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ABSTRACT
Foundation stabilizatica of clay deposits by
precompression often utilizes vertical drains to accelerate
the rate of consolidation. An important design problem

concerns selecting the coefficient of consolidation for
horizontal drainage, cj, needed to determine the required
drain spacing. This problem occurs due to uncertainties
both in the consolidation properties of the clay deposit and
in the efficiency of the available types of sand drains and
prefabricated band-shaped "wick" drains. Case histories can
provide a valuable guidance but only if the techniques used
to interprete field settlement and pore pressure data yield
reliable results.

The research used thecretical analyses tc evaluate
three potential factors affecting field rates of
consolidation with vertical drains, with the following
conclusions: (1) "well resistznce"” should not usually
inhibit consolidation for good quality wick drains and sand
drains: (2) the influence of vertical drainage can vary
from being insignificant regarding dissipation rates
measured via typical piezometer installations to very
important regarding rates of surface settlement when the
ratio of vertical to horizontal time factor exceeds about
0.1; (3) the effects of the '"smear zone" created during
installation of displacement sand drains and wick drains can
be extremely important, but also difficult to predict due to
the wuncertainties in the likely thickness and permeability
of the remolded soil in this zone.

The thesis reviews the 1limitations of "conventional”
methods of analysis of field performance data based on using
chart solutions and presents two new techniques :

(1) use of Asaoka's(1978) procedure for analysing
settlement data, which has the great advantage of being able
to obtain the field c¢p without having to predict the
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magnitude of initial settlement or the amount of primary
consolidation se’ tlement;

(2)use of log excess pore pressure versus timas plots to
obtain ¢ without having to know the initial excess pore
pressure or the location of the piezometer relative to the
vertical drains.

These techniques yield an "operational" ¢, that should be
valid over time spans having constant load, constant ¢y, and
negligible contributions from vertical drainage.

The methods are applied to a precompression project
with Alidrains having extensive settlement and piezometer
data during virgin compression of a 65 ft thick plastic
deltaic clay located in Mobile, Alabama. Fourteen
piezometers yielded a mean c, two times larger than the
laboratory c,, whereas ¢, from surface settlements measured
at three 1locations varied from two to six times cv,
depending upon the time span and type of measurement device.
Possible reasons for the larger cp from settlement data are
discussed.

Thesis Supervisor: Dr. Charles C. Ladd,
Title: Professor of Civil Engineering
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CHAPTER 1

INTRODUCTION

i=1l. BACKGROUND

An increasing number of engineeering projects are
located at sites underlain by weak compressible cohesive
soils. Unless these soils are by-passed or replaced by more
suitable materials, some method of soil improvement or
foundation stabilization is required to insure adequate
stability against a shear failure and/or to avoid excessive
settlements of the structure. One such method which has
become popular since Worid War II is the precompression
technique. As defined by Johnson (1970a): precompression
is the action of compressing the soil under an applied
stress prior to placing or completing the structure load:
preloading is a means for accomplishing precompression,
usually by earth £fill, water load in tanks, and so foirth;
surcharging is the action of preloading in excess of the
final load.

The precompression technique can be used to eliminate
all or a portion of post- construction settlements due to
primary consolidation and also to greatly reduce settlements
caused by secondary compression. Surcharge loads are
frequently employed to decrease the time required for
precompression. It is also used to minimize the effects of

secondary compression.
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If the foundation soils are weak, the design of a
precompression scheme must also consider stability. This
may require stability berms and the use of a controlled rate
of loading to enable a gain in strength of the foundation
soils with consolidation during preloading.

Preloading may not be feasible, even with surcharge
loadings, if the time required to consolidate the layer is
long compared to that available for construction. In such
cases, vertical drains can be installed to accelerate the
rate of consolidation by reducing the maximum drainage
distance within the soil mass.

As shown in Fig. 1-1, vertical drains areAinstalled at
the start of the project and are connnected to an upper
drainage blanket to handle the flow of water squeezed out of
the soil. The structure or the preload is then placed above
this 1layer. Instruments are installed to measure the
settlement of the <clay layer and the excess pore water
pressures within the layer and sometimes to monitor lateral
deformations.

-The first use of wvertical drains was in 1934 for
highway fills in California (Johnson, 1970b). The design of
drain installations was empirical until 1948 when the first
theory on vertical drains was presented by Barron.

Until the mid-1960's, most American drain installations
consisted of driving a large diameter closed-end mandrel
into the soil and f£filling it with concrete sand during

removal of the casing. This process caused significant
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disturbance to the surrounding soil, often referred to as
"smear". After this period. "low-displacement" and
"non-displacement" sand drains appeared and improved the
efficiency of drains. The next significant advance occurred
in the mid-1970's when low-cost pre- fabricated band-shaped
wick drains became widely available. Table 1-1 presents the
different types of vertical drains and their major
characteristics.

Theory and design practice of foundations with vertical
drains have evolved over the years, but some problems still
exist due to the complexity of the phenomenon involved.
Although analyses range from use of simple charts to
sophisticated Finite Difference computer programs there are
still theoretical 1limitations i in the design process.
Furthermore, the evaluation of the soil properties can be
very difficult, especially the determination of the
coefficient of consolidation for horizontal drainage. In
fact, the relation between the coefficient of
compressibility, the coefficient of permeability and the
effective stress is required for a "precise" analysis. The
effects of the installation and the type of the drain are
also very important factors which are still difficult to
evaluate in order tS predict the performance of vertical
drains.

To better define and understand the problems discussed
above, well-documented case histories of field performance

are required. Nevertheless, it is not easy to evaluate
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field data in order to draw definite conclusions. This
thesis focuses on better methods for interpretation of field

settlement and pore pressure data from drain installations.
l-2. THESIS OBJECTIVES AND QRGANIZATION

a) Objectives.

The objective of this thesis is to present new methods
for evaluation of fielé performance of vertical drains.
Techniques are detailed for analyzing settlement and excess
pore pressure data for field cases having either pure radial
drainage or only vertical drainage. The method for
analyzing settlement data is based on Asaoka's (1978)
procedure. Analysis techniques for combined radial and
vertical drainage are alss discussed.

These new techniques of analysis are used in a case
history for a precompression project with Alidrains for a
cement plant located in Mobile, Alabama. This project has
already been studied in a previous thesis (Noiray, 1982) ,but
using ‘“"conventional" methods of analysis and also less

complete field data.

b) Qrganizaticn.

Chapter 2 presents a summary of the theoretical
considerations regarding vertical drains. "Ideal" drains
with consolidation due only to radial drainage are first

considered. The effects of vertical drainage, well
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resistance and "smear" are then included. Finally, the time
varying loading is briefly discussed.

Chapter 3 presents the methods used to analyse the
performance of drains. The "conventional" method and its
related problems are first summarized. The new methods are
then detailed.

Chapter 4 analyses the performance of Alidrains for the
Mobile Alabama case history. After a short description of
the project and a summary of the results from the previous
study, analysis of the settlement and pore pressure data are
presented using the methods previously presented.

Chapter 5 gives some practical recommendations on the
use of the new methods presented in Chapter 3.

Chapter 6 summarizes the previous chapters and draws
some conclusions.

Five appendices follow. Appendix A presents the
derivation of a criteria to assess the influence of well
resistance. Appendix B presents the theoretical
considerations on the methods of analysis of settlement
data. Appendix C does the same for the excess pore pressure
data. Appendix D includes the field data and their analysis
used to study the case history on Alidrains. Appendix E
compares the coefficients of consolidation from an oedometer
test obtained from the proposed method of analysis of
settlement for pure vertical drainage and from the

conventional methods.
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Fig. 1-1: Typical Sand Drain Installation (from Ladd,l19S75).
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CHAPTER 2
THEORETICAL CONSIDERATIONS

ON THE CONSOLIDATION PROCESS WITH VERTICAL DRAINS

2=l. INTRODUCTION

The purpose of vertical drains is to accelerate the
rate of consolidation of a <clay layer by adding radial
drainage to the vertical drainage. The drain spacing is
usually much less than the vertical drainage distance. This
leads to a consolidation process where radial drainage is
predominant. Vertical drains can also be especially
efficient in cases where the coefficient of consolidation
for horizontal drainage, ¢, , is significantly greater than
the one for vertical drainage, c,. Consolidation with pure
radial drainage is the first topic to be presented in this
chapter, focllowed by the consolidation for combined vertical
and horizontal drainage.

Next, the influence of actual drains as opposed to
ideal ones will be studied. The fact that drains have a
finite «ccefficient of permeability and area may be such
that, during the early stages of the consolidation process,
the discharge capacity of the drains may be reached. This
would decrease the rate of consolidation of the <c¢lay layer
compared with ideal drains. This is called the effect of
well resistance. Furthermore, the installation of drains

often creates a disturbed zone around the drain reducing the
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coefficient of consolidation in this zone, which is called
the smear effect.
Finally, the effect of the time dependent loading will

be briefly discussed.

2=2. GENFERAL CONSIDERATIONS ON THE THEORY QF DRAINS
Vertical drains are installed following a certain
pattern. Barron (1948) concluded that a triangular spacing
was the most economical one, whereas Kjellman (in the
discussion of Barron's paper) preferred a square pattern
(see Fig. 2-1). 1In both cases, the soil element considered
for the model used to analyse the consolidation process is a
cylinder with an impermeable outside vertical boundary and a
diameter equal to the equivalent diameter, d., determined as
a function of the pattern (see Fig. 2-1). At the center of
the soil element, the cylindrical drain has a diameter 4., .
For a band shaped wick drain, d, is calculated as the

diameter of a cylinder of equivalent circumference using:

d, = 2(a+b) /7

where: a = drain width

b = drain thickness

Top and bottom herizontal boundaries are taken as planes,
therefore completing the geometrical aspect of the model

used to study vertical drains (see Fig. 2-1).
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The theory of the consolidation process is based on
Terzaghi's (1925) assumption for one-dimensional

consolidation which states:

--The soil is fully saturated and hcmogeneous.

--Darcy's law is valid.

--The coefficient of permeability k, , of
compressibility m,, and of consolidation cy.,
are constant during primary consolidation.

--The flow and compression are one-dimensional.

--The load is applied instantaneously and is
constant during consolidation.

The governing equation for one-dimensional consolidation
which corresponds to the consolidation of the cylinder

without drain (Terzaghi, 1925) is:

Ju Fu
ot 9z
where u the excess pore pressure

(9]
<
i

the coefficient of consolidation for
vertical drainage

cy = Kk, /(m,vy)

Yw = weight of a unit volume of water

For three-dimensional flow in an isotropic soil (i.e. Cy=
¢, for kn/ky= 1), the governing equation (Terzaghi, 1925),

becomes:
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If the system is anisotropic relative to the coefficient of

consolidation, it becomes (Terzaghi, 1925):

du _ 3% 34 ot
3¢ - Sv 3247 Cn5et?t a_y?)
where C, vertical
}= coefficient of consolidation for{ &flow
Ch horizontal

To finally complete the model, the top boundary needs to be
more precisely defined. Barron (1948) defined two cases:

* The Free vertical strain boundary: equal
surface stress at the top of the cylinder, but
therefore non-uniform strain.-

* The Equal vertical strain boundary: equal
surface strain, but thus non- uniform stress.

A mixed situation between the two cases should probably be
found in actual field conditions, depending on the rigidity
of the imposed 1load and the compressibilities of the soil
and the drains. The "Equal strain" boundary is usually used
in practice because it leads to an easier solution and is
sufficiently accurate considering the uncertainties of the
soil properties (Hansbo, 1982).

Barron (1948) developed solutions for both types of
boundaries for pure radiel drainage and concluded that
except for small degrees of consolidation, both conditions
yield similar solutions when the spacing ratio n = d./4,, is
higher or equal to five. Other theoretical solutions were
developed by Kjellman (1937) for Equal strain boundary for

radial drainage only and by Yoshikuni (1974) for Free strain
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boundary and including vertical drainage in the isotropic
case and the effect cf well resistance. The first
expression for pure radial drainage was developed by

Rendulic (1935) for the Equal strain boundary.

