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 ABSTRACT: Dcformduon strength, and llow pqrnmelcrs were detcrmmcd by in-
verse analyses on geotechnical data obtained from two full-scale test embankments
constructed on improved soft Bangkok clay. One site was improved with prefab-
ricated vertical drains (PVD), and an adjacent site was improved with compacted
granular piles (CGP). In the PVD site, the ratio of ¢, (ficld) to ¢, (lab) ranged
from 1.5-4, and the ¢, value was 4,90 mzlyezrr The value of &, /k, was about 10,
- with d/d,, of 2.5. In the' CGP site, the ratio of ¢, (lro.ld) to ¢, (lub) ranged from -
2 1.3-12. Thc. smeared zone was considered by reduction to CGP diameter by one-
.. fifth. The ratio.of E, to S, was determined to be 150 The observed final settlements
“in the CGP site was 30-35% lower than those in the PVD site. Using back-analyzed
soil paramcters, the settlements of the test embankments were predicted well. Both
ground improvement schemes are cffective in improving the soft Bangkok clay.

‘INTRODUCTION

Recently, ‘back or inverse analyscs in both laboratory models and field
prototypes have indicated promising résults, and they have become an ac-
cepted model of validating theories and evaluating soil parameters for use
in “dvailable and accepted methods. The accuracy with which an.inverse
analysis is carried out depends on the working assumptions and knowledge
of the advantages and limitations of the theoretical models being used and
validated. This study aims to evaluate the deformation, strength, and flow
parameters of the soft Bangkok clay improved by prefabrrcqted vertical
~drains (PVD) and compacted granular piles (CGP) in conjunction with

“embankment preloading, by back calculation of soil parameters using avail-
able field data. The detailed description of the improvement and prelrmm'lry
data were reported elsewhere (Bergado et al. 1988a, b).

SITE Locm:on AND-SoiL PROF!LE

~ The test site is on the campus of the Asian Instxtute of Teclmology, about
42 km north of Bangkok on the central plain (Chao Phraya) of Thailand.
”lhe subsoil profile reveals the three topmost sublayers of B'lngkok marine
clay deposits un{lerlam by alternating layers of very dense sand and stiff
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clay extending to dep ., of more than 500 m. The Bangkok clay at the site
consists of the uppermost 14—-15 m, which can be divided into three distinct
layers: namely, weathered clay, soft clay, and stiff clay (Fig. 1). The depth
of the water table varies seasonally from 0.5-2.5 m, averaging about 1.5
m. The index properties of the compressible soft_clay are shown in Fig. 1.
The stress history at the site is depicted in Fig. 2. Field vane tests were
carried out using a Geonor vane apparatus at depths of 8 to 9 m. Typical
results also are shown in Fig. 1

GROUND. IMPROVEMENT BY PREFABmCATED VeRTicAL DRAINS

Barron (1948) presented a solution to the differential equatxon for prob-
lem of consolidation of a soil cyhnder containing a central drain. The dif-

ferential equation formulated in terms of polar coordinates is expressed as
follows:
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where u = the excess pore pressure at any point and at any time by virtue
of radial flow only; r = the radial distance of the considered point. from
the center of the drained soil cylinder; ¢ = the time after an instantaneous
increase of the total vertical stress; and ¢, = the horizontal coefficient of
consolidation. From (1), the generai expression for average degree of con-
solidation due to horizontal drainage derived by Barron (1948) was modified
by Hansbo (1979) as follows:
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and D, = the diameter of the equivalent soil cylinder; F = the factor that
~expresses the additive effect due to the spacing of drains F(n), the smear
~effect'F,, and well resistance F.-Hansbo (1979) gave the following expres-
: sxons for the spacmg, well resistance, and smear. factors respectwely
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' “"’where d, = the dxameter of the smeared zoney L = the ]ength ovf the drain

