real) final effective stress, equal to
198.3 kPa, to be reached after full primary and full second-
ary consolidations when the total settlement will be 3.89 m
whereas the total settlement at the end of october 2009 was
1.46 m.

The primary and secondary compressions were then
calculated considering that this “pseudo final effective
stress” would be maintained constant thereafter, obtaining:

Table 15 - Values of ¢, yielded by the back analysis.

c /e 7 D, ¢, forPeriod 1 c, for Period 2
1 6.5cm  203m  5.0x10°m*/s 2.3 x10°m?s
3 6.5cm  1.16m  50x10°m’/s 23x10°m’/s
1 195cm  2.67m  8.6x10°m”s 4.2x 10" m’/s

(*) ratio of ¢, of layer 6 to the assumed value of ¢, of the equivalent
layer with vertical drainage.

Table 14 - Results of the back analysis of layer 6 compression under the center of area 1 for the value of ¢, of layer 6 equal to the value of

c, of the equivalent layer with vertical drainage and r, = 6.5 cm.

Period 1 Period 2
Time ¢ (equivalent) at the end of each period 183 days 498 days
Back analyzed c, value for each period 5.0x 10° m’/s 2.3 x 10° m’/s
AH : Total compression of layer 6 measured at the end of each period 58 cm 90 cm
AH, compression at the end of each period obtained from “Primary Barron + secondary 34 cm 49 cm
pseudo Taylor and Merchant” calculations
AH /(AH )’ Primary consolidation index at the end of each period 34/68 = 50% 49/68 = 72%
AH ; compression at the end of each period obtained from “Primary Barron + secondary 24 cm 41 cm

pseudo Taylor and Merchant” calculations

AH /(AH))" Secondary consolidation index at the end of each period

AH /(AH)’ Total consolidation index at the end of each period

24/177 = 14%
58/245 = 24%

41/177 =23%
90/245 =37%
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Figure 32 - Back-analyzed values of ¢, vs. mean effective vertical
stress in layer 6 under area 1.

* “pseudo final primary compression” (AH,)’: 34 cm
for t up to 450 days and 51 cm for ¢ > 450 days for which is,
in fact, higher than the (real) final primary compression to
be reached after full primary consolidation which is equal
to 26 cm as indicated in Table 7.

* “pseudo final secondary compression” (AH)’:
153 cm for ¢ up to 450 days and 153 cm for 7 > 450 days
which is, in fact, equal to the (real) final secondary com-
pression to be reached after full secondary consolidation as
indicated in Table 7 and their sum:

* the “pseudo final total compression” (AH)’: 187 cm
for ¢ up to 450 days and 204 cm for 7 > 450 days which is, in

fact, higher than the (real) final total compression to be
reached after full primary and full secondary consolidations
which is equal to 179 cm.

It was immediately found out that no satisfying ad-
justment was to be obtained with a constant value of ¢, (and
¢,) over the whole period. Figure 33 shows the theoretical
curve obtained following the above described “Primary
Barron + secondary pseudo Taylor and Merchant” proce-
dure reasonably well fitted to the measured compression
curve of layer 6 under the center of area 2 for the value of ¢,
of layer 6 equal to the value of ¢, of the equivalent layer
with vertical drainage and r, = 6.5 cm.

This adjustment was achieved by dividing the total
measurement period into three periods with period 1 up to
t =450 days and periods 2 and 3 for ¢ > 450 days. As can be
seen on Fig. 33, the values of ¢, which led to the adjustment
of the theoretical curve to the measured one are:

» for the first period: ¢, = 9 x 10" m’/s,
« for the second period: ¢, = 9 x 10* m’/s,
« for the third period: ¢, = 4.5 x 10" m’/s.

Table 16 summarizes the results of the back-analysis
of layer 6 compression with vertical drainage under the
center of area 2 through the “Primary Barron + secondary
pseudo Taylor and Merchant” procedure indicating:

* the equivalent time at the end of each period,
¢ the coefficient of consolidation for which the best fit
was obtained between the theoretical curve and the mea-

sured compression curve, in each period: ¢, during period 1,
¢, during period 2, ¢, during period 3,

¢ the total compression AH, measured at the end of
each period,
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¢ the calculated primary compression, AH, and sec-
ondary compression, AH_ at the end of period 1, period 2
and period 3,

e the calculated ratio of the primary compression at
the end of each period AH,, to the “pseudo final primary
compression” (AH )’ called the “primary consolidation in-
dex”,

* the calculated ratio of the secondary compression at
the end of each period AH to the “pseudo final secondary
compression” (AH)’ called the “secondary consolidation
index”,

* the calculated ratio of the total compression at the
end of each period AH, to the “pseudo final total compres-
sion” (AH))’ called the “aggregate consolidation index”.