2=3. THEORY EFQR PURE RADIAL DRAINAGE

For pure radial drainage, the governing equation

becomes:
“du _ du gﬁ
3t h (Bx‘+ ByZ)
or
du _ i3a  Zu
3t = “n (r ar T Br‘)

For the case of Equal strain 'boundary, Barron's

solution (1948) is:

2 _ 2] .
u o= e En (I - Axfze) = 1/07) JA (Eq. 2-1)
(n) | r. 2
where: A = B8Tq
F(n)
F(n) = n? 1n(n) - 3n2- 1
o= Rl n an?

or under the simplified form: F(n) = 1ln(n)-3/4

U = excess pore pressure at any point and any time

el
]

average excess pore pressure throughout the
soil mass at time t

= U. at t=0.
r = distance of the point to the center line
n =r, /ry, , the spacing ratio
Th = horizontal time factor;

Cht/ (de)2
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The average degree of consolidation over a section of

cylinder becomes:

Up = Up= 1-G/G =l-e F(n) (Eq. 2-2)

o

The average degree of ccnsolidation over depth for

settlement data is:

T = P_—- 0i _ P=0j -
Uh om= pi 5ot (Eg. 2-3)
where: o) settlement at time t

Pi= initial settlement

Po= total settlement at the end of primary
consolidation

Pcf™ Po = Pi, final settlement due to primary
consolidation

2-4. CONSOLIDATION THEQORY FOR BOTH RADIAL AND VERTICAL DRAINAGE
In the theory presented up to now, no vertical drainage
is considered. Barron (1948) wused Carrillo's relation

(1942) to account for combined drainage. This states:

u = Yvih
- u,
where: u, = average initial excess pore pressure

throughout the soil mass

U = excess pore pressure at any point and any
time
u, = vertical
‘}excess pore pressure to{ }flnw
u = horizontal

As shown by Barron (1948), u, is not uniform for Equal strain
theory (see Eqg. 2 =-1), but "with passage of time the
distribution approaches that for the free strain case", i.e.

the initial assumption on the distribution does not affect
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the solution after the early stage of the consolidation
process.

Averaging over a section of the cylinder, leads to:

(1-0) =(1=0y) x (1=0y ) averaged over depth (Eq. 2-4)
or

u/uq, =(uV/ﬁ°)x(uh/E;) at one point (Eq. 2-5)
where: vertical drainage

v
h horizontal drainage
Terzaghi's solutions for U, and Gv are expressed as Fourier

series which are: 2

° 1 . . v
&g sin(ws Z)e (Eq. 2-6a)

SITS

at (T, ,2): 1l-4, =

where: T, = cvt/Hdi time factor for vertical drainage
Z = z/Hy, depth parameter.
Hy = drainage height
and ) Efsz
—_ 8 X 1 4 v
at (TV ): UV = 1l - Fzrgvhi»--r_n-z e (Eq- 2"7&)

For T, higher than 0.1, these last twoc equations can be

simplified to:

s
— 2 Ty (Eq. 2-6)

Uy =1~ 2e (Eq. 2-7)
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Unfortunately, T,is most of the time lower than this
value of O.1 in the <case of primary consclidation with

vertical drains:

if T, /T,

0.01, Ty = 0.1 is equivalent to Tn = 10.0

0.2 , Ty =

|
O
b
"
O
L]
wn

if T, /Ty is equivalent to Ty

Therefore, the simplified form of (1-U, ) and Uycannot be
used to express vertical drainage 1in the case °~ of
consolidation with drains. Nevertheless one can use the
following approximation of ﬁv which is wvalid for T,< 0.2
(Terzaghi, 1943) to express the vertical drainage averaged

over depth:

By combining Eqg. 2-2 and Eq. 2-6 in Eg. 2-5, one will
determine the averaged degree of consoclidation for combined
vertical and horizontal drainage at any depth and at any

time:

2T 2 8 T
- (._ _.vm + — ) h
4 © 1 s 4T F (n)
h " (Eq. 2-9)

at (T, ,2): 1-U = -T-r-mgﬁ_"-rasin(mi Z)e

This relation was used to calculate the values of 1-U versus
depth -- - for different time factors plotted in Figs. 2-2 and
2-3. Figure 2-2 presents a case representative of sand
drains with n = 10 for two values of the time factor ratio,
T /Th = 0.01 and 0.2. Figure 2-3 presents a case

representative of wick drains with n = 25 for the same time
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factor ratios. The vertical 1lines represent (1-U,) which
are constant over depth for the different time factors, Tn .
These two figures show that vertical drainage predominates
near the top permeable boundary and that its effect
decreases with distance from this boundary, defining a zone
of influence which gets larger with time. By comparing
these two figures, one can see that the effect of vertical
drainage is somewhat more important for n = 25, i.e. wick
drain case, than for n = 10, i.e. sand drain case, at a
given Tv/Th. However, wick drains are usually installed at
a closer spacing than sand drains, thus leading to smaller
values of T,/T;, . Hence in practice, effects of vertical
drainage will wusually be 1less significant for wick drains
than for sand drains.

Figures 2~-4 (n=10) and 2-% (n=25) present a similar
comparision, but (1-U) is now expressed as a function of T,
at different depths for T,/T, equal to 0.01 and 0.2. From
these figures it can be seen that for the low ratio of T+/Th
the effect of vertical drainage can be neglected below a
depth, 2, around 0.2 to 0O.3. For the high ratio of T, /Ty,
on the other hand, vertical drainage should be considered at
most all depths.

Figure 2-6 presents the average degree of consolidation
U versus the time factor T, for n equal to 10 and 25 and T,/Ty
equal to 0.01 and 0O.2. This figure also shows the large

influence of vertical drainage at a high T,/T, ratio.



From all these figures, one can conclude that the
effect of vertical drainage will have to be included in an
analysis of performance of vertical drains with settlement
data when the ratio T, /T, is higher than about 0.01 - 0.02.
Regarding excess pore pressure data, it will depend on the
value of the depth factor Z and on the value of the degree
of consolidation (see Figs. 2-2 through 2-5). 1In Chapter
3, this effect on the analysis of performance of drains will
be considered because one could overestimate the coefficient

of consolidation, C,r if vertical drainage is neglected.

2=5, EFFECT OF WELL RESISTANCE

The effect of well resistance deals with the fact that
the discharge capacity of the drain may be reached during
the early part of consolidation. Such an event would retard
the process. Barron (1948) developed a solution including
this effect for the case of Equal strain boundary, but his
relation is time consuming to calculate. Yoshikuni. (1974)
presented a solution of the Free strain case with effects of
vertical drainage and well resistance. This solution is
also difficult to use. Hansbo (1981) presented a simple
solution which is unfortunétely questionable. Nevertheless
the correct part of the develcpment of the proof can be used
to define a criteria to see if the effect is negligible or

not (presented in Appendix A).
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From this development, the following differential
system is obtained for pure radial drainage and effect of

well resistance:

3w _yw _ n®_ 3
5= T v G P gt (A=1)
9%u kp &2 3u (a-2)

= 2 =B (= =
A7 + k., (;3 50 P=I0

where: u = excess pore pressure at (Z, o)

Z = 2/ 2%, depth factor with £, either equal
to half the length of the drains for fully
penetrating drains and bottom drainage, or
equal to the length of the drain otherwise.

p = normalized radius: ¢ = r/r,

kn, = coefficient of permeability for horizontal
drainage

ky = coefficient of permeability of the drain
in the vertical direction

d€ au

‘a—‘ =—mv Bt

The boundary conditions and the initial conditions of Eq.
(A=-1) , which is the governing equation of the soil behavior,
are the same as previously discussed except that Eq. (A-2)
is now 1its boundary condition around the drain. The

boundary conditions for Eq. (A-2) are the following:

A =0 Z =1
l.lp:| = 0 B_u =0
9z lg21
Let the factor W, be W; = 2(k,/k)x(g /r,)? (Eq. 2-10)
so that Eq. A -2 becomes: 9
d°u )

In this equation, the term WR%% represents the effect
of well resistance. If Wzxis less than 0.1, this term can be

neglected as a first order of approximation and the



-33-

equations (A-1) and (A-2) lead to the solution expressed by
Eg. 2-1. Therefore the proposed criteria as to when the

effect of well resistance can be neglected becomes:

Wp < 0.1 2y (Eq. 2-11)

The factor Wy which represents the effect of well
resistance can also be -compared to the factor L of Yoshikuni

(1974) , which is:

2
= 32 kp Hgq -4 Hg 2 -
L —T’n' kw (dw) TT2 Wr ( ) ) (A-6)

with H;/ 2 equal to unity when the drains fully
penetrate a clay layer with double drainage.
As the value measured for wick drains is not the
coefficient of permeability, 'but rather the discharge
capacity for a hydrauiic gradient equal to unity, the

following relation can also be used:

k

w 4 qw/“dwz

W 8(k sk )x(2/d,)% = 271k, % 7q, (Eg. 2-12)

R

[}

For wick drains, the values to be used for the discharge
capacity should not be the ones reported in the literature
by Hansbo (1981), but the new ones which are ten to one
hundred times larger as measured recently by Hansbo and by
Professor Jamiolkowski of the Technical University of Torino

(personal communication to Professor Ladd).
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For Alidrains, the values become:

Lateral Stress Discharge Capacity
(T/M?) (M3/Yr)
10 600 - 1000
30 250 - 550

With these values one can see that most of the time, the
effect of well resistance can be neglected for high quality

wick drains. For example:

107cm/s

kh=
g = 50 ft3= 1524 cm ) }give W = 0.092 < 0.1
g, = 500 m/yr = 15.9 cm /s

For conventional sand drains having a diameter of 30
cm, the permeability of the sand must be greater than kg
equal to 0.02 cm/s based on the above conditions to have Wgr
less than 0.1l. This value of k, is reasonable for a clean
concrete sand backfill.

When one cannot neglect the effect of well resistance{
one can use Hansbo's (198l1) solution which, though being
questionable, should approximate the actual behavior.

Hansbo's solution states that the term F(n) in Eq. 2-2

becomes:
u, = F(n) + n12(22 - 2)k,/qy (Eq. 2-13)
or
u = F(n) + 2(1 - 2/2)W (Egq. 2-14)

r
where: Z = z/2
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As 1y, varies with depth, the degree of consolidation Up
will now also vary with depth. If a better approximation to
account for the effect of well resistance is needed, one can
develop a numerical solution using Eqg. (A-1) and (A=-2).
Such a solution can also include the effect of vertical
drainage.

To summarize, a new criteria to ascertain that the
effect of well resistance can be neglected has been
presented. Along with the new values of discharge
capacities, one can see that most of the time, the effect is
negligible for good gquality wick drains and sand drains

having a clean sand backfill.

2-6. EFFECT OF SMEAR

The effect of smear is the effect of disturbance due to
the drain installation on the surrounding clay. In the zone
of smear, the coefficient of permeability, k', is lower than
the one for the undisturbed zone, k,, and therefore radial
consolidation will be affected. To include this effect,
both Barron (1948) and Hansbo (1981) added an annulus
cylinder of smeared clay with an outside diameter dg around
the clay. This leads to a new boundary condition between
the undisturbed zone and the smeared one in the analysis and

affects the solution by changing the factor F(n) which
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becomes for both Barron and Hansbo:

Fs(n) = 1ln(n/s) - 0.75 + (kn/k'y) 1ln(s) (Eg. 2-15)
where: s =dg /4,

Fs(n) = F(n) including smear
in the case where (ds/de )2is small compared to unity. The

writer prefers to reformulate Egq. 2-15, such that:

Fs(n)

ln(n) = 0.75 + [(ky/k’'y) - 1llxln(s)

or

F_ (n) F(n) + [(ky/k'y ) = 1lxln(s) (Eq. 2-16)

For non-displacement drains like Jjetted sand drains,
the ratio s should be close to unity. For low displacement
drains like wick drains, Hansbo (1981) used the ratio 1.5.
From analysis of cone penetration in saturated clay by
Baligh and Levadoux (1980), this ratio seems reasonable,
corresponding to the 1limit of the "plastic" zone with a
shear strain of 20 to 50%.