- when opened at one end only; z = the vertical distance from‘open end of
drain; &, the permeabxhty of the disturbed zon€'in the horizontal direc-
tion; and q., = the discharge capacify of the drain. Recently, FEM analysis
.(Rlxner et al. 1986) showed that the equivalent diameter of the dr'un (d.)
preferable for use in practice can be obtained as :



where a and b = the thickness and widthj of the band-shaped drain, re-

spectively. The combination of vertical and radial flow was presemed by
Carillo (1942) in'the following form:

U=1-(1=0)1=0) cooovvniinnn AR T 9)
where U = the combined average degree of consohdatlon due to vertical
and horizontal drainage? U, = the average degree of consolidation due to

vertical drainage; and U,, = the average deoree of consolndat;on due to
horizontal dramage il , :

GROUND IMPHOVEMENT UerG“COMPACTED*GRTANULAR PILES

From the umt cell concept, the dlstnbutlon of vertical stress within a unit
cell can be expressed by an area replacement ratio a,, which is defined as
the ratio of the cross-sectional area of the granular pile to the total composite
area of the unit cell. The average loading intensity o can be calculated as

o =oa + o.(l — a)

Introducing the stress concentration factor n, which is defined as the ratio
of the stress in the granular pile; oy, to the stress in the surrounding cohesive
soil, o, the stresses in the clay and granular pile are, respectively, given as
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The equlltbnum method (Aboshl et al. 1979) of estlmatmg the settlement
of composite ground, which was based -on conventional, one-dimensional
consolidation theory, was found to be l€ss realistic and. theoretlmlly sound
than the finite element method. The finite element method incorporates
material nonlinearity, interface slip, and suitable boundary-conditions. So-
~ lutions in terms of nonlinear finite element design curves.to estimate the
settlement of the composite ground were presented by Balaam et al. (1977).

- PROCEDURES -

A 4.0-m-high test embankment preloading was constructed on improved
ground with prefabricated vertical (PV) drains to study the effectiveness of
PV drains on soft Bangkok clay. The rate of embankment loading'is shown
in Fig. 3. The drains were installed in triangular pattern at 1.5-m Zenter-to-

“center spacing by means of a special mandrel to a depth of 8,0 m. A rec-
tangular-shaped mandrel was used, which had inner dimensions of 28:0'mm
by 133.0.mm and outer dlmen31ons 0f.45.0 mm by 150.0 mm, just large
enough to;contain the: 3.0-mm by, .95.0-mm’ Mebra prefabrtcated vertical
drams made of geotextiles. The embankment plan’and section views, in-

;vcluéimg the layout of prefabrxcated vertxcal drains, are. shown in Flgs 4(1)
and (b).

A2.4-m- hloh test embankment was constructed on 1mproved ground w1th



granular piles. After 345 days, the test embankment was raised to a height
of 4.0 m to provide a meaningful basis of comparison with the performance
of a nearby test embankment constructed on improved ground using pre-
fabricated vertical drains (Fig. 5). The granular piles were 300.0 mm in
diameter and 8 m kong, fully penetrating the soft clay layer. The granular
piles were arranged in a triangular pattern with a center-to-center spacing
of 1.5 m. They were installed by first driving an open-ended steel casing.
A large auger was then used to remove the clay inside the casing. The
granular materials, consisting of 20-mm maximum size sandy gravel, were
carefully added in layers and compacted by means of dropping a 1.6-kN
hammer at a height of 0.6 m to a steel disc placed on the surface of the
granular material as the casing was withdrawn. Fifteen blows were applied
to each layer, compacting the thickness of each layer by about 0.60 m. The
friction angles of compacted gravel were obtained from direct shear tests
using a shear box dimension of 100 mm X 100 mm’ X 60 mm, and they
were found to vary from.39-45° with compacted ‘densities ranging from
17-18.1 kN/m>. The plan and cross section of the embankment, including
the layout of field instrumentation, are illustrated in Figs. 6(a) and (b).