Repeating the adjustment of a theoretical curve to the
measured compression curve for ¢, = 3 ¢, and for
r,=19.5 cm, for the same three periods as above, the same
good adjustments were obtained for the values of ¢, shown
in Table 17, with all other values identical to the ones
shown in Table 16.

As already mentioned in the backanalysis of layer 6
under areas 3 and 1, the back-analyzed values of ¢, can be
plotted against the mean effective vertical stress ¢°_ in layer
6 as shown in Fig. 34.

It can be seen in Fig. 34 that the obtained results are in
good agreement with the observation that it has to be ex-

Vertical effective stress o’,, (kPa) in layer 6
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Figure 34 - Back-analyzed values of ¢, vs. mean effective vertical
stress in layer 6 under area 2.

pected that the vertical effective stress at which the coeffi-
cient of consolidation field value passes from its higher
value in the recompression range, to its lower value in the
virgin compression range, is to be smaller than the 6°, value
determined in the oedometer tests. It can also be observed
that the back-analyzed c, field values are also in good

Table 16 - Results of the back analysis of layer 6 compression under the center of area 2 for the value of ¢, of layer 6 equal to the value of

c, of the equivalent layer with vertical drainage and r, = 6.5 cm.

Period 1 Period 2 Period 3

Time ¢ (equivalent) at the end of each period 210 days 276 days 493 days
Back analyzed c, value for each period 9.0 x 10° m’/s 9.0 x 10° m’/s 4.5x 10° m’/s
AH,: Total compression of layer 6 measured at the end of each period 22 ¢cm 30 cm 45 cm
AH  compression at the end of each period obtained from “Primary 9cm 13 cm 19 cm
Barron + secondary pseudo Taylor and Merchant” calculations
AH /(AH )’ Primary consolidation index at the end of each period 9/34 =26% 13/51 =25% 19/51 =37%
AH  compression at the end of each period obtained from “Primary 13 cm 17 cm 26 cm
Barron + secondary pseudo Taylor and Merchant” calculations

13/153 = 9% 17/153 = 11% 26/153 =17%

AH /(AH))" Secondary consolidation index at the end of each period
AH /(AH)’ Total consolidation index at the end of each period

22/187 =12%

30/204 = 15%

45/204 =22%

Table 17 - Values of ¢, yielded by the back analysis.

¢, for Period 1

¢, for Period 2

¢, for Period 3

clc, r, D,

1 6.5 cm 433 m
3 6.5 cm 249 m
1 19.5 cm 5.69 m

9.0x 10° m’/s
9.0x 10° m’/s
15.5x 10* m’/s

9.0x 10° m’/s
9.0x 10° m’/s
155 x 10° m/s

45x10°m’/s
45x 10°m’/s
8.0x 10° m’/s

(*) ratio of ¢, of layer 6 to the assumed value of c, of the equivalent layer with vertical drainage.
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agreement with the laboratory ¢, values in the transition
range between the recompression range and the virgin com-
pression range.

It has to be pointed out that in the above analysis, the
vertical drainage in layer 6 has not been taken into account,
although in the case of area 2, the Deq value is of the same
order of magnitude as the vertical drainage distance equal
to 4.75 m, as shown in Table 13. Taking the contribution of
the vertical drainage into account would certainly have
some influence on the obtained results and would, lead in
this case to somewhat smaller values of c,.

14. Comments on the Current Method Used
to Analyze Embankments Settlements

As mentioned in item 9, the current method used to
back-analyze embankments settlements is Asaoka’s me-
thod which, as already discussed, is applied considering
that the secondary settlement only starts occurring after the
end of the primary settlement.

Now what happens when Asaoka’s method is applied
to a compression curve which reflects the simultaneous oc-
currence of primary and secondary compressions as mod-
eled by a Taylor and Merchant curve?

Figure 35 shows a theoretical Taylor and Merchant’s
curve where 50% of the total compression is due to primary
consolidation and the other 50% is due to secondary con-
solidation (r = 0.5). All input parameters are shown in
Fig. 35.

The plain dotted line represents the known part of the
total compression (primary + secondary) curve which is the
one that is known from settlement monitoring up to
t =220 days. It is this part of the curve, between ¢ = 40 days
and ¢t = 220 days after the end of construction, to which
Asaoka’s method is commonly applied, considering that:

* the secondary consolidation has not started yet and

e the primary consolidation ratio is higher than 33%
(Massad, 2009), since, according to Massad: “The formula
U=1-0.811 ¢ where ¢ = 2.5 ¢ /(H,)’ yields the value of the
vertical consolidation ratio of Terzaghi’s theory for
U >60% (Taylor, 1948)” and “Asaoka’s method applicable
range can be extended to U > 33% through the use of an-

other exponential function which gives the value of the
consolidation ratio in function of the time factor (Schofield
& Wroth 1968, p. 79).”