The ratio ky /k'y, is more difficult to estimate. It
can be done by calculating the ratio of the coefficients of
consolidation ¢y, , between an undisturbed and a disturbed
sample. As shown in an example in Fig 5-3 of Jamiolkowski
et al. (1983), the ratio cy/cjvaries from 3 to 5. Table
5.6 of the same report shows a range from 1.5 to 8 for the
ratio k_ /k! , (ky being the remolded coefficient of
permeability for three plastic clays compared at the same

consolidation stress 1in the normally consolidated range).
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Hansbo (198l1) chose a ratio of 3 in the example he gave.
The values 1,3 and 10 for kn/k}, » will be used below to

illustrate the effect of smear on F(n) with s = 1.1 and 1.5.

kn /K4, 1 3 10 1 3 10

|

These values have to be compared with the following values
of F(n):

F(10) = 1.55; F(25) = 2.47

From the above-mentioned values of F s(n), one should
realize that smear can influence the design. As stated by
Jamiolkowski et al. (1983), a decrease in the drain spacing
will not always be as effective as predicted by the theory
for ideal drains since the thickness of the smear zone
presumably remains constant. It should also be noticed that
an increase in the drain diameter d, will generate an
increase in the overall influence of smear because the ratio
[F;(n) - F(n)]1/F(n) increases with n decreasing.

From all this, one should conclude that the effect of
smear is important both for the design of drains and for the
analysis of performance of drains. One should consider it,
even though its effects are difficult to predict due to the
uncertainties in the determination of the smear ratio, s,

and in the ratio of the permeabilities, kKp/k?Y, -
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2=7. TIME DEPENDENT LOADING

Time dependent 1loading includes two types; a ramp
loading and a multi-stage loading. The first one occurs
since the full load cannot be instantaneously applied. The
second takes place when the final height cannot be reached
in one step without stability problems, and therefore
intermediate stages are used to let the clay strengthen via

consolidation before applying more loading.

a) Ramp Loading.

For the ideal drain case, the load is applied
instantaneously and therefore the only required parameter is
the origin of time. An approximate method proposed by
Taylor (1948) for consolidation without drains is that one
may consider a 1linear ramp loading equivalent to an
instantaneous loading at a time t, equal to the middle of
the loading period. This method can be used in the case of
consolida;ion with drains and is often used in practice.

If one wants to be more careful about this problem, one
can use Olson's methoed (1977) which 1is derived from
Terzaghi's and Frohlich's method (1936) which was developed
for time varying loading on a clay layer without drains.
From this method, one will obtain the degree of
consolidation during the 1loading period, assuming that the
coefficients of consolidation are constant. Unfortunately,
clay layers are often originally over-consolidated, at least
in the upper portion, and the final stress will load the

clay into the normally consolidated range. Therefore, ¢, and
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c,Mmay decrease significantly during the ramp loading in such
cases. Olson's method will consequently have to be used
with caution. This method 1is included in the Finite
Difference computer program originally described in Olson
et al (1974) in which one <can input varying cy and ch
function of the effective stress of consolidation.

Schiffman (1959) proposed a method to account for the
time~-dependent loading and the varying permeability. This
method helps solve the previous problem. Unfortunately, his
paper is based on the assumption that the coefficient of
permeability is linearly dependent on the excess pore
pressure. The writer thinks that this assumption is
queétionable and that one should be careful when using
Shiffman's method.

From these methods, one <can see that the problem is
still far from being solved. For design purposes, Taylor's
method should be useful in most cases. One can also use the
Finite Difference Solution that is currently available. For
the analysis of drain performance, the methods proposed in
the following chapter do not depend on the 1loading process
and therefore the problem' of the ramp loading disappears.,
except if 6ne has to account for the effec£ of vertical

drainage, in which case it will have a slight effect.

b) Two-Stage Loading.
To predict the settlement after the second loading, in
the case of a two-stage 1loading, one usually adds the

settlements predicted by each load, that is the one from the
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first load and the one from the full load minus the first
load. One should be aware that this procedure is only exact
when the coefficients of consoliation are constant during
both stages.

This problem is not important when one wants to analyse
the performance of the vertical drains with the methods
present in the following chapter because the analysis of the
second-stage can be considered independently of the one the
first stage. For dJesign purposes, one may alsc often
disiegard this problem, considering the uncertainties in the

predictions of the different parameters used.

2=8, SUMMARY AND CONCLUSIONS

In this chapter, the theory of consolidation with
vertical drains and the effects of vertical drainage, of
well resistance, and of smear were presented followed by a
brief discussion of the problem of the time dependent
loading.

?rom this, the following major conclusions can be
drawn.

1) The influence of vertical drainage can vary from
being insignificant regarding rates of pore pressure
dissipation for piezometers located within the <central
portion of thick «clay layers to having a very significant
effect on rates of surface settlement when T,/T, is greater
than almost 0.l1. Figures 2-2 through 2-5 can be used to

assess the importance of vertical drainage when analysing
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piezometer data and Fig. 2-6 when analysing settlement
data.

2) In most cases, well resistance should have no effect
on the consolidation process with good quality wick drains
and sand drains.

3) Though the effect of smear may be extremely
important, its effect is difficult to predict due to.the
uncertainties in the thickness and properties of the
remolded zone which occurs around the perimeter of wick
drains and displacement sand drains. The adverse effects

increase as the drain spacing decreases.
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Fig. 2-2: Effect of the Vertical Drainage on the
Degree of Consolidation versus Depth
for Different Time Factors and n=10.
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Fig.

2-3:

Effect of the Vertical Drainage on the
Degree of Consolidation versus Depth
for Different Time Factors and n= 25.
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Fig. 2-4: Log (1-U) versus Time for Different
Time Factors Ratios T_/T, and Depth
Ratios 2Z:; Spacing Ratio n= 1lO0.
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CHAPTER 3
TECHNIQUES TO ANALYSE

THE PERFORMANCE OF VERTICAL DRAINS

3=l. INTRODUCTION

Essentially all projects using vertical drains to
accelerate . consolidation during precompression have field
instrumentations to measure the settlement of the clay layer
and to measure excess pore pressures within the layer during
the consolidation process. One can also use instruments to
monitor lateral displacements. Techniques are required to
convert these data intce a quantitative assessment of how
consolidation is progressing with time ror two purposes:
First, to compare the actual performance with the predicted
one to determine if construction needs to be altered and
second, to advance the state of knowledge on soil behavior
and on the efficiency of the various types of vertical
drains.

A brief review is first made of "conventional®™ methods
of analysis and their problems. Two new methods for pure
radial drainage will then be presented; the first one for
settlement data via Asaoka's (1978) method and a seccnd one
to evaluate excess pore pressure data. The application of
these methods to consolidation for vertical drainage only
wili also be discussed. Lastly, a procedure to analyse

combined drainage from settlement data will be considered.
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3-2. CONVENTIONAL METHODS OF ANALYSIS AND THEIR PROBLEMS

The analysis, as presented by Ladd (1976), is performed
using settlement and/or excess pore pressure data. To
start, one needs to predict or measure the initial
settlement,p;, the inital excess pore pressure, 4, , and the
final settlement due to primary consolidation,p.¢. Once an
initial time, t,» has been determined, one also needs the
measured values of the settlement at time t, ,(t) and of the
excess pore pressure at time t, u(t). -

For settlement data, the average degree of

consolidation is first computed for a given soil layer:

Ult) = Cp(t) = p;) /0 ¢

The time factor T, is then obtained from Eq. 2-2 or
from Johnson's (1970b) chart for radial drainage only. If
vertical drainage is also significant, then the time factor
T,is obtained from a plot of 0 versus Tpthat one can compute
from theory by assuming a value for the ratio c/c,.

From the time factor, one can get the coefficient of

consolidation using:

* either total time:
cp = Th(da)?/t
* nr incremental time (with two values):

cp = [(F, = Ty) (4)0/(t; = t)



With pore pressure data, the same basic procedure is
used, except that the degree of consolidation is replaced in
the relevant equations or plots by the ratio u/y (see Fig.
3-1). The problems relatedv to this method can be found
either in Ladd (1976) or in Jamiolkowski et al. (1983). 1In

summary, they are:

l) The determination of the settlements due
to primary consolidation, which are the measured
values of settlement minus the initial settlement,
may not be accurate. The initial settlement
results from undrained shear deformations. The
amount of initial settlement is usually either
inferred from field measurements of lateral
deformations or estimated via procedures such as
presented in D'Appolonia et al. (1971) or
sometimes from finite element analyses. In any
case, its exact magnitude will generally be
uncertain.

2) The measured value of the total settlement
at the end cf primary consolidation is usually not
known when one analyses the data. Therefore, one
has to estimate the final settlement due to
primary consolidation based on laboratory tests.
The accuracy of this prediction may be uncertain.

3) The prediction of the initial excess pore
pressure may be inaccurate, leading to an
additional wuncertainty when using of the total
time approach.

4) The location of the tip of the piezometer
may not be at the exact center of the drain
pattern, especially for piezometers located deep
in the 1layer, thus generating an error in the
results.

5) If the «clay 1layer, or part of it, is
overconsolidated, the consolidation process will
be fast, due to the high wvalue of cpfor the
overconsolidated 2zone of the clay until the
maximum past pressure 1is reached. Once beyond
this value, Cy is reduced to its normally
consolidated value. Therefore, Jamiolkowski et
al. (1983) recommend using the incremental method
only in the normally consolidated range for the
analysis.
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6) Regarding the effect of vertical drainage,
it should also be noted that the methods require a
trial and error procedure to obtain a ratio c,/c,
in agreement with the one assumed to construct the
graphs 0 vs Thand u /Govs T, .
3=3. PROPOSED METHOD FOR ANALYSIS OF SETTLEMENT DATA
The method applied to only radial drainage will first
be presented, then the one for vertical drainage will be
considered. Finally, the method applied to combined
drainage will be treated. The methods and their problems

are discussed. The proofs of these methods are presented in

Appendix B.

a) Method applied to radial drainage only.

This method, as presented by Asaoka (1978), is based on
Barron's (1948) eqqation for pure radial drainage (Egq. 2-2)
and its relevant assumptions. From the natural
time-settlement curve, one can select a series of settlement
values (p3, ppsees Preee) such that p, 1is the settlement at
time t,and that (f,- t,) is constant and equal to At (see
Fig. 3-2. Note: The plot log of settlement versus time is
not used bécause it yields a straight line only if the
initial settlement. is zero). From this series, one can
generate Asaoka's construction by plotting the points (m.
» Ph) with the settlement values at time tp., on the x-axis
and the ones at time t, on the y-axis (see Fig. 3-2b). As

shown in Appendix B, all the points lie on a straight line,
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such that:

pn = po + Slpn—l (qu 3-1)

where P, and B ; are twe constants which depend on the
Sselected time interval. (see Fig.3-3a). This straight line

intersects the 45-~degree line at the point:

This is the stable point or convergence point. Physically,
this point corresponds to the total settlement at the end of
primary consolidation. This point can also be defined by

the following relation:

Po =P,/ (1 =R) (Eq. 3-2)
The constant B, of Eq. 3-1, which represents the slope
of the constructed straight 1line, can be related to the

coefficient of consolidation by the following relation:

cp = = [(de)* F(n)/81x[1n(B1)/ At] (Eq. 3-3)

The theory shows that, whatever the time interval chosen,
the values of c. and p_  are the same. It should also be
noted that both values are independent of the time origin.
The above development was done for the case of a
single-stage loading. For the case of a two-stages; loéding,
two straight lines should appear, each one having the

properties previously presented for the single line (see
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Fig. 3-3b). Both 1lines should be parallel if the

coefficients of consolidation are the same for both stages.

R) Method applied to vertical draipnage only.

For consolidation with vertical drainage only the same
method can be used, except that the relation between the
slope B; and the coefficient of consolidation <, becomes

(Magnan and Deroy, 1980):

cy = -[4Hg/ T1xlln(g )/ at) (Eq. 3-4)

This relation is only ;alid for T higher that O.l. As shown
in Appendix B, Asaoka (1978) presented a different
formulation for the relation between 8; and c, . His
approach used an approximate relation between the degree of
consolidation U, and the time factor T, which is not in
agreement with Terzaghi's solution, and therefore leads to
erroneous values of c.

The value of the coefficient of consolidation obtained
from Eq. 3-4 should be accepted only after having checked
that the assumption of Ty higher than 0.1 is valid for the

first points of the settlement series used to define the

straight line.
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¢) Method applied Lo combined radial and vertical
drainage.