- The solution suggested by Olson (1977) for time-dependent loading was
not employed, because the rate of loading was fast enough to be considered
instantanecous, as demonstrated in Figs. 3 and 5.

TeSTS AND INSTRUMENTATIONS ~ ~ —=

The locations of surface and subsurface seftlement gauges piezometers,
and inclinometers for/ PVD and CGP sites are shown in Figs. 4(a) and (b)
and 6(a) and (b), respectively.

Additional field tests and sampling were made and dddmonal monitoring
instruments are installed, as described in the following. Three boreholes
were drilled down to 29.0-m depth. Two of these boreholes (BH1 and BH?2)
were made through the 4.0-m-high embankments on compacted granular
piles and prefabricated vertical drains, respectively. The third borehole
(BH3) was drilled on natural ummproved ground A 3 -in.-diameter (76.0-
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mm) thin- walled tube piston sampler was used, and continuous sampling
was done by pushing manually. Fourteen conventional consolidation tests
were conducted, consisting of six sets for samples under each of the two
embankments and two sets for the unimproved samples. In the horizontal
ocdometer ftests, samples were cut at orientations perpendicular to their
original directions in the field, as suggested by Laminen and Rathmeyer
(1981).. A total of six field vane shear tests were also conducted to depths
of 8-m at the site: two each-on the subsoil under both embankments and
two on natural unimproved ground. Aside from the original eight, previously
installed, closed hydraulic piezometers, an additional seven open standpipe
piezometers were installed to monitor the variation of pore pressures within
and outside of the test embankments. Two were installed in each embank-
ment of 3.0-m and 6.0-m depths. The other three were installed 10 m away
at the same depths as dummy piezometers. The fluctuations of ground-water
‘levels were monitored by means of an observation well consisting of per-
forated pipes. Inclinometers had been installed 12.0 m deep for the PVD
site and 13.0 m deep for the CGP-site to measure subsurface lateral dis-
placements. There were three surface settlement plates installed in each



embankment. For the CGP site, two were installed on top of the granular
piles and one was placed on natural ground. For subsurface settlements,
four settlement plates were originally installed below the CGP site at 1.5-
m, 3.0-m, 6.0-m, and 8.0-m depths, while three plates were installed below
the PVD site at 2.5-m, 5.5-m, and 7.0-m depths. The bench mark was a
deep well casing installed 200 m below ground level. The embankment on
compacted granular piles was instrumented with two earth pressure cells;
one was placed on top of one of the piles and the other was placed on the
original ground surface between the granular piles.

ANALYSIS OF LABORATORY AND FIELD DATA

Coefficients of Consolidation and Compression Index

The laboratory ¢, and c, values were obtained using the square-root-of-
time fitting method and were found to decrease significantly as the consol-
idation stress approached the preconsolidation pressures. They then re-
mained approximately constant in the normally consolidated region. Typical
results are illustrated in Figs. 7(a) and (b) for vertical and horizontal oed-
‘ometer tests on samples from PVD sites, respectively. The selected values
of ¢, and ¢, are those that correspond to the final effective vertical stresses
anticipated in the field. In most cases, the coefficient of consolidation for
both horizontal and vertical directions showed less variation in the normally
consolidated region. For CGP site, the range obtained for (c,/c.) is about
1-4. For PVD site, the corresponding ratio ranged from 1-7. The variation
of the compression index is given in Fig. 8. The soft clay layer between the
depths of 2.5-5.0 m is the most compressible zone, as shown in this figure.
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Stress Concentratlon Factor (n) . - ao
The values of the stress. concentration- detOI’ n, as measured from the