Figure 36 shows Asaoka’s construction applied to the
measured values of the “supposed” primary compression
varying from 12 cm at =40 days to 18 cm at = 220 days.

As can be seen, the total primary compression thus
obtained is 44 cm. From this value the primary consolida-
tion ratio which is obtained at the end of the period is 1
8cm: 44 cm =41%.

Moreover, the c, value obtained from Asaoka’s con-
struction equal to 5.7 x 107 m’/s is 57 times higher than the
real ¢, value equal to 1.0 x 10” m’s.

At this point, most Asaoka’s method users observe
that all compression values higher than 14.5 cm satisfy the
condition U > 33% which is then invoked to vouch for the
validity of the results thus obtained.

Figure 37 compares the real compression curves (as
represented by input Taylor and Merchant primary and to-
tal compression curves) with the predicted primary com-
pression curve obtained using Asaoka’s method and the
predicted total compression curve predicted through Asao-
ka’s method + Ca (secondary). The Asaoka (primary) + Cou
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Figure 35 - Taylor and Merchant theoretical curve for r = 0.5.
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Figure 37 - Comparison of the real compression curves (as rep-
resented by input Taylor and Merchant primary and total com-
pression curves) with the predicted primary compression curve
obtained using Asaoka’s method and the predicted total com-
pression curve predicted through Asaoka’s method + Ca. (sec-
ondary).

(secondary) curve illustrates the type of total compression
curve which would be commonly considered in the design
by drawing a straight line based on the laboratory value of

Co tangent to the primary compression obtained through
Asaoka’s method.

As can be seen, the results obtained through Asaoka’s
method in this situation, a rather realistic situation in the au-
thors’ eyes, are totally mistaken, leading to overestimate by
a factor of 57 the value of ¢,. At the same time the final pri-
mary settlement is grossly underestimated as being only
18% of the real final primary settlement and the consolida-
tion ratio at the end of the reading period is grossly overesti-
mated, i.e. 41.0% against 4.9%.

Table 18 shows the results of Asaoka’s method ap-
plied during the period from 40 to 220 days using At = 10
days to a number of known layer compression (primary
plus secondary) vs. time curves of the Taylor and Mer-
chant’s type including the case presented above.

As can be seen in Table 18, the degree of discrepancy
between the real values and the back analyzed values varies
widely depending on the importance of the secondary com-
pression (r value), the thickness of the layer (H,) and the
value of the coefficient of consolidation (c,).

All back analyzed values, that is total primary settle-
ment, consolidation ratio at the end of the monitoring pe-
riod and ¢, values, may be grossly underestimated in some
cases and grossly overestimated in others. And it can be
noted that the largest discrepancies concern the c, value

Table 18 - Results of Asaoka’s method applied to known layer compression (primary + secondary) vs. time curves of the Taylor and

Merchant’s type"”’.

Input values

Back analyzed values through
Asaoka’s method

Ratio of back analyzed
values over input values

r H, AH,  AH, C, AH*  UF AH, U® c, AH, U} [
m  m  m M) (m) (B m) (%) (m'/s) AH, U ¢
10 050 010 2x107 347 100 0.48 72 25x10° 480 072 0.1
02 40 200 040 2x107 432 55 0.85 51 21x107 213 092 11
100 500 100 2x107 441 22 094 47  1.1x10° 094 213 55
10 050 025 1x10° 160 49 0.28 57 16x10" L2 116 16
10 050 025 5x10° 330 92 0.45 73 25x10" 180 080 0S5
05 40 200 100 1x10° 159 12 0.29 55 22x107 029 456 22
40 200 100 5x10° 359 28 0.62 58 25x107 062 211 5.0
100 500 250 1x10° 180 49 044 41 57x10 018 833 57
100 500 250 5x10° 363 11 0.67 54 13x10° 027 493 26
10 050 040 1x10° 213 492 032 67  20x10" 080 135 20
08 40 200 160 1x10° 214 123 0.33 65  3.0x10’ 021 527 30
100 500 400 1x10° 298 6.9 047 64 85x10’ 012 923 85

(*) r =ratio of the primary settlement over the total settlement, /, = drainage distance (= half the layer thickness), AH, = layer total final
compression, AH, = layer primary final compression, ¢, = vertical coefficient of consolidation, AH* = layer total compression at
t =220 days, U * = primary consolidation ratio at 7 = 220 days, AH’, = layer primary final compression obtained through Asaoka’s
method, U,** = primary consolidation ratio at # = 220 days obtained through Asaoka’s method, ¢’ = vertical coefficient of consolidation
obtained through Asaoka’s method.
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which varies from being underestimated by a factor of 10 to
being overestimated by a factor of 85.