The method used in this case is the same as the one for
radial drainage only, but the coefficient of consolidation
¢, obtained includes the effect of vertical drainage and
therefore has to be corrected to obtain the correct Ch e

An approximate relation to correct for this effect is
now presented. The theoretical development of the first
correction method can be found in Appendix B. This
procedure is based on the reasonable assumption that the
total settlement at the end of primary consolidation,
determined as previously presented, is not influenced by
vertical drainage. The method also assumes that the
coefficient of consolidation for vertical drainage c,is
known. | '

Fig. 3-4 presents an example of the effect of vertical
drainage on Asaoka's construction. The data used are those
from the example calculation in Table 3-1. Curve 1
represents the straight line from vertical drain theory if
only radial drainage had occured. Curve 2 is the line which
results from Asaoka's construction using At=50 days and the
settlement data computed with combined radial and vertical
drainage. At high degrees of consolidation (t>150 days,
ﬁhv30.78), this becomes more or less linear. Curve 3 is the
straight line that one obtains from the linear portion of
curve 2. The slope of this straight line can be used with

Eq. 3-3 to determine the value ¢ » Which represents the
v
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coefficient of <consolidation cy affected by the vertical
drainage. As the slope of line 3 is lower that the one from
line 1, the cOefficient«chhvis higher than the actual value
of cy. Therefore, one needs a relation to assess the
magnitude of the error.

The difference Achbetween the value of qﬁfnd the actual
v

G, can be approximated by the following relation:

Acp = cp- = oy = [(de)* F(n)/81x[1n(A)/ At] (Eq. 3-5)

\ '

where: YA =1 -(0/2) (BE/VE ) (1/1- O (Eq. 3-6)

* =H4CV/TTH; (qu 3=7)

o
* tp = mean time t,.; of the points used
to define the straight line

* At = time interval such as:

At < O.lxtn (Eq. 3-8)

The value of ¢, which 1is required in Eq. 3-7, is obtained
from laboratory tests. Table 3-1 shows the validity of Eg.

3-5 for three cases. The values of chh were calculated
A'e

instead of determined from Asaoka's construction to avoid
uncertainty in the result due to the plotting procedure.

The method of calculation is the following:

1. Determine 8, for each couple (1 - 0 _,1-0)
corresponding to all the times t,-,Chosen

Bip = (1=0)/(1°G_)) =(1- o )/(l=p__)

where U equals the values of T__, listed in
Table 3-1
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2. Calculate the average value 8, of the
previous values.

3. Determine ¢, from B, using Eg. 3-2.
hv

One can notice that even though the restriction imposed by
Eg. 3-8 was not respected in cases 2 and 3, the correction
term was correct. This shows that Egq. 3-8 may be too
restrictive. The practical aspect of this point will be

further discussed in Chapter 5.

d) Riscussion of the methods proposed.

The method to analyse the performance of vertical
drains from settlement data with only pure radial drainage
allows one to determine ¢, and o, in a simple and easy wai.
The advantage of this method relative to the conventional
one is that one does not need to predict the values of the
initial settlement and of the final settlement due to
primary consolidation. The problem encountered with the
fact that the value of c, may be higher during the early
stages of consolidation still remains. This point will be
further discussed in Chapter 5 along with practical
recommendativns regarding the use of the method.

~The procedurg to analyse the consolidation process for
vertical.drainage only, being basically the same as the one
above, yields the same advantages. It is simple of use and
there is no need for predictions of the initial settlement
and of the final settlement at the end of primary

consolidation. Nevertheless, one should not forget that
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this method is not wvalid in the early stages. of the
consolidation process due to the restriction on the time
factor. The writer used this method to analyse results from
an oedometer test. It compared well with Taylor's and
Casagrande's methods, but more of such analysis will be
required before one can assess the value of c, from this new
method relatively to the ones from the above mentioned
conventional methods (see Appendix E).

An analysis of vertical drains in the case of combined
radial and vertical drains cannot be made by combining the
methods previously described because during most of the
consolidation process, the vertical drainage process remains
in the stage where Terzaghi's approximate solution (Eqg.
2-6 ) cannot be used. The method proposed is therefore to
use the one for pure radial drainage and thereafter to
correct for the effect of vertical drainage.

In general, if one wants to check the validity of the
analysis, one can back-calculate the original
time-settlement curve used by the analysis; this can be
called "back-analysis". One can use the following relation

to calculate the settlement:

PlE) = p, + Py = 0,)T(E) (Eg. 3-9)

The value of  is known. The degree of consol.dation
can be calculated with the value of c, obtained and the
other parameters used in the analysis. The only unknown is

the initial settlement which can be back-calculated from a
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point on the original time-settlement curve. This method of

assessing the analysis will be further treated in Chapter 5.

3=4. PROPOSED METHODS QF ANALYSIS QOF PORE PRESSURE DATA

The method applied to only radial drainage will be
first presented. Next, the one for vertical drainage will
be considered. The methods will then be discussed.

Appendix C contains the pertinent derivations.

a) Method applied to radial drainage only.
From Barron's (1948) Equal strain condition theory for

pure radial drainage, the following relation is valid:

In(w) =a-~ ot ' (Egq. 3-10)
where: U = excess pore pressure at time t for any point.
The coefficients «a, and «o; can be obtained by a linear
regression between 1ln(u) and t.

The coefficient of consolidation, C,r is obtained from

@, with the following relation:
c, = (3, )F(n)/8lxa, (Eq. 3-11)

The constant a, is related to the product of the initial

excess pore pressure, Us, at the tip of the piezometer, and
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the location factor,v, of this point by the relation:

vu = e © (Eq. 3-12)

If the tip of the piezometer is located at the center of the

drain pattern, the location factor is equal to:

v, = (1n(n) - 0.51/(1n(n) - 0.75] (Eq. 3-13)

Another method of determination of G, can be derived by
@n .0gy to Asaoka's method for settlement data. This method
is presented in Appendix C. Nevertheless, the previous
method will be used because it yields a simple linear
relation between excess pore pressure values and time and
because it allows one to obtain the value of V..

For the case of a two-stage loading, two straight lines
should appear. Each one represents one of the two stages
and allows the determination of the coefficient of

consolidation.

b) Method applied fo vertical drainage only.

Using Terzaghi's approximate solution (Eq. 2-6 ), one
can derive a similar method to the one for pure radial
drainage. The only difference is on the meaning of the
constants o,  and %y . The expression of the coefficient of

consolidation, ¢, is the following:

0
L[}

(4B%/ %) oy (Eq. 3-14)

where: o [ln(ul/uz)/(tz-tl)l
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This expression is only valid for a time factor Ty higher
than 0.1, due to the restriction on Egq. 2-6 . The constant

ao is now related to the initial excess pore, u at the tip

O,

of the piezometer and to the depth factor, Z, at this point,

by the relation:

Gosin (rz/2) = (4/m) e%) (Eg. 3-195)

c) Effect of combined radial and vertical drainage.

In most of the actual cases of consolidation with
drains, the drainage pattern combines radial and vertical
draiange. As already seen 1in section 2-4, in some cases
depending on various parameters such as the depth factor,
the ratio Tv/Th..., one can neglect the effect of vertical
drainage for the analysis of excess pore pressure data. In
the other cases, as seen in Figs. 2-4 and 2-5, after the
early stages of consolidation, the curve log (u) versus time
is close to a straight line for piezometers not located too
close to a permeable boundary. In such a case, the
"conventional” method presented in section 3-2 should be

used.,

d) Discussion.
The method proposed for radial drainage only is very
simple to use. The value of the coefficient of

consolidation <, does not depend either on the value of the
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initial excess pore pressure, or on the location of the tip
of the piezometer relative to the drain pattern. The value
of c, obtained 1is also independent of the origin of time.’
On the other hand, one should not rely too much on the value
of the initial excess pore pressure computed via Egq. 3-12
because it depends on the determination of the time origin
and on the actual wvalue of the location factor. If the
value of ¢, is higher during the early stage of the
consolidation procéss, the relation between log u and time
will not be linear anymore. The method proposed will no
longer be valid and thus one should use the conventional
method in such a case.

The same comments apply to the method of analysis for
vertical drainage except for the added restriction on the
time factor.

In the case of combined radial and vertical drainage,
it was noted that one often will not be required to correct
for the effect of vertical drainage. 1If one cannot neglect
this effect, one should use the "conventional" method which
was presented in section 3-2.

A "back=-analysis" can be performed using the parameters
obtained from the excess pore pressure analysis. The curve
of excess pore pressure versus time can be reconstructed
using Eq. C-2 and then compared to the original data

providing an assessment of tne values c, and V@, .
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3=5. SUMMARY AND CONCLUSIONS

The conventional methods of analysis of performance of
vertical drains. were first presented and their problems
briefly summarized. Next, new methods of analysis of
settlement data for both radial and vertical drainage were
developed. Their advantage is that they do not require
predictions of the initial settlement and of the final
settlement due to primary consolidation. The effect of
combined drainage was ‘then discussed and a method of
correction for the effect of vertical drainage was presented
in order to obtain the actual value of cy.

New methods of analysis of excess pore pressure data
for both pure radial ahd vertical drainage were also
developed. They do not require prediction of the initial
éxcess pore pressure. For radial drainage only, it is seen
that the computed coefficient of consolidation ¢, should be
independent of the location of the ~tip of the piezometer.
In the case of combined drainage, if one cannot neglect the
effect of vertical drainage, one should use the conventional

method.



TABLE 3-1

Correction of ¢y from Settlement Data
for Vertical Drainage Effect:

Assumptions:
* T7¢/Th = 0.2 ; F(n) = 2.0

* op= 0.10 ft2?/day; d& = 50 ft

* P = 1.0 ft; pi = 0.0

* ay/HE = (Ty/ Th) x cn/(d%)
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0.2 x (0.10/50)
0.0004

Patas t T . T 1-U,
(daYS) h h =h: = lfvp
hv hv
(o] 0] (o] o] 1.0
50 0.1 0.330 0.437 0.5634
100 0.2 0.551 0.652 0.347S
130 0.26 0.647 0.7375 0.2625
140 0.28 0.674 0.761 0.2392
150 0.30 0.699 0.780 0.217°
160 0.32 0.722 0.801 0.1987
170 0.34 0.743 0.818 0.1811
180 0.36 0.763 ©.835 0.1652
1390 0.38 0.781 0.849 0.1507
200 0.40 0.798 0.8625 0.1375
250 0.50 0.865 0.913 0.0870
300 0.60 C.%09 0.945 0.0553
350 0.70 0.939 0.965 0.035

Correction of cpfor vertical drainage:

Case I : Data used: from t = 130 to t = 200;

At = 10; & =

160

Correction: A = 0.9875, Acp = 0.0157,

Case II : Data used: from t= 50 to t

350,

At = 50; £t = 175

Correction: A = 0.9392,Acy = 0.0157,

Case III: Data used: from t = 50 to t= 250;
At = 50; tp= 125

Correction: A = 0.9325, A = 0.0175,
Chy= 0.1168 ? cp = 0.0993
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Fig. 3-1: Computation of ¢y from Field Settlement
and Pore Pressure Data using
the "Conventional" Methods.
(from Ladd, 1975)
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Fig. 3-2: Plot of Settlement Data versus Time
and Illustration of Asaoka's(1978) Construction.

a) Settlement vs. Time:

v

At At At At bt At

b) Asaoka's construction:
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Fig. 3-3: Asaoka' Construction to Obtain cp from Settlement Data.

a) One-Stage Loading:
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Fig. 3-4: Effect of Vertical Drainage on Asaoka's Construction.

RADIAL + VERTICAL :

Curve

08

6.4

0.2

o 2 1
0 0.2 0.4 0.6 0.8 1.0
Pnr-1 [ ft)
Legend: Line 1; === : Radial drainage only
Line 2: e=+==— : Combined drainage with curved
portion
Line 3: o= = : Straight line portion of

combined drainage

At = 50 days from t = 350 days.
See table 3-1 for data and assumptions.
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CHAPTER ¢4

CASE HISTORY OF PERFORMANCE OF ALIDRAINS

4=1. BACKGROUND

Ideal Basic Industries, Inc. built a cement
manufacturing plant in the Theodore Industrial Park south of
Mobile, Alabama. As the site is underlain by thick deposits
of a medium to soft, plastic clay, concrete piles were
chosen to support the major facilities. The only exception
is the Reserve Limestone Storage Area (RLSA) where
precompression was used to strengthen the foundation soil,
instead of a pile supported mat foundation, in order to save
over five million dollars. To accelerate consolidation,
Alidrains were installed under the area. Laure Noiray
studied the RLSA in her Master's thesis (1982). To analyse
the performance of the Alidrains, the present case history
uses data from Noiray's thesis in addition to data obtained
subsequently. The results of this analysis will be then be
discussed and compared to Noiray's results.