two total earth pressure cells installed on top. of the granular pile and in
between the piles, are shown in Fig. 9. They initially increased at the initial
stage of loading. This initial increase is partially due to the passive earth
resistance of the soil, which is progressively mobilized to restrain the lateral
~dilatancy of the granular piles. As the surroundmg soil consolidated, the
load on the piles increased. In this study, low area replacement ratio, a;,
was used:and the measured value of n'decreased to 1.34 (Fig. 9). This result
is contrary to that reported in the literature (Juran and Guermazi 1988), in
which the value of the stress concentration factor increased with time (i.e.,
when the surrounding soil consolidated). The possible reasons for these
variations in observation include lateral yiclding of the piles resulting from
the load transfer from the piles to the surrounding soil, the effects of low
replacement ratio, and inaccuracy of the total earth pressure cells due to
arching effects caused by the presence of such instruments.



SETTLEMENT ANALYS!S

Fig. 10 shows the measured surface settlements at the CGP site. At the
initial embankment height of 2.40 m, the maximum measured surface set-
tlement was only about 8:80 cm. The small recorded settlements may be
due to the effect of stress concentration on the stiffer piles.and the low
applied load, such that the increase in vertical stress, applied to the foun-
dation subsoil from this loading, was not enough to exceed the existing
preconsolidation pressures of the foundation. An increase in:the rate and
magnitude of settlement was observed when the embankment height was
increased to 4.0 m. The surface settlement plate S2 on natural ground
registered a little higher magnitude than settlement plates S1 and S3, which
were on top of two granular piles. The difference is minimal, thus the “equal
strain theory” (Barron 1948) is considered.applicable and acc;:;cptable. The
observed subsurface settlements are shown in Fig. 11. As expected, much
higher settlements occurred at shallower depths.
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Fig. 12 shows the. measun,d surface settlements at the PVD site: Higher
settlements occurred in S2, which was at the:center of-the: embﬁnkment
Fig. 13 shows the" ‘measured subsurface settlements at the PVD site. The
maximum subsurface settlement, obtained, which included some effect of
secondary compression, was about 292.0 mm after 1,200 days. This was
derived from SS1, which was near the center of the embankmentat a shanow
depth of 2.50 m below the ground surface. ;

Asaoka (1978) suggested a graphical method to determine the fmal set-
tlement. The observed time-settlement curve plotted to an arithmetic scale
was divided into equal time intervals, At (usually between 10 and 100 days).

The settlements p,, P - - - correspondmg to times t,, t3,"... . , are read
off and.plotted as points (p ;) in the coordinate system, ds.shown in
Figs. 14:and 15 for PVD and’ CdP sites, respectwely A strm;,ht fine is fitted

through ‘the . pomts The slope of this lme 1S B,, and its intercept with the
ordinate -axis is By. The 45° line with p, = p,_, is also plotted. The point
where the line intersects the 45° line gives the final settlement, py.
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The flml settlement at the CGP site calculated from Asqol\a (1978) is
about 250.0 mm. The settlement at 90% degree of consolidation occurred
at about 880 days from the start of construction. The final settlement without
granular pxles is 360.0 mm, as derived from the settlement records of the
PVD site using Asaoka (1978). This would'mean a settlement reduction of
about 30-35% due to the presence of the CGP. Primary consolidation was
estimated to end at 1;040 days after the beginning of construction. The final
settlement in the: PVD site is about 360.0 mm. This final settlemeént occurred
610 days after the start of construction. The settlement at 90% consolidation
was observed 430 days from the beginning: of construction.

Comparison of the surface settlements for both sites is shown in Fig. 16.
There was 30-35% reduction of settlement by using granular piles. For the
case of subsurface settlemeénts, the comparison for both embankments is
depicted in Fig. 17. It is intcresting to note that the settlement at the 5.50-
m depth for the PVD site is much greater than settlement at.the surface of
the CGP site. This could be the result of the stress concentratxon and rein-
forcing effects of granular plles