All these discrepancies are provoked by, and only by,
the facts that the settlements occurring due to secondary
compression are wrongly taken as part of the primary com-
pression by Asaoka’s method and that analyzed settlement
values correspond to ratio consolidation values outside the
proper range for which the method was devised.

As already mentioned, “when secondary compres-
sion and primary compression occur simultaneously, the
volume of water expelled is larger than the volume of wa-
ter which would be expelled if only primary consolidation
took place. Since the initial pore pressure and gradient are
not affected by the phenomenon of secondary consolida-
tion, then the pore pressure dissipation has to be slower
when secondary consolidation occurs simultaneously
with primary consolidation than if it did not”, which
means that in this case the course of pore pressure dissipa-
tion departs from Terzaghi’s theory and that the Asaoka
procedure applied to the pore pressure measurements as
proposed by Orleach (1983) might also lead to erroneous
results.

15. Conclusions

The results obtained from the back-analysis of the
SFL layer compression under area 3, with vertical drainage,
performed making use of Taylor and Merchant’s theory as
presented in item 12 and of the results obtained from the
back-analysis of the SFL layer compressions under areas 1
and 2, with radial drainage, making use of the so called
“Primary Barron + secondary pseudo Taylor and Mer-

chant” procedure as presented in item 13 in conjunction
with the results of the good quality laboratory oedometer
tests are synthesized in Fig. 38.

These results are presented in terms of coefficient of
consolidation, in log scale, plotted vs. the mean vertical ef-
fective stress in the soft clay layer, in natural scale, relative
to preconsolidation stresses values.

The darker shaded zone delimits the range of all ¢,
values determined from 7 standard oedometer tests run on
an excellent quality undisturbed sample extracted close to
the middle of the soft clay layer. The lighter grey hatched
vertical zones indicate the range of preconsolidation stress
(c’,) values obtained in the oedometer tests and the ranges
of initial vertical effective stresses (c’,) and of preconso-
lidation stresses (¢’ ) at mid height of the soft clay layer un-
der the three embankment areas.

The observation of Fig. 38 leads to some very inter-
esting conclusions which are presented hereafter.

* Conclusions regarding the variation of the value
of ¢, measured in the laboratory oedometer test with the
effective stress

It can be seen in Fig. 38 that the ¢, value measured in
the laboratory is constant for ¢’ values up to ¢’ - 80 kPa,
then decreases by a factor of almost 100 when ¢’ increases
from cs’p -80kPaupto c’p + 80 kPa, and is then constant for
o’, values higher than ¢’, + 80 kPa up to the maximum
stress presented in the graph.

As shown on Fig. 4 the c, value for the totally remol-
ded sample is much smaller than the ¢, value for the undis-
turbed sample for effective stresses up to 6°, + 80 kPa, but it
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is equal to the ¢, value of the undisturbed clay for effective
stress values above 6’ + 80 kPa.

* Conclusions regarding the coefficient of consoli-
dation values, ¢, and ¢, in the field obtained through the
back-analysis of the SFL clay layer measured compres-
sions

1. It is rather remarkable that the ¢, values obtained
from two totally distinct compression curve segments of
layer 6, for period 1 and period 2 under area 2 for about the
same value of ¢’ , are identical.

The two lines which delimit the hatched range of back
analyzed c, values under the embankment with vertical
drains, that is with radial drainage, defined by ten points,
show the tendency of the values of ¢, to decrease when the
applied effective stress increases. This decrease is very
similar to the decrease of the ¢, value measured in the
oedometer test. This decrease is very significant even for
values of ¢’, much smaller than the laboratory preconso-
lidation stress ¢”, and the decrease of the ¢, value in the
field takes place for smaller values of ¢’ than the decrease
of ¢, in the laboratory as should be expected, as already
mentioned, due to the fact that the apparent consolidation
stress (or the “yielding stress”) decreases when the strain
rate (which is much smaller in the field than in the labora-
tory) decreases.

2. In the case of vertical drainage, the values of ¢, mea-
sured in the field under area 3 with no wick drain decrease
much more sharply than in the case of radial drainage as
shown by the plain line which goes through the points of the
back analyzed c, values under the embankment without ver-
tical drain. The very fast decrease of the ¢, value under area 3
is attributed to the fact that close to the top and to the bottom
of the clay layer, the local consolidation ratio reaches values
above 80% right at the beginning of the consolidation, with
o’ close to the “pseudo final effective stress” “c, - u,,” and
since at this stress level the ¢, value is close to the small vir-

gin compression range value, then the top and bottom
sublayers have a “sealing” effect on the vertical drainage of
the sublayers in the middle of layer 6.