Figure 4-1 presents a plan view of the RLSA site prior
to loading, while Fig. 4-2 presents a North-South
cross-section at the centerline and Fig. 4-3 presents a
West-East Middle cross-section. The 1limestone f£fill was
placed between May and October 1981 up to a maximum height
of about 30 ft. As seen in Fig. 4-1, the RLSA was well

instrumented, especially at the North, Middle and South
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sections where piezometers and Sondex extensometers were
placed at the centerline. Piezometers were also located at
65 ft East from the centerline at each section and at the
Centerline between the North-Middle and Middle-South
Sections. Horizontal and vertical inclinometers were placed
at the three sections to measure surface settlement profiles
and the horizontal displacements versus depth.

Figures 4-4 and 4-5 summarize the basic soil
conditions. Figure 4-4 shows a simplified soil profile
which basically consists of a clay layer (between El.+6ft
and El.-58 f£ft), overlaid by a thin sandy layer, and
underlaid by a dense sand layer. This figure also presents
the stress history profile. Shown are values of: the
initial effective overburden stress,avz the computed
verticalv effective stress at the end oz an undrained
loading,av: the mean maximum past pressure from linear
regression analysis of the laboratory test data; and the
final vertical effective stress,av% for £ill heights of 25,
30 and 35 ft. Figure 4-5 presents values of the virgin
compressioﬁ, CR , and of the coefficient of consolidation
for vertical drainage, ¢, r from laboratory consolidation
tests in the normally consolidated range. The clay layer
was initially over-consolidated, (OCR=2.3 to 1.5 with
decreasing elevation). It will be assumed, as done by
Noiray, that the layer became normally consolidated, due to

rapid conscolidation during reompression, before one month

after the end of the loading period.
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The Alidrains were installed by the Vibroflotation
Company in a 5ft triangular spacing, so that de equals
1.05xs or 5.25 ft. Assuming that .dw is equal to 0.22 ft,
this gives a spacing ratio n equal to 24. Although the
drains were supposed to extend down to the top of the dense
sand, leading to a double drainage condition, it may be
possible that the mandrel sometimes met "refusal" somewhat
above the dense sand layer.

In this chapter, the analysfé of pore pressure data
will be presented first, followed by an examination of the
settlement data. Finally, a comparison of the results will

be offered.

4=-2. ANALYSIS QOF THE EXCESS PORE ERESEHBE RATA

The time origin is taken on July 29, 1981, as specified
by Noiray, corresponding to the middle of the period of
loading which was completed at a time of approximatively 70
to 75 days. Since many piezometers stopped working
correctly after about - 200 days, the analysis will

concentrate on the data between t = 100 and t = 180 days.

a)aAnalysis of the data.

Figures 4-6 through 4-9 present the plots of the values
of the logarithm of excess pore pressure versus time for all
the piezometers which were working during the period
previously mentioned. All of these data are tabulated in

Appendix D. The plots allow one to assess for each
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Piezometer the scatter aboit and/or the validity o¢f the
presumed linear relation between log u and t which is used
for the method of analysis to back-calculate field values of
Q- which assumes pure radial drainage. Two piezometers,
SP-20 and P-28, show 2 curved trend and thus are not used in
the analysis.

Linear regressions between log u and time were
performed on each set .of data in order to obtain the
coefficients aoand qlof Eq. 3-19[Note:al=ln(ul/u z)/(tz'tl)
= 2.3 log(ul/uz)/(tz-tl ) 1. The lines resulting from such
analysis are plotted on the figures. These two values lead
to the values of ¢, and vi using Egs. 3-11 and 3-12. Table
4-1 summarizes the results obtained, per location and depth
zone.

The mean coefficient of consolidation, ¢, , was found to
be 0.038 ft¥day, with a standard deviation equal to 0.008.
Although the means at the three sections and the means by
layers do vary, the differences probably are not very
significant given the limited number of values and the large
standard deviation in most casés.

As presented in Appendix D, the linear regressions used
to analyse each piezometer yielded coefficients of
regression higher than 0.98 , except for three piezometers
where the coefficients were between 0.96 and 0.98.

If the coefficient of consolidation, c , is chosen as
the mean value from Fig. 4-5, that is equal to 0.02 ft%¥day,

the ratio of the time factors TV/Th is equal te 0.013 (i.e.
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(de/Hd)zx(cv/ch )= (5.25/32)%%(0.02/0.04) = 0.013). All the
tips of the piezometer were located at a depth factor 2
equal or higher than 0.40. If one refers to Fig. 2-5, one
can see that for such values of Z and T,/T,, there should be
practically no effect of vertical drainage on the calculated
values of c. since glranged from 0.15 to 0.26.

One can also check the effect of well resistance by
calculating the paramenter W, (see section 2-5). 1In Table
6-1 of Noiray's . thesis, the coefficients of permeability
from falling head tests run on eight centerline piezometers
are all lower than 5 x 10%cm/s. 1If ‘the discharge capacity
exceeds 500 m3/yr for a lateral stress of 6.2 KSF, the value
of Wy is less than 0.02. Therefore, there should be no
effect of well resistance and the values from Table 4-1
represent the "actual" values of cy, but including smear.

Equation 2-16 will be used to provide a rough estimate
of the possible effects of smear. Assuming a smear diameter
ratio s equal to 1.5 and a ratio of undisturbed to remolded
permeability kh /k'h equal to 3, which probably should

represent upper 1limits for this deposit, the factors F(n)

and Fs(n) are:
F(24) = 2.43 and Fs( 24) = 3.24

As the ratio c/F(n) from Eg.3-11 is a constant independent
of the effect of smear and is equal to 0.016 (i.e.

0.038/2.43) for this study, the actual mean coefficient of
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consolidation would become: ¢, = 0.051 ft?/ day li.e.
0.0l6xF_(24)1].

b) Comparison with Noiray's results.

In the previous analysis of this case history, for the
same piezometers during the same period of time, Noiray used
the conventional method (without correction for smear) for
two different approaches. Her approach number 1 used an
inivial excess pore pressure, Eg, corresponding to the full
load and the same origin of time as used in this study. Her
approach number 2 used a ﬁo corresponding to the applied
load rinus the amount of in situ precompression and a time
origin at around the middle of September 1981 depending on

the piezometer. She obtained, using the incremental method

she considered more reliable:

Approach Mean: Standard Deviation:
No 1 0.04 £t/day 0.02
No 2 0.04 ft/day .01

The mean values, which agree with each other, are
essentially the same as obtained by the writer.

¢) Back-analysis of the excess pore pressure data.

The piezometer SP-22 at El.-31.1 ft of the
Soufh-centerline section will be treated as an example.
Figure 4~10 show the plot of the excess pore pressure data
versus time on which the back-analysis is made. The excess
pore pressure-time curve back-calculated with the parameters
obtained from the present analysis matches the measured

points very well, showing the validity of the method used.
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This type of back-analysis is also performed on
Noiray's results. Although approach number 1 gives the same
G, (0.044 versus 0.046), the large G;leads to a significant
overprediction of u versus time. Approach number 2, which
in essence assumed very rapid consolidation during

recompression, gives good agreement with the measured data.

4-3. ANALYSIS OF SETTLEMENT DATA

a) Analysis of the Sondex surface settlement data.

The surface settlement data used for the analysis were
measured with Sondex systems located at the centerline of
each section: North, Middle and South. The values
represent the settlement of the entire clay layer and of the
above thin sandy layer, which probably consolidated quickly
enough to only affect the values of the "initizal
Settlement”.

The analysis was performed using the method for radial
drainage only, deécxibed in Chapter 3. The settlement
values were first plotted versus time and smooth curves were
fitted through the points(see Figs. 4-11, 4-13 and 4-15).
Asaoka's constructions were then plotted with a time
interval of ten days for the period from 110 to 250 days
(see Figs. 4-12, 4-14 and 4-16). Linear regressions were
used to obtain the coefficients o, and B8; in Eg. 3-1 in
order to determinate the coefficient of consolidation cy
from Eq.3-3 and the total settlement at the end of primary

consolidation o, from Egq. 3-2. The data used for the
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linear regression are tabulated in Table D-6.
From the anal§§is, the following values were found from

the surface settlement data:

-- North -¢ : ¢, = 0.106 ft2/day; o, = 4.0 ft
-- Middle-¢ : ¢, = 0.079 ft2/day; peo = 3.3 ft
== South -¢ : ¢, = 0.088 ft’/day; p, = 2.3 ft

These values of the coefficient of consolidation yield a
mean of 0.091 ft¥day with a standard deviation of 0.014.

All the points plotted on Asaocka's construction were
used in the above linear regressions, which yield very high
coefficients of regression. Nevertheless, one can see that
there are fluctuations about these lines, which are supposed
to be straight. If one analyses the first six points of

each plot independently , one obtains the following values:

-~ North -%, : ¢, = 0.135 ft?/day; p, = 3.9 ft
-=- Middle- PCy = 0.100 ft?/day; p, = 3.1 ft
-- South -¢ : ¢, = 0.121 ft?/day; p, = 2.2 ft

These values yield a mean coefficient of consolidation of
0.119 ft7day with a standard deviation of 0.014.

The general fluctuations about the lines plotted on
Asaoka's construction can yiald very large changes in the

values of the back-calculated ¢ For example, the

h.
settlement curve from the North section was divided into
three 2zones: Zone I, from t=110 to t=160 days; Zone II,
from t=160 to t=210 days; Zone III, from t=210 to t=250 days

(see Figs. 4-11 and 4-12). The analysis was performed on
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these zones and yielded the following values:

-=~Zone I : ¢y, = 0.139 ft2 /day, P = 3.8 £t
--Zone II : c, = 0.061 ft /day, P = 4.25 £t
--Zone III : c, = 0.206 ft’/day; p_, = 3.9 ft

For each zone, the coefficients of 1linear regression were
higher thanAO.99.

The effect of vertical drainage is calculated in Table
4-2 by ‘the method proposed in Chapter 3. Assuming.a
coefficient of consolidation for vertical draingage G, equal
to 0.02 ft¥/day, the calculated error 4 ¢, 1is less than
0.002 ft7day. Hence the above values of g, remain
essentially wunchanged. For a value of G, equal to 0.04
ft7day, it would be almost the same because the calculated
error Agq is 0.0025 ft7day. |

As seen 1in the previous section, the effect of well
resistance can be neglected. Tﬁerefore, the last effect
which may be considered is the one from smear. If the same
assumptions as in the previous section are made ( s=1.5
and  ky/k', =3) and considering that the ratio c¢,/F(n), from
Eq. 3-3, is also constant and independent of the effect of
smear, the. actual value of the coefficient of consolidation

would be: ¢, = 0.121 ff/day [i.e. = 0.091xF(24)/F_(24)].

h

The following compéres values of the total settlement
at the end of primary consolidation predicted by the
analysis (bésed on data from t= 110 to 250 days) with
measured total surface settlements obtained from Fig. 4-17

(Note: the times in that figure are about 40 to 50 days
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less than those plotted in the previous figures):

Settlement (ft)

North* Middle South
Predicted by Analysis 4.0 ft 3.3 ft 2.3 ft
Measured (8/82) 4.15 £t J.4 ft 2.4 ft
Measured (12/82) 4.4 ft 3.75 £t 2.65 £t

(* North values obtained from horizontal inclinometer data)

Since the load increased slightly after Augqust 1982, one may
compare the predicted values with those measured at that
time. The results agree fairly well if one assumes that the
consolidation process was finished at that time, but the
piezometer data collected after 8/82 indicate that primary
.consolidation was not completed. (Note: It.is difficult to
draw definite conclusions because of significant changes in
fill geometry after 8/82 and because no piezometric data
were available from May 82 until January 83).

b) Comparison with Noiray's results.