INVERSE ANALYS!S

The soil parameters determmed from available field data were the coef-
ficients of consolidation, ¢;.and c,, and undrained modulus, E,. In the case
of the drained condxtlon the Poisson ratio was based from previous studies
with values of v' = 0. 26 for the weathered-clay and v' = 0.24 for the soft
clay layer. The evaluation of drained settlements was amlyzed using Asaoka
(1978), which made possible a separate determination of primary consoli-
dation set{lement and the soil consolidation rate on the basis of settlement-
versus-time records. When applied to consolidation problems with the pres-
ence of vertical drains, Asaoka (1978) is based on the solution of Barron
(1948) for purely radial dr"unage Asa result, some modifications were made

in this study to introduce Hansbo’s equation (Hansbo 1979), which considers
the smear effect, into' Asaoka’s equation.
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FlG 17 Compar!son of Maxlmum Subsurface Setﬂements for Both Sltes

The data for back 'malysns were. obt'uned from fleld and Iabomtmy results. ’
Correlations of these results were zlso made. For the PVD site, back an-
alyzed parameters were applied to predict the soil behavior using oedometer ‘
one-dimensional (Skempton and Bjerrum 1957; Asaoka 1978) methods. For )
the case of the CGP site, evaluation of settlement reductions was made by
employing the equxhbnum method (Aboshi et -al. 1979) and desxgn charts
from the finite element formulatxon of Ba!aam et al (1977)

Evaiuatmn 0!' ¢, orc, from Settlement Data o

From time-settlement curves obtained from fxeld meﬁsurements “the total
settlements comprising immediate settlement p;, primary consohdatnon Pes
and secondary compression, p,.. were determined. The total settlement Pis.
consisting of immediate and consolidation settlement, was then C'llculated.
by subtracting the effects of second"zry compression. Smce only conventional
oedometer tests were conducted in this study, the magnitude of secondary
compression was estimated based on'C, = 0.04* C,, as suggested by Mesri



and Castro (1987)..Employing Asaoka (1978), as suggested by-Magnan and
Deroy (1980), the constant B, is related to the coeff;cxcnt of consolidation
as follows:

For honzontal (radml) drdmage only

' (=D2F\ [InB, L |
= ——J{—] ...... e e e P S e ... (13

For vertical 'df*aina‘ge dnly;.. . |

5 nB, L | |
. = 2l—1 ..... o3 e e s e e e e e e [P, 14
& (12) H* ( At) e L (, )

For the; PVD sxte Barron’s_solution for radial consolidation was em-

ployed; for the CGP site, a- combmed radm and vertical flow from (9) was
computed. S

,,,,,

The undramed modulus Eu, of the soft clay hyer was evaluated from
the initial undraingd settlements. Thése undrained settlements were as-
sumed to be the measured settlements at the ground surface immediately
after embankment construction. The initial settlement “psy was then ex-
A,pressed n. the f@llowmg form: I

where g = the loadmg pressure; B the wxdth of the e*nbcmi\mult I =
an influence factor considering a rough rigid base; and E, = the undmmed
modulus. Vilues of E, were. then computed from (15) From the field vane
- test results, an average range of uncorrected vane shear’ strength S,., was
obtamed and was used to calculate the ratio £, /S
Results for CGP Site

The inverse analysis involves trial and error, especially at the CGP site.
The complexity of three-dimensional flow, two-stage embankment loading,
and the changing coefficients of consolidation are some of the factors that
complicated the analyses, Using Asaoka (1978),.the final settlement at the
final stage of;loading was-250.0: mm. A reanalysis from this study showed-
that the final stress from the 2.40-m-high embankment was withiin the oveér--
consolidation range of the underlying soil. This analysis was supported by
the rapid dissipation of excess pore pressure and by observed. settlenient:
magnitudes (Fig. 10). The coefficients-of consolidation tend to be very high
~ in the overconsolidated range as a result of the clay having very low com-
pressibility for very small load increments (Bjerrum 1972). These obser-
vations were proven correct from consolidation test results and from- back.
“calculation of séttlement data from the CGP site. Thus, in.the back analysis,
different ¢, and c, valués were derived depcndmg upon the applied load on
the soil: Smallu apphed load from .the 2.40-m embankment height gave
much highér coefficients of consolidation than the load from the 4.0-m-high
embankment. These back analyzed parameters were then used in the. pre-
diction of the rate and amount of settlement, as shown in Fig. 18.. :