Figure 39 shows the primary consolidation ratio pro-
file with depth within layer 6 under area 3 with no wick
drain for the situation at the end of period 3 when the aver-
age primary consolidation ratio in the layer is equal to 40%
as indicated in Table 12.

Of course, in the two areas with vertical drains the same
high consolidation ratio and small ¢, value also exist close to
the top and to the bottom of the layer, but since the radial
drainage is the predominant one, in this case these “sealing
sublayers” have little effect on the consolidation of the layer.

3. For a given value of vertical effective stress, the
value of ¢, and of ¢, measured in the field is quite smaller
than the value of ¢, measured in the laboratory oedometer
test at least within the backanalyzed range and rather proba-
bly up to ¢’ + 80 kPa. In fact for the SFL Santos clay, it can
be seen that the back analyzed c, values under the embank-
ment with vertical drains within the stress range shown in
Fig. 38 are somewhere around 7 to 8 times smaller than the
values of ¢, in the oedometer tests up to ¢’ , with this differ-
ence decreasing as ¢’ increases. This is believed to be
partly due to the already mentioned fact that the apparent
“yielding stress” is smaller in the field than in the labora-
tory and partly due to the effect of the smeared zone around
the drains.

* Conclusions regarding the efficiency of preloa-
ding with wick drains

If, as advocated by various authors like Saye (2001)
the driving of the wick drains had the effect of remoulding a
large volume of soil around the drains up to the point of
remoulding the whole soft clay volume in the case of
closely spaced drains as is the case under area 1, then the
back-analyzed c, values would not behave as shown in
Fig. 37, in fact ¢, values under area 1 would be much

Primary consolidation ratio U (%) for U = 40%
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Figure 39 - Consolidation ratio profile with depth within layer 6 under area 3 with no wick drain for the situation at the end of period 3

when the average consolidation ratio in the layer is equal to 40%.
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smaller than the ¢, values under area 2 even for lower con-
solidation ratios. This is, obviously, not the case and since
the coefficient of consolidation of the soil mass between the
1.2 m spaced drains is identical to the coefficient of consoli-
dation of the soil mass between the 2.4 m spaced drains,
then it can be concluded that the 1.2 m spaced drains are to-
tally efficient in reducing the time for the primary settle-
ment to occur by the factor of 4 (2.4°/1.2°) which is really
expected from them showing, thus, their perfect efficacy.
As can be clearly observed in Figs. 32, 34 and 38, this holds
true whether the smeared zone radius is only 6.5 cm or
19.5 cm for the permeability ratio ks/k = 1/5. It has to be
mentioned that this permeability ratio must come close to 1
for o’ > o’ + 80 kPa since c, of the remolded soil comes
close to ¢, of the undisturbed soil in this stress range.

This result, which is contrary to many alleged pub-
lished statements based on disputable results obtained
through back-analysis not taking into account the simulta-
neous occurrence of secondary and primary consolidations,
corroborates the asian and european practice where 1 meter
spaced drains are most commonly used and where even
smaller spacings are also used as in the case of the 0.5 m
and 0.6 m spacings used in the Airbus A-380 factory site in
Hamburg (Varaksin 2010).

* Conclusions regarding the working hypothesis

As mentioned in item 9, the conclusion that the c,
value measured in the field is discrepant from the c, value
measured in the laboratory, with the ¢, field value typically
10 to 100 times higher than the ¢, lab value, which has been
repeatedly reached based on the working hypothesis that
secondary consolidation would only start after the end of
primary consolidation, needs, for its justification, to invoke
the presence of providential very thin, continuous, layers of
pervious sand, which is considered by the authors to be very
far-fetched.

In many cases, this discrepancy might be due to the
fact that the ¢, value of the field conditions has been ob-
tained for stress levels within the recompression or transi-
tion range since the Ao, applied by field embankments to
the foundations are normally quite small whereas the c,
value of the lab conditions has been taken as the value
which corresponds to higher stress levels, within the virgin
compression range, since no mention is made in most pub-
lished papers about the stress levels at which these ¢, values
were determined.

As mentioned in item 14, in the cases when c, values
in the field and in the laboratory are compared for the same
stress level, this discrepancy is provoked by, and only by,
the facts that the settlements occurring due to secondary
compression have been wrongly taken as part of the pri-
mary compression by Asaoka’s method and all other meth-
ods based on the working hypothesis that secondary
consolidation only starts after the end of primary consolida-
tion and that analyzed settlement values correspond to ratio
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consolidation values outside the proper range for which the
method was devised.