With the «conventional method, respectively .for the
total time approach and the incremental approach, Noiray
obtained a mean coefficient of consolidation of 0.14 and
0.11 ft7day with standard deviations of 0.03 and 0.0l.
Since a small error in the origin of time may significantly
affect the total time values, she considered the incremental
time approach as more reliable. Her analysis of the three
sections corresponds to a period of time from about 70 to
170 day; based on the same time origin as used in this

chapter. The results préviously reported for the first six
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points of each section corresponds to a period from 110 to
170 days. They yielded about the same mean c,6 as the one
from Noiray's analysis (0.12 f£t¥day versus 0.1l f£/day).
Therefore, both types of analysis give the same value of c,
when based on the same approximate set of data.

The values of the total final surface settlement used
by Noiray in her analaysis are even lower than the one
previously presented and correspcend to final settlement at
the end of primary consolidation which are considered too
small. Her values used for the total final settlement for
the North, Middle and South section were 3.9 ft, 3.0 ft and

2.2 ft repectively.

c) Back=analysis of fthe settlement data.

Figures 4-11, 4-13, and 4-15 were used for a
back-&halysis of the results. The three curves
back-calculated from the results of the new method of
analysis using Eq.3-9 match the original curves very well,
except for times less than 100 days for the Middle section,
which suggests that the analysis is valid. It should be
noted, however, that the value back-calculated for the
pseudo-initial settlement do not agree with the ones
prediéted by Noiray, which are considered reasonable.

The pseudo-initial settlements were calculated as

presented in Chap;er 3, that is:

* Choose time: e.g. for North, t = 175 days.
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* Obtain settlement value at that time from the
smoothed curve. e.g. for North,p (175) = 3.607 ft

* Calculate U(t) from Eq. 2-2 considering cpobtained.
e.g. for North, U(175) = 0.891 for g, = 0.10C6.

* Calculate °; from Eg. 3-9:
pi= Lolt) =-po xU(£)1/[1-U(t)]
e.g. for North,p = 0.47 £t with o, = 3.99 ft
1
The resulting values are compared with those from Table F-2

in Noiray's thesis:

Settlement (ft)

North Middle South
From this study®* 0.47 -0.11 -0.09
From Neciray* 0.74 0.30 0.25
(Sand Layer) 0.45 0.08 0.17

(* These include the settlement of the sand layer.).

The discrepancies may come from the fact that the wvalues
obtained by the method presented above are very sensitive to
the time origin. If one inputs the values of "pi" obtained
by Noiray in Eg. 3-9, the time origin would have to move 6
days ahead for North, 14.5 days ahead for Middle and 14 days
ahead for South. These time changes are reasonable
considering the fact that the ramp loading was not linear,
especially for the Middle and the South sections where half
the load had not been placed by the middle of the loading

period (see Noiray's Figs 5-5, 5-6, and 5-~7).
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d) Analysis of the surface settlement from the
horizontal inclinometers.

For each section, the maximum settlement measured from
the horizontal inclinometers occurred at the centerline of
the section. These data are plotted in Figs. 4-18, 4-20
and 4-22. The points are fitted by smooth curves for the
analysis; the accuracy of the curve for the North and the
South sections may not be too good due to the limited number
of measurements.

The analysis was made for a period of time from around
160 days to about 220 days for the North and South sections
and from 180 days tc 340 days for the Middle section. These
times all end before August 1982, after which the loads
probably increased.

The analysis, performed as for the Sondex data,

yielded:
- North -¢ : c_ = 0.046 ft/day; o, = 4.5 ft
- Middle-C : ¢ = 0.042 ft¥/day; p. = 3.7 £t
- South -¢ : ¢, = 0.036 ft/day: p, = 2.9 ft

These values give a mean of 0.041 ft7day and a standard
deviaticn of 0.005. As before, the calculated effect of
vertical drainage 1is negligible. As can be seen in Fig.
4-21, the data fluctuates about the line resulting from
Asaoka's construction for the Middle Section. The time span
is too short to make a such judgement about the othei two
sectiong. In any case, due to the fluctuations and 1limited
time span, the analysis of these settlement data may not

give very reliable results. However, the values of the
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total settlement at the end of primary consolidation look
reasonable when compared to the data in Fig.4-17 if one
considers that primary consolidation was not completed in
December, 1982 and that the increase of the load since
August, 1982 was small.

The back-analysis results in Figs. 4-18, 4-20 and 4-22
show very good agreement between the predicted and measured
curves. However the corresponding psuedo-initial
settleﬁents are about 2.5 times higher than the ones
predicted by Noiray, although they are still lower than the
measured settlements at the end of the loading period.
Settlement points are also shown on the same figures based
on the values of the coefficient of consolidation and total
settlement, P obtained from the prior aﬁalysis of the
Sondex data. This comparison shows that even when ¢, is
doubled, there is reasonable agreement between the predicted
and measured time-settlement points. However, the predicted
relationships do have a larger curvature, due to the
increésed Chr Wwhich is noticeable on these large scale

plots.

4-4., SUMMARY AND CONCLUSIONS

This case history of a precompression project with
Alidrains for a cement plant located in Mobile, Alabama,
illustrates the use of the new techniques of analysis
described in Chapter 3. This case history had already been

previously studied in a Master's thesis (Noiray, 1982) which
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allows one to compare the results with those obtained via
"conventional" analyses.

The analysis of the excess pore pressure data yields
for both methods a mean coefficient of consolidation for
horizontal drainage equal to 0.04 fé?day.

The analysis of the Sondex surface settlement data
yields a mean coefficient of consolidation equal to 0.09
ftday in this study. When the same method is used to
analyse data over about the same period of time as used by
Noiray, it yields a mean ¢, of 0.12 ft7day, which is in
agreehent with Noiray's results. A higher value of g, for
the period from 110 to 170 days would be reasonable 1if the
clay léyer just became normally consolidated during that
time since one would expect a higher value of ¢, during the
early portion of virgin compression.

An analysis of surface settlement data from horizontal
inclinometers was also performed. It yields a mean
coefficient of consolidation of 0.04 ft7day, which is in
agreement with the results from the analysis of the excess
pore pressure values. As the predicted values of p, for the
analysis are considered more correct, this lower value of Ch
may be considered to better reflect the in situ coefficient
of consolidation within the normally consolidated range.
This would mean that, for unclear reasons, the Sondex system
may have overpredicted the actual rate of surface

settlements.
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~From the analysis of this case history, one can also
draw the conclusion that one needs settlement data covering
a large range of values of the degree of consolidation.
Otherwise, one <can obtain misleading results if there are
significant fluctuations about the 1line resulting from

Asaoka's construction.
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N.B: - the sign * means r < 0.98
) means:

-

ch From Excess Pore Pressure Data
Note: ¢ = Centerline; E = 65 ft East of ¢
Layer |El, N-¢ N-E M-¢ M-E M-S-¢ s-¢ S-E
I -5 0.038
to 0.051] 0.028 0.030
-15 0.038 ’
II -15
to 0.034 0.038 | (0.053)
=25
III -25 0.034
to 0.032| 0.042* 0.046 | (0.047)
=35 0.043*
IV ~35
to 0.043*| 0.045
-45
Mean SD
DATA SET:
All values 0.038 0.006
BY LAYERS:
I 0.C37 0.009
II 0.036 0.003
ITII 0.039 ‘0.006
Iv 0.044 0.001
BY LOCATION:
North section 0.041 0.007
Middle section 0.034 0.006
South section 0.040 0.009

value not used because the log(u)

vs. time shows curved trend.
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TABLE 4-2

Correction For Vertical Drainage
for the Surface Sondex Settlement Data

Parameters: d_ = 5.25 ft; n = 24; Hy = 32 ft
At = 10 days; tp = 175 days

*Assuming ¢, = 0.02 £t ?/day:
From Egs. 3-4 and 3-5:
o] = 0.00499
A = 0.99798 |
Acn= [(d.)xF(n)/81x[1n(a)/At]

Acp= 0.0017 < 0.002

*Assuming cy = 0.04 £4? /day:

A = 0.99706

Ac, = 0.0025



Fig. 4-1: Plan View of the RLSA Site Prior to Loading.
(from Noiray, 1982)
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Middle Locaticon-

Prior to Loading.

(from Noiray, 1982)

Fig. 4-3: RLSA West-East Cross-Section,
Condition
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Fig. 4-4: RLSA Soil Profile and Stress History.
(from Noiray, 1982)
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versus Depth.
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Fig. 4-6: Excess Pore Pressure (log scale) versus Time:
North Section.
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Fig. 4-7: Excess Pore Pressure (log scale) versus Time:
Middle Section.
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Fig. 4-8: Excess Pore Pressure (log scale) versus Time:
South Section.
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Fig. 4-9: Excess Pore Pressure (log scale) versus Time:
Middle-South Section.
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Fig. 4-10: Excess Pore Pressure versus Time: SP-22:
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Fig. 4-11: Sondex Surface Settlement versus Time:
North Section.
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Fig. 4-12: Asaoka's Construction for Sondex Surface

Settlement Data:

North Section.
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Fig. 4-13:

Sondex Surface Settlement versus Time:
Middle Section.
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Fig. 4-14: Asaoka's Construction for Sondex Surface
Settlement Data: Middle Section.
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Fig. 4-15:
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Sondex Surface Settlement versus Time:

South Section.
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Fig. 4-16: Asaocka's Construction for Sondex Surface
Settlement Data: South Section.
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1983)

Surface Settlement versus Log Time.
(from Ladd,

Fig- 4—17:
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Fig. 4~18: Surface Settlement Data from Horizontal
Inclinometer versus Time: North Section.
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Fig. 4-19: Asaoka's Construction for Surface Settlement
Data from Horizontal Inclinometer:
North Section.
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Fig. 4-20: Surface Settlement Data from Horizontal
Inclinometer: Middle Section.
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Fig. 4-21: Asaoka's Construction for Surface Settlement
Data from Horizontal Inclinometer:
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Fig. 4-22: Surfac_:e Settlement Data from Horizontal
Inclinometer versus Time: South Section.
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Fig. 4-23: Asaoka's Construction for Surface Settlement
Data from Horizontal Inclinometer:
South Section.
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CHAPTER 5
PRACTICAL RECOMMENDATIONS ON

THE USE Or THE TECHNIQUES OF ANALYSIS

5-1. ANALYSIS OF SETTLEMENT DATA

The method as presented in Chapter 3 is summarized
follows:

1. Plot settlement versus time to a natural
scale and fit a smooth curve through the data.

2. Select values of settlement at equal time
intervals, At, from the smooth curve, denoted as
the "settlement series."”

3. Use the settlement series to plot
Asaoka's construction as shown in Fig. 3-2.

4. Obtain values of the slope B; and the
intercept p, both by wvisually fitting a straight
line through the points and by linear regression.

5. Calculate the values of the total
settlement at the end of primary consolidation fw,
and the coefficient of consolidation for radial
drainagenﬁ{ as follows:

* Pup from po and Blvia

P = P, /(1-B) Eq. 3-2
* Sy from for pure radial drainage

c, = -[(a,)*F(n)/8] [1n(B)/ 4 t] Eq. 3-3

The following discussio.. explains the above steps.

-
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th

) Plot the natural time-settlement curve.

The first required step of th2 methecd 1is to plot the

settlement data versus time in order to obtain the
settlement s=2riss. One should plot 2ll the measured points
and then fit these points with a smooth curve. From this

curve, one selects the settlement series.

One should be careful in generating this curve Dbecause
the analysis is quit; sensitive to the accuracy of the plot.
A visual procedure can usually be used for this purpose. In
some cases it may be helpful to also use a plot of
settlement versus log time to aid in deciding how best to
fit the data with a smooth curve. A fair amount of
settlement data covering a large range of the consolidation
process 1is usually fequired in order to obtain a reasonably

accurate settlement series for Asaoka's construction and

hence values of ch and o -

The next step is to select the time interval 1in order
to obtain the settlement series used 1in Asaoka's
construction. However, before dealing with this issue, one
needs to be familiar with possible deviation in Asaoka's

"straight line".

b) Possible deviation of Asaoka's "straight line".