The mltml sattlements were calculatad ~using- the. moufxcd mLthod of.
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Elﬁ:./‘fa;’: Comparisen-Between Predicted and-Qbserved:Settlements for CGP Site

Janbu. (Christian -and:Carrier 1978). In the abserice -of data; the smeared
zone of the soil surrounding the granularpiles during constructionwas taken
into account by reducing to one-fifth-the constructed final’ dipmeter of the
granular piles as the effective diameter used-in-the: analysis. This-assump!

is in accordancewith the range tentatively recommended by Barksdale and
Bacchus (1983) for the effective diameter of. granular. piles,-which varies
from one-half to one-fifteenth of the actual diameter. Asao (3‘1978) and
Balaam et al. (1977).appeared to be satisfactory in-predicting the rate and
amount of settlements, although overprediction during the mmdl stages of
loading was obsesved,. Excc lent agreements.were obtained at the- final stage
‘of .consolidation using back-analyzed: parameters. from this loudmg The
equihbrmm method using one-dimensional consolidation theory as well as

the Skempton and Bjerrum (1957) method resulted in overestimation of the
rate and amount of settlements.

Results of PVD Slte . : ' ' '
- Inthe PVDsite, some pammcters were, assumed and Ined thén comparcd
.~;\v~1th the actual behavxor of the subsoil. A, mxmber of trials were .made based
on different values. of k;/k,..From these; a value of k,/k, = 10.was. fotind
to be the most appropriate for the case “under consideration with d Jd., =
2.5, based on the equivalent diameter of the mandrel recommended by
“Hansbo (1987) and Rixner et al. (1986). The sméar effect was féund to be
equally lmport'mt if ngt more, thari the¢ cffect of drain spacing, which'is
~always present. This, however, also depends on the chosen value of k,/%;,
“which has the dommant effect on the value of the back-caleulated ¢,. The
“wide variation in ¢, could gréatly affect the average degree of consolidation
“in'theradial direction, Uy;and hence the prcdsC’txon of the rate of settlement.
~This analysis was b’lSCd on the assumption that Asaoka’s method can cor-
-rectly predict the final settlement {romoné:to two years of postconstruction
scttlement data, or when about 60% consolidation has dlreﬁdy occurred
- The back dmlyzed value of ¢, was about 4.9 m*years .. -
. ~Fig.-19 shows the comparison between the-predicted: and observed rates
~ of seltlement by different methods using the back-analyzed parameters.
Except-for the one-dimensional methed (without initial settlement), gen-
~erally all the mgthodsﬁ_grcdtpted well ,At',hﬁe‘,,r;g{@,fmd@g}mount_of s§§£lq{11¢x;§s
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FIG. 19.. ‘Comparison Between Predicted and Observed-Settlements for PVD Site

Without: the inclusion ‘of ‘initial settlements, the one-dimensional method
underéstimated-both the rate'and amount of settlements at the initial stage
of consolidation. Asaoka (1978) and Skempton and Bjerrum (1957) yielded
very good prédictions.: The one-dimensional method with the inclusion of
initial settlements overestimated the rate and amount of settlements.
“From these Aanalyses, it was found that ¢, (field)/c, (lab) ranged from 1.5=
4 for the PVD site, while'a wider range of 1.3-12 forc, (field)/c, (lab) was
caleulated for the’ CGP site, based-on the-final stage .of loading and con-
-solidation. The back: analyzed value of E, was about 3;000 kPa, giving an
average E /S, ratio of 150, where S, is the. uncorrected vane shear strength.