The conclusions reached by the authors regarding the
coefficient of consolidation values ¢, and ¢, in the field ob-
tained through the back-analysis of the SFL clay layer mea-
sured compressions are, on the contrary, in perfect
agreement with what should be expected from common
sense and from soil mechanics basic understanding of soil
behavior.

This leads the authors to conclude that the working
hypothesis which consists in considering that, in the field,
primary consolidation and secondary consolidation occur
simultaneously is the only realistic hypothesis which
should be adopted. This conclusion has also been reached
by most soil mechanics institutes around the world and is
quickly being incorporated in engineering standards mainly
in european countries.

* Conclusions regarding the high quality standard
and special oedometer tests

As shown in item 3 the high quality standard oedo-
meter tests provided reliable values of the compressibility
parameters C, and C, and of the preconsolidation stress 6°,
which are critically important for the final design and con-
struction of the terminal but which were not reliably known
at the end of the basic design due to typical “highly scat-
tered lab data resulting from poor quality samples” as
pointed out by Ladd (2008). As shown in item 5, the high
quality special oedometer tests provided the OCR value
equivalent to the end of secondary consolidation, a value
which is not normally called for by the designers who take
for granted that secondary consolidation never finishes.
The preconsolidation stresses measured in the high quality
oedometer tests are much higher than the ones obtained
from the large quantity of tests run during the basic design.
Furthermore their values agree quite well with the OCR
value equivalent to the end of secondary consolidation, de-
fined as being equal to 2.1 in item 5, since the lab results
show o’ values higher than 2.1 6° above 15.5 m and close
to 2.1 ¢’ below 15.5 m within the SFL layer. This agree-
ment validates theses values. As has to be expected, the C,
values of the high quality oedometer tests are also quite
higher than the ones obtained from the large quantity of
tests run during the basic design. It also has to be mentioned
that both the C_ and ¢’ values obtained from the high qual-
ity tests are quite higher than the C_ and ¢’ values which
can be found in the technical litterature about Santos clay.

* Conclusions regarding the working tools

The fact is that there is no “off the shelf” practical tool
available to back-analyze the monitoring data of embank-
ment on soft soils with the working hypothesis which con-
sists in considering that, in the field, primary consolidation
and secondary consolidation occur simultaneously. This
means that one still has to build his own tool before being
able to start any such back-analysis.
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As shown in item 10, the first tool which the authors
built was the Bjerrum type abacus, plotting the strain, €, vs.
the vertical effective stress, ¢’ , in log scale, with the lines
of equal values of strain rate, &, from the results of the spe-
cial oedometer tests. But it was readily found that this tool
was not usable for drainage distances different of the oedo-
meter test one. Leroueil ef al. (1985) had already warned
about the “Use and limitations” of abacus built from
oedometer tests results: “The rheological model proposed
described by the two curves 6°, =f(¢,) and 6’ /o’ = g(¢,)
can be combined with a strain (or void ratio) permeability
relation (g, - k or e - k), such as those described by Tavenas
etal. (1983), to resolve problems of consolidation. It should
be kept in mind, however, that the model has been estab-
lished on small specimens and for strain rates usually en-
countered in the laboratory, and thus, for the moment, it
must be used only under such conditions to interpret and
understand clay behavior in the laboratory. It will probably
be the basis for a reanalysis of the current practice for esti-
mating settlements and settlement rates. However, before
using this model for field applications where the strain rates
are much lower and the clay layer much thicker, it is neces-
sary to verify its validity under these conditions and in par-
ticular to determine how the ¢’ - £, curve extrapolates at

low strain rates. A research programme on this problem is
in progress at Laval University, Quebec.”

As shown in item 11, the second tool which the au-
thors built was the same type of abacus, but specifically
built for the field conditions through extrapolating the labo-
ratory abacus making use of Taylor and Merchant’s theory.
This second tool also failed to be usable.

The third tool which was tried did not really have to
be built by the authors because it is already available, for
the case of vertical drainage, although in the authors’
knowledge it has never been used for this application be-
fore. The application of this tool needs that the final pri-
mary compression and the final secondary compression be
known which, of course, asks for the reliable knowledge of
the parameters provided by the high quality standard and
special oedometer tests discussed above, thatis C, C,, 6°,
and the OCR value equivalent to the end of secondary con-
solidation.

Since the third tool is not applicable to the case of ra-
dial drainage and since, to the authors’ knowledge, no ana-
lytical formulation of the evolution of secondary consolida-
tion with time in the case of radial drainage can be found in
the literature, then the authors built their fourth tool which
is the “Pimary Barron + secondary pseudo Taylor and Mer-
chant” as described in item 13.