For field conditions which meet Terzaghi's original

assumptions (e.qg. constant load, compressibility,
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coefficient of consolidation, etc.), Asaoka's construction
should theoretically generate a straight line for pure
radial drainage or for pure vertical drainage when T, 1is
greater than O0.1. The aAactual curve may however, deviate

from the straight line in the following cases:

l) As seen in Fig. 3-4, settlement data from

cases having combined drainage should
theoretically generate a line which is not
straight (curve no. 2). This line has an initial

upward curvature and does not become more or less
linear wuntil after the first points (curve no.
3). (Note: This line reflects the effect of a
high ratio T, /T, equal to 0.2.)

2) If all or part of the <clay layer is
overconsolidated, the initial «coefficient of
consolidation should be higher than the wvalue in
the normally consolidated range due to the reduced
compressibility during recompression. This
generates points above the straight 1line as a
higher value of c, corresponds to a lower value of
pl(see Fig. 5-1).

3) Toward the end of the consolidation
process, secondary compression occurs. Thus, pe, will
never be reached and the settlement points plot
above the straight line in Asaoka's construction
(see Fig. 5-1).

El Choice of the time interval.

Asaoka (1979) recommends taking an interval of time of
about one to three weeks for consolidation with drains and
of about two to three months for consolidation without
drains. As the writer only used the method for analysing
consolidation with drains, what follows only deals with

field cases having vertical drains.

The experience gained from the Mobile, Alabama,



-112-

Alidrain case history leads to the choice of a small time
interval. For example, the analysis of the Sondex surface

settlement data <£for the North section (see section 4-3-a3a)

used a time interval of ten days. In that example, the data
obtained from Fig. 4-11 when plottad on Asaoka's
construction (Fig. 4-12) yield a reasonable straight 1line

both visually and from 1linear regression (r=0.9997).
However, when one differentiates three zones on the line of
the settlement points by visual observation of fluctuations,
one finds values of cy which differ by a ratio of up to
three. These differences in the computed value of Sy would
not have appeared so clearly if the time interval had been
larger. This fact 1is shown in Fig. 5-2 which presents
Asaoka's construction for the same data for a time interval
of 30 days; no valid straight line can be reliably obtained

from this graph.

Therefore, Asaoka's recommendation on the choice of the
time interval seems appropriate in the case of consolidation
with drains, i.e. one should use a relatively small time
interval of from one to three weeks in order to properly
define the line of Asaoka's construction. In addition, such
a time interval should allow one to easily meet the
requirement from Eq. 3-8 to correct for vertical drianage

when combined drainage is important.

d) Determination of ¢; and pw.

One should first eliminate visually those points which
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clearly do not 1lie near the straight line of Asaoka's
construction. Next, one should obtain the values of o, and 84
by both visuallly fitting a straight line through the points
and by doing a linear regression oxn the selected points. Both
approaches should yield the same values. However, linear
regression should be more accurate, whereas the visual
approach insures that one does not ©blindly apply the
regression without first seeing fluctuations about the

presumed linear relationship.

e) Back-analysis.

A "back-analysis" can be performed using the values of

Cy, and P, from the previous analysis. The resulting curve of
settlement versus time is reconstructed using Eq. 3-9 as
Jescribed in section 3-3-4. The determination of the

initial settlement the only unknown, should be obtained as
described in section 4-3-c. The time at which this value is
determined should have a degree of consolidation higher than
60% because the accuracy of the .calculation is better wheuwn
the exponential term in the expression of U (see Eq. 2-3)

has a low value.

However, the value of the initial settlement obtained
has a doubtful physical meaning because:

1) This value is dependent on the time origin chosen.

2) The procedure cannot account for changes in the

coefficient of consolidation, and hence yields
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arroneous values of Di if consolidation involves

both recompression and virgin compression.

The curve obtained by the Dback-analysis should match
the original curve in order to declare the analysis valid.
However, during the early stages of the consolidation, if ¢
has been decreasing, the curves will not match and at the
end of the consolidation process, the back-calculated curve
may not match the original curve due to secondary
compression. Nevertheless, the value of total settlemegt at
the end of primary consolidation, should be reasonable if
the analysis is valid. That is, the magnitude of 0, should
be reasonable when compared to the sum of the predicted
values of the initial settlement and the final amount of

primary consolidation settlement, i.e. P; + P

fl Limitations.

First one should note that the value which is actually
determined by this method is not the coefficient of
consolidation, but the ratio ch/(defF(n) for pure radial
dréinage or cv/H; for pure vertical drainage. Therefore,

any inaccuracy in the values of H qaor F(n) will generate

dl

an error in the value of the coefficient of consolidation.
The method of analysis is also only valid for a

homogeneous clay layer. If the layer actually contains

sublayers with different soil parameters or if the deposit

has some intermediate drainage layers, the method is not
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valid. In both of these cas2s, the method would only Dbe

valid if applied to each layer separately.

Furthermore, this method of analysis is only wvalid if
the assumptions of Tarzaghi and of Barron (see section 2-2)
are valid. A "back-analysis" can be useful in checking the

validity of these assumptions.

5-2. ANALYSIS OF EXCESS PORE PRESSURE DATA.

The method as presented in chapter 3 is summarized as

follows:
1. Plot the data in terms of log u versus time.
2. If the resulting plot is visually linear, obtain &,

and @7 by linear regression with the following

relation:

in (u) = OLO- t

%q

where g = [ln (u,/u,)1/(t2 - t1)

3. Calculate:

cy [(def F(n)/8] x o,

or

[4H3/ %) x o, (only if T, > 0.1)
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) Determination of the coefficient of consolidation.

The above method is easy to follow and does not include
anv problems when the ©pvlot of log u versus time forms a
reasonable straight line. It also allows one to obtain
values of ¢, versus time independently of the value of the
location of the tip of the piezometer and of the value of
the initial excess pore pressure. If such is not the case,
one can select only those data which appear to have a linear
ln(u) vs t relationship and/or use the conventional incremental

+ime method described in section 3-2.

For consolidation without drains, one can also use Egs.
C-6 and C-14 as an incremental procedure. A "back-analysis"
can also be performed to check the validity of the
determination of the coefficient of consolilation as
described in section 3-4-b and used in section 4-2-c. The
value used at time t=0 is the tennvaoobtained from Oo.
One cannot back-calculate the value of U, because one does
not know the exact value of the 1location factor.
Furthermore, the value cf vu, is highly dependent on the

time origin.

Pl Limitations of the method.

First the possible deviations from a linear relation
petween the logarithm of the excess pore pressure and time

are considered. This is the case when:
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1. The effect of vertical drainage is
important for cnasolidation with Adrains (see
section 2-4). One should be aware that thin sand

lines may Dbe located within the clay layer,
generating unexpected vertical drainage at certain
locations. For example, Figure 12 of Ladd et al.
(1972) showed very high values of c, From
plezometers that were located near an unexpacted
partial drainage layer located in the middls 0of a
clay deposit.

2. The coefficient of consolidation
decreases during the early stages of the
consolidation process. The points corresponding

to this period will plot above the straight line
because they will correspond to a higher ¢ and
therefore a higher value of O, -

3. The equilibirum of the excess pore
pressure is not reached just after the end of the
Ltoading period.

4. The values of excess pore pressure are
incorrect due to errors in the initial
preconstruction values and/or changes in the final
equilibrium values.

5. The piezometer becomes inoperative.

6. The load is not kept constant.

As noted for settlement data, one should be aware that
+he value which is actually determined by this method is not
the coefficient of consolidation, but the ratio ch/(de)zF(n)
for pure horizontal drainage and cV/H; for pure vertical

drainage.

This method is also only valid for a homogeneous clay
layer, 1i.e. soil parameters constant over depth with no
sand layers within the clay and for clay deposits which meet

the assumptions of Terzaghi and of Barron (see section 2-2).
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5-3. SUMMARY AND CONCLUSIONS

Some recommendations for the use of Asacka's method of
analysis of settlement data are first given. The main ones
are:

* To plot all the settlement data versus time
on a graph and then fit the points with a smooth
curve.

* To define the settlement series from this
curve with a time interval one to three weeks for
consolidation with drains as recommended by
Asaoka. For consolidation without drains, Asaoka
recommends using two to three months.

Limitations of the method are also listed; the main

one is that the assumptions of Terzaghi and of Barron for

consolidation should be valid.

The method of analysis for excess pore pressure data is
then discussed. It is recommended to plot the values of log
4 versus time in order to visually assess the linearity of
the relation. 1If this s the case, one can use the slope of
this line to compute ¢, - If not, one should use the
conventional method or, if the curved trend of the relation
between log u and time is not due to vertical drainage, one
can use the relation between cy and 1ln (u;/u,) presented in
Appendix C, to obtain c¢ with an incremental procedure. The
possible deviations from a linear relation between 1ln u and
time are discussed. Finally, limitations of the method are
stated with the main one still being that the assumptions of

Terzaghi and of Barron should be valid.
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Fig. 5-1: Possible Deviations from Asaoka's Construction.
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Fig. 5-2: Asaoka's Construction for North Sondex Surface
Settlement Data from the Case H;Lstory
on Alidrains with a Time Interval 4t= 30 days.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The objective of this thesis was to present new
techniques to evaluate field performance of vertical drains.
Before dealing with this issue, the theorv of consolidation

with vertical Arains was presented.

a) Reviaw nof tha theorv of consolidation with vertical
Arains.

First the theory for pure radial drainage was briefly
introduced followed by a -detailed study of the combined
drainage condition. The influence of vertical drainage is
found to vary from being insignificant regarding rates of
vore pressure dissipation for piezometers located within the
central portion of thick clay 1layers to having a very
significant effect on rates of surface settlement when the

ratio 'Q,/Th is greater than O.1.

The effect of well rasistance was then discussed. A
naw criteria as to when this effect can be neglected was
nrooosad , namelv that W. should ha lass than O.l. W is

defined as follows:

Wo = 2Tk, £%/qy (Eq. 2-10)
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1)

where Kk, coefficient of horizontal permeapility

for the clay

T2
]

= maximum drainage length of the drain
3, = Aischarge carmacity o€ the drain for

unit Myvdraulic gradient

Good quality wick drains and sand drains were thus shown to
produce no effect of well reisitance on the consolidation

process.

The effect of smear was then evaluated with the
conclusion that it is a very important factor.
Unfortunately it is difficult to include this effect in an
analysis due to the uncertainties in the determination of
the size and permeability of the soil within the remolded

zone which generates this effect.

A brief 4discussion 0% the problem of the time denendent

loading was also included.

b) Techniques to evaluate field performance of vertical
drains.

The conventional methods of analysis ware first
presented. Next, the new methods to analyse settlement and

excess pore pressure data were detailed.

b-1. Analysis of settlement data.

Based on Asaoka's (1978) observational procedure of

settlement data, the analysis of these data for both pure



-123-
radial and vertical drainage is derived from the following

linear relation for a constant coefficient of consolidation:

Pn = OO+ Blpn-l (Eq. 3'1)

wherae: o = s=ttlement at time t, from series
where settlement poi-ts are spaced

at a constant time interval At.

P,-1= settlement at time t, - Ot.
P = 1intercept shown in Fig. 3-2
g, = slope shown in Fig. 3-2

1

This relation is wvalid for pure radial drainage throughout
consolilation but for pure vertical drainage only when the

time factor T, is higher than 0O.1.

The intersection of the straight line on Asacka's
construction (see Fig. 3-2) with the 45&degree line
determines the convergence point of the series,f, , which

represents the total scttlement at the end of primary

consolidation. It also can be computed from the
relationship:
P = Po/ (1-By) (Eq. 3-2)

The coefficients of consolidation are determined using

Egqs. 3-3 and 3-4 for pure radial drainage and pure vertical
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drainage respectively:

cy = -[(a,)F(n)/37 [1n(g)/ 4t) (Eq. 3-3)
c, = -[4H3/ 721 [1n(g)/ 4 t] (Eq. 3-4)
whera Yo = eaquivalent diameter o the Arain
Hy = Arainage height
F(n) = 1n(n)-0.75
n = spacing ratio = d./4,

This last relation is only valid for a time factor T,
higher than 0.1. The main advantage of these two
formulations is that they do not require predictions of the
initial settlement or of the final settlement at the end of

primary consolidation.