This E,‘/S,, ratio conflrmed the earlier: results presented by Ber;,ado and
Khaleque (1986) and Berquo et al (1990) :

CONCLUSIONS

_ ThlS study attempted to use inverse analysis to validate: aceepted theories
by ‘évaluating various parameters of the soft Bangkok' clay that had been
improved by prefabricated vertical drains and compacted granular plles On
‘the basxs of tlus evaluatxon the followmg conclusnons can be drawn

_ l B'lsed on the observed preconsolxdatlon pressures, the fmal settlement for
,the PVD site was calculated at 360.0' mm, based on- Asaoka (1978) The 90%
and 100% COﬂSOlldathIl settlements. occurred at 430 days and 610 days, re-
:spectxvely, after, the beginning of construction. For the CGP site; the expected
final consolidation settlement based on the observational procedure of Asaoka
(1978) was 250.0-mm. This m'xgmtude implies reduction of about.30-35% in
~the total final settlement using granular piles. Also, the 90% and 100% con-
 solidations occurred at about 880 days zmd 1 040 days respectwely, after the
‘beginning of construction. :

- 2. Forthe PVD site, excellent agreements were attamed in the predlcted rate
“.and amounthof settlements using back-andlyzed parameters by the methods of
- Asaoka - (1978)- and Skempton and.Bjerrum (1957).. At the CGP site, good
‘‘agreeménts for the rate and amount of settlement resulted from the adoption
“of Asaoka (1978) and Balaanvet al. (1977), except at the initial stage of loading.



3. The back-analyzed c, (field)/c, (lab) for the PVD site ranged from.1.5-
4.0, with a back-analyzed c, of 4.90 m? *lyear and a back-analyzed E, /S, ratio
averaging 150. For the CGP site, the range of back-calculated:c, (field)/c, (lab)
was about 1.3—-12, based on the. final stage of loading and- consolrdatron

4. - Forthe PVD site, a value of k;tk, = 10 was found to be most appropriate
with d,/d, = 2.5. For the CGP site, the effective diameter of the g granular piles

. was taken as:one-fifth of the constructed f:nal dtameter to account for the
smeared zone S
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_,A:.;;ApP‘EMj‘sx I "N»‘GTATION -

Thg followmg symbols are used in thts paper

‘a. d:r;thxckness of band shaped drams f*’, AR
.a; = area teplacement ratio; o
..B = width of embankment; .. . -
" b = width of band-shaped drams
- C, = coefficient of secondary:compression;
¢, =" horizontal coefficient of consolidation;

i Y vertical coefficient of consolidation;
D, = diameter of equxvalent soil cylmder

o
I

d, = diameter of smeared zone;
~d, = equivalent. dxamﬁter of dram

TR
!

= F(n) + F, + F;
- F, = factor to account for well resxstance
1 F, = factor to'account for smear;: '
F(n)- = factor to account for drain’ spacmg,
..H = thickness of treated ground
- I .= influence factor; ‘ o
k= permeabxhty along honzontal dxrecﬁon

- kg = permeability at smeared zone;
“drain’length; : :
stress concentration factor;
: * loading intensity; .
- g = discharge capacity of dram
~r = Tradial distance; . f et
oS =osettlement of composne ground ; = :
. U = combined average degree of consohdat:on due to vertlcal and
wwies - horizontal drainage; v
“ U, = average degree of consohdatxon dite to horizontal dramage
U, = average degree of consolidation due to vertical draxmge :
i = excess pore pressure due to. radml ﬂow : »
- :z-= distance:from open end of drain;
SRRy = _slope of settlement records
~time interval;
“undrained Poisson ratio;

)
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drained Poisson ratio;
primary consolidation settlement;

immediate settlement;

settlement at time ¢,,;

net total settlement;

secondary settlement;

average loading intensity;

stress intensity in cohesive soil; and
stress intensity in granular piles.