In the light of all the above conclusions and consider-
ing the very good fit of the theoretical Taylor and Merchant
curves with the measured compression curves under area 3
with vertical drainage and the very good fit of the theoreti-
cal “Primary Barron + secondary pseudo Taylor and Mer-
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chant” curves with the measured compression curves under
areas 1 and 2 with radial drainage, it can be concluded that
tool number 3 (Taylor and Merchant’s theory for vertical
drainage) and tool number 4 (“Primary Barron + secondary
pseudo Taylor and Merchant” for radial drainage) did ful-
fill very satisfactorily their purpose to provide a trustwor-
thy back-analysis of the measured compression curves of
the SFL clay layers under the pilot embankment.

It is worth saying that in cases such as the one ana-
lyzed in this work, in which the stress increment is so that
6’ ,<0’ <o’ ,itisindispensable to take into consideration
the variation of ¢, and ¢, values in the backanalysis in order
to obtain a reasonable fitting between the theoretical and
measured curves.

* Conclusions regarding the application of the re-
sults to the design of the improvement of the soft layer

It can be concluded, then, that the Taylor and Mer-
chant theory can be used to predict the consolidation of the
SFL clay layer with vertical drainage and the “Primary
Barron + secondary pseudo Taylor and Merchant” proce-
dure can be used to predict the consolidation of the SFL.
clay layer with radial drainage in any area of the Terminal,
taking into account the proper local geometry and drain-
age conditions of the layer, as long as this prediction is
done for various succeeding periods of time, using for
each period the proper c, (or c,) value, estimated in func-
tion of the value of ¢’ applied during each period in the
light of Fig. 38, although it might be expected that “the
real value of the secondary compression might always be
equal to or higher than the predicted one mainly in the
middle of the process”.

16. Final Comments

Based on the experience acquired during the five
years which elapsed between the first soils report written in
2005 for the beginning of the basic design to the final inter-
pretation of the pilot embankment data in 2010, the follow-
ing comments come to the authors’ minds:

* the soft marine Santos clay layer with SPT blow
count from O to 4 named SFL (River lagoon sediments) is
constituted of distinct layers, each with its specific com-
pression and consolidation parameters, and has to be de-
scribed and modeled as a number of layers as shown in
Fig. 5,

* most routine oedometer tests which are performed
on so called “undisturbed samples” fail to provide trustwor-
thy values of compression and consolidation parameters
and their only contributions to the knowledge of the subsoil
conditions are the unit weight, the water content and the
void ratio values,

* only high quality oedometer tests on good quality
“undisturbed” samples provide trustworthy compressibility
and consolidation parameters, and only oedometer tests
with the highest achievable quality should be performed
which implies that only proven first class soils investiga-
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tion firms and laboratories should be contracted with their
services closely supervised by the design engineer,

* special oedometer tests to determine the OCR value
equivalent to the end of secondary consolidation should be
performed for every design of embankments on soft clayey
foundation,

« field ¢, and ¢, values are found to be smaller than or
equal to (depending on the stress level) lab ¢, values for the
same effective stress level, and not the contrary,

e aging is the cause of overconsolidation which pre-
vails on the dune action and sea level lowering for depths
higher than 10 to 15 m in Barnabé Island area in the Santos
harbour channel,

* all soft clay parameters obtained through Asaoka’s
method should be discarded and all data of embankment
monitoring should be re-visited with the working hypothe-
sis that primary consolidation and secondary consolidation
occur simultaneously,

* practicing engineers are badly in need of reliable re-
alistic working tools which they can use to back-analyze
embankment monitoring and also to predict the behavior of
the embankments which they design and build taking into
account the simultaneous occurrence of primary and sec-
ondary consolidations,

e the literature versing on the field behavior of soft
clay taking into account the simultaneous occurrence of
primary and secondary compressions is very abundant and
this is much more so than when Leroueil ez al. (1985) wrote
that “this abundant literature has modified neither the com-
mon practice based on the Terzaghi theory nor the way of
thinking on clay behavior”, however no practical tool has
emerged from all this literature which can readily be used in
common practice,

¢ in the lack of better practical available methods, the
Taylor and Merchant’s formulation and the “Primary Bar-
ron + secondary pseudo Taylor and Merchant” procedure
used by the authors allow for reasonably reliable modeling
of the soft clay field behavior, taking into account the si-
multaneous occurrence of primary and secondary consoli-
dations, but since in Taylor and Merchant’s own words, this
formulation is “based largely on physical intuition” and
“the main value of this theory is not in the expression of a
secondary compression time law” it is to be hoped that, in
the near future, some progress will be made in the under-
standing of the mechanism and in the expression of the evo-
lution either of secondary consolidation or of total consoli-
dation (without the need of a distinction between primary
and secondary) with time,

« the lack of practical tools to take into account the si-
multaneous occurrence of primary and secondary consoli-
dations has been, in the authors’ understanding, the main
hindrance to changes in common practice and this situation
has much to do with the very little communication and lack
of joint endeavour between practicing engineers and re-
searchers.
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List of Symbols

w: Natural water content

z: Depth

v: Unit weight

H: Layer thickness

H,: Drainage distance

LL: Liquid limit

PI: Plasticity index

a,: Coefficient of compressibility (primary + secondary)
(Taylor & Merchant)

a’: Coefficient of primary compressibility (Taylor & Mer-
chant)

b: Berm thickness

C : Compression index

C.: Expansion index

C: Recompression index

Ca, C,: Coefficient of secondary consolidation (according
to the theory which considers secondary consolidation to
occur at the end of primary consolidation)

c,: Vertical coefficient of consolidation

c,;. Vertical coefficient of consolidation in the
recompression domain

c,,: Vertical coefficient of consolidation in the normally
consolidation domain
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¢’ Vertical coefficient of consolidation obtained through
Asaoka’s method

¢,: Horizontal coefficient of consolidation

c,,: Horizontal coefficient of consolidation
recompression domain

D, Hd: Vertical drainage distance

D, Equivalent vertical drainage distance

e,: Initial void ratio (after sampling)

e: Void ratio

e;: Initial void ratio corresponding to initial (in sifu) vertical
effective stress

e,: Final void ratio at end of primary consolidation (without
secondary)

e : Final void ratio at end of primary and secondary consoli-
dation

El.: Elevation

F: Secondary compression factor

k: Horizontal permeability coefficient of undisturbed soil
k: Horizontal permeability coefficient of smear zone

r: Ratio of the primary settlement over the total settlement
r.: Radius of the smear zone

r: Radius of the drain

R: Mean radial drainage distance

S, Undrained in-situ shear strength

S (VT): Undrained shear strength obtained from the vane
test

T: Time factor

t: Time
U(rU,orl,,,,: Primary consolidation ratio

U,*: Primary consolidation ratio at # = 220 days

U,*’: Primary consolidation ratio at 7 = 220 days obtained
through Asaoka’s method

U, (or E): Mean primary consolidation ratio at time ¢

U,.;: Aggregate consolidation ratio (apud Taylor and Mer-
chant)

u,,; Hydrostatic water pressure

ﬁp : Average primary consolidation ratio

in the

n: Coefficient of secondary compression (apud Taylor &
Merchant)

W.L.: Water level

€ (or ¢’ or g): Vertical strain

€ (or g, ): Vertical strain rate

&,,+ Expected vertical strain rate in the early phase of ter-
minal operation

g,,: Expected future vertical strain during terminal opera-
tion

€,: Measured vertical strain rate in individual soft clay layer
at time ¢

g, (or €’ )): Measured vertical strain in individual soft clay
layer at time ¢
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&, Final vertical strain corresponding to primary + second-
ary consolidation

&, Final vertical strain corresponding to primary consolida-
tion

g, Vertical strain due to primary consolidation at time ¢
¢,: Final vertical strain corresponding to secondary consoli-
dation

g, Vertical strain due to secondary consolidation at time ¢
c,: Total stress

o, - u,,: Pseudo final effective stress

o’ Preconsolidation stress

o’ (or P): Vertical effective stress

o’ Initial vertical effective stress

o’ ;- Final effective vertical stress

o’ Mean effective stress in the layer at time ¢

Ao, (or Ac): Vertical stress increase

Ac’ : Effective vertical stress increase

Ac’ : Vertical effective stress change at removing of sur-
charge

Ao’ ,: Vertical effective stress increase during operation
AH: Layer compression

AH, AH : Layer compression of orders n and n-1 in
Asaoka’s construction

AH*: Layer compression at t = 220 days

AH: Layer primary compression

AH’: Layer primary compression obtained through
Asaoka’s method

AH,: Primary compression at end of period j

AH: Layer secondary compression

AH : Secondary compression at end of period j

AH: Layer total compression

AH,;: Total (primary + secondary) compression at end of pe-
riod j

AH,: Measured layer compression in October 2009
(AH,)’: Pseudo final primary compression

(AH))’: Pseudo final secondary compression

(AH)’: Pseudo final total compression

Ae: Variation of void ratio

Ae : Variation of void ratio corresponding to primary com-
pression

Ae_: Variation of void ratio corresponding to secondary
compression

Ag,: Vertical strain increase

At: Time increment

Oe: Infinitesimal void ratio increment

ot: Infinitesimal time increment

ou: Slope of stress vs. void ratio (primary + secondary com-
pression) curve (Taylor & Merchant)

a’: Slope of stress vs. void ratio (primary compression
curve Taylor & Merchant)
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