Combined drainage for cases with vertical drains 1is
trcated as a Adeviation from the case of pure radial
drainage. A method of correction for the effect of vertical
drainage was presented in order to obtain the actual value
0% the coefficient of consolidation for horizontal drainage.

It requires making an estimate of S, for the soil.

Practical recommendations for the use of the new method
of analysis are given in Chapter 5. The main ones are:
* To plot all the settlement data versus time
on a grarh before fitting these points with a
smooth curve.

* To define the settlement series from this
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curve with a time interval batween one to three

weeks for consolidation with dArains, as
recommended by Asaoka. For consnlidation without
drains. Asaoka recommends using two to  three
months.

b-2. Analysis of excess pore nressure data.

The analysis of these data for both ovpure ralial and
pure vertical Adrainage is derived from the linear relation
expressed in Eg. 3-10, assuming that the coefficient of

consolidation is constant:

In (u) = ¢ -q. t Eq. 3-10)
o 1
The &  term reflects the piezometer location and initial
excess pore pressure and (H-equals the slooe of the change
in ln u with time, i.e. a1= 1n(u;/uy)/ (t,-t; ). Both of
the constants can be obtained hv linear r=gression. but only
after wvisuallv checking that Fig. 3-10 reasonably
represents the field data. The relation is only wvalid for

Tv > 0.1 in the case of pure vertical drainage.

The coefficients of consolidation are obtained from the

constant 0. using the following relations:

1
c, = [(4,)*F(n)/8]a, (Eq. 3-11)
or
c, = |Z4Hd2 /'rrz]al (Eq. 3-14)
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The first advantage of this method is that it does not
requirs a preadiction of the initial excess pore prassure.
The second one 1is that, for pure radial drainage, the
computed coefficient of consolidation should be independent
of the location of the tip o©f the pieszometer Dbetween
vertical drains, and for pure vertical drainage, it is
independent of the depth of the tip of the piezometer (but

again, T, must be greater than 0.1).

As seen in the review of the theory of consolidation
with vertical drains, the combined drainage conditon is
often such that the values of 2axcess pore pressure for
piezometers deep 1in the layer should not be affacted by
vertical drainage. When this is true, the method for pure
radial drainage can be used in order to evaluate the
coefficient of consolidation; otherwise, use of the

conventional method is r=commended.

Other conditions which would produce a curved 1line on
the plot of log u and time are discussed in section 5-2. 1In
these cases, the method of analysis is not wvalid and it is
racommended to use either the conventional incremental time
method or only those portions of the ln u versus time data
which appear to Dbe reasonably linear. This approach can
probably handle changes in ¢y or ¢, with +time, but cannot
resolve problems caused by erroneous values of excess pore
pressure or the presence of undetected intermediate drainage

layers.
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b-3. Back-analysis.

To better evaluate he results of the analysis, a
"back-analysis"” 1is recommended. That is to back-calculate
the original curve of measured values versus time. The
analysis 1is <considered reasonable 1if the back-calculat=d
curve matches the measured one. This technique also helps
to identify cases where the basic assumptions of Terzaghi

(or Barron) are not met in the field.

c¢) The case history involving Alidrains.

These new methods were used in a case history for a
precompression project with Alidrains £for a cement plant
located in Mobile, Alabamia. (See Figs. 4-1 through 4-4 for
location plan, typical cross-section, etc.). This project
had alrezady been studied in a previous thesis (~Noiray, 1982)
thus allowing comparison of the results with those obtainad

using "conventional" methods.

The results from both analyses are summarized in Table
6-1. Both studies are in agreement with the analyses of the
excess pore pressure and settlement data when the analyses
are performed during similar periods of time. Additiornal
settlement data allowed the author to analyse settlement
data for a longer period of time; a lower values of ¢, was
found. Such behavior could be reasonable if the clay 1layer
became Jjust normally consolidated at the beginning of the

period studied since one would expect a higher value of ¢
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during the early portion of virgin compression.

The analysis of surface settlement data £from horizoatal
inclinometers yields a m2an value of ¢, which is 1in
agreement with the results from the analysis of the excess
pore pressure data. Though the amount of data used was
insufficient for two section to be sure of the determination

of ¢ the value of c obtain2d may better reflect the

h' h

actual in situ coefficient of consolidation because, for
this analysis, the predicted values of the total ssttlement
at the end of primary consolidation seem more correct. This

would mean that, for unclear reasons, the Sondex system may

have overpredicted the actual rate of surface settlements.

d) Conclusion.

The new techniques of analysis which have been
presented are certainly interesting from a theoretical
standpoint and should also provide improved techniques for
evaluating field per formance data compared to the
"conventional” methods. However, these technigues have been
established assuming a uniform soil profile and constant
compressibility-consolidation properties during the time
span of interest. One should always be aware of these
limitations which are the same as for Terzaghi's theory for

one-d imensional consolidation.

Finally it would be instructive to further study the
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limitation of these new technigues by applying them to
computer generatad tim=a-settlement pore pressure data using
a soil model with <correcting accounts for variations in
compressiblity, permeablilty and the coefficient of

consolidation with time.
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TABLE 6-1

SUMMARY OF COEFFICIENTS OF CONSOLIDATION DATA
FROM ANALYSIS OF SETTLEMENT AND PIEZOMETER DATA

FOR CASE HISTORY WITH ALIDRAINS

(for Normally Consolidated range)

NUMBER/ TIME® ¢y or ¢,
TYPE OF DATA LOCATION INTERVAL (day) MEAN SD REMARKS
Laboratory 26 at N, ———— 0.019 { 0.31 By Noaray
Consolidation M and S
Tasts
Piezomaetaers 14 at N, 100 ~ 180 0.04 Q.01 8y Noiray
M and S 100 - 180 0.038 | 0.006
+ offsets
(see Table
4-1)
sondex 3 at N, 75 - 170 0.13 0.03 By Noiray
surface M and S 110 - 170 0.119 | 0.014
Settlement 110 - 250 ©.091 | 0.014
Inclinometar N and S 160 - 220 0.041 | 0.007
Sur face M 180 - 340 0.042
Settlement

*+ End of loading at t = 75 days and

t = 370 days.

All values of c, or ¢ are in £Y/day.

load was probably increased after
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APPENDIX A
DERIVATION OF THE RELATION TO ASSESS

THE INFLUENCE OF WELL RESISTANCE

The following is based on a paper by Hansbo (198l) on
"Consolidation of Fine-Grained Soils by Prefabricated
Drains", which presents Kjellman's solution for the ideal
drain and introduces Yoshikuni's (1974) boundary condition
to account for the effect‘of well resistance.

The model wused to represent the process is shown in
Fig. 2-1, that is a circular soil cylinder with impervious

boundaries except for the <central circular drain. The

following assumptions are used:

*

Axial load on the cylinder.

*

Soil is saturated with water.

* No horizontal strains.

#*

Darcy's law is valid: Ve = Kpips
at a distance r, from the centerline,

where: 1. = the hydraulic gradient
k,, = the horizontal coefficient
of permeability
v. = the velocity of the flow in

the radial direction

This equation can be rewritten as:

kh 9du
where: u the excess pore pressure at r

Y the volume weight of water

w

The outflow from the ho'low cylinder of inside radius, r,

and outside radius L, s has to be equal to the change of



-134-

volume of the hollow cylinder, which gives:

= o€
2nrv, = n(rg—rz) Fye (2)
where: %f = the rate of strain in vertical direction.

(1) and (2) give Kjellman's governing equation in the soil:

(o %]
B
b
1

2
>

(3)

dr - 2k r ot

If kw is the vertical coefficient of permeability of the
drain and if one considers a horizontal cross-sectional
slice of dz of the cylindrical drain, the horizontal rate of

inflow of water into the slice is:

_ _ryk du
dQl __¥_u ( 3z )r=rw dz
w

The total change in the rate of flow from the entrance face
to the exit face of the slice is:

_ nrkky ( u

dQQZ Yw §;2)r=r dz

if u is assumed constant in a cross-section of the drain.

It is required to have:

lag)| = laqQ,]

which leads to Yoshikuni's boundary condition at the drain

interface:

2
¢ 28 ¢ T Zw £,y =0 (4)
h
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Hansbo combines (3) and (4) and obtains:

azu = v 2 3_2_ i '
§;2L - . (n?- 1) = (in Hansbo's paper, Eq.ll)

W
Then, Hansbo integrates twice u over depth considering the
rate of strain constant with depth. But if one cannot
neglect well resistance, the rate of strain will vary with
depth. Therefore, the integration is incorrect. In fact,

(3) and (4) represent the governing differential system:

du _ Yy , L& _ 3e
5r - 2k, r) 3¢ (3)
h
du ry ky , 34 _ (4)
or|r + Em k ( 322)r=r =0
w h w

If the parameters are normalized with p= r/rw and Z2 = z/2 ,

the system becomes:

qu _ Yy ,2 (n'_ ;) 3 A-
30 2khrw (3~ °f) 5% (A-1)
(A=2)
A kn & ,%3u _
azqp=1 + 2 | 3 ( rw) dp|p=1 0
where 2 = the "characteristic" length of the drain

equal to either half the length of the

drain for fully penetrating drains and

bottom drainage,or the length of the

drain otherwise.
Equation A-1l is ithe soil governing equation. Equation A-2
is the boundary condition, with the second term of the left

side of the equation representing the effect of well

resistance. Therefore, if WRis defined as:

R T _ o kp &2 (a=-3),
W 2 (=) =8 ( )
ky T k, 4
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the effect of well resistance is said to be negligible as a

first order of approximation if:

W, < 0.1 (A-4)

As the vertical coefficient of permeability in the
drain is related to q, the vertical discharge capacity of
the drain at a hydraulic gradient in the drain i,=1 in the

vertical direction, by the relation:

q=7rr2k,
w wow

W can also be expressed as follows:

Wy = 2Tkpt? (A~5)
dw

Yoshikuni (1974) has the following factor, L, to

represent the effect of well resistance:

= K Hg \"_ 2 Ha -
L-Fz-i-:(dw)—2W(g) (A-6)

4/7% is a constant introduced in the calculation, but should
not be considered as the term corresponding to the effect of
vertical drainage for ¢;,and cpequal.H; and & are equal when
the drains fully penetrate the clay layer.

If W;is only slightly higher than 0.1, the effect of
well resistance is very small and therefore one can exclude
it in the analysis of the drains. If W,is significantly
higher than 0.1, one may want to consider the influence of

well resistance by using Hansbo's solution which, though
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being questionable, will give an approximate representation
of the phenomenon. Following Hansbo's development, the term

F(n) in Eq. 2-2 becomes:

nt

. Q-
pr F(n) + Tz (2%2-2z) kh/qw (A=T)
where: z = depth in the clay layer
One can re-write Eg. A-7 into:
— -
Mo F(n) + 2 (1-2/2)Wy (A-8)

where: 2 = z/%, depth factor relative to the
"characteristric” length of the drain.

It should be noted that Wo is a function of Z because the

discharge capacity is a function of the lateral stress

around the drain at a depth 2.

Note that this termyk,instead of F(n) in the expression
of the degree of consolidation, U, , will no longer be
constant with depth. One should also remember that this
expression was established only for pure radial drainage.
If a better estimate to account for the effect of well
resistance is required, one can develop a numerical solution
with Egs. A-1 and A-2. The boundary condition for Egq. A-2

isys

zZ =0 and z2 =1
uj= 0 %%- =0
p=1 p=1
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APPENDIX B
THEORETICAL CONSIDERATIONS

UPON THE ANALYSIS OF SETTLEMENT DATA

This method 1is based on Asaoka's (1978) approach to
determine the total settlement at the end of primary
conseclidation, and the <coefficient of consolidation. This
method can be used to analyse the performance of the drains
and to predict the time and magnitude of the settlement at
the end of primary during consolidation. The method of
analysis for pure radial drainage will be presented first,
followed by the case for consolidation for vertical drainage

only and finally the case for combined drainage.

B-1l. RADIAL DRAINAGE ONLY

From the time settlement curve, one can select a series
of settlement values [oi,%,...pn re-.] such that oL is the
settlement at time t, , and that (t, ~%_a is constant and
equal to A t, From this series, one then plots the
settlement values Dn_lat time *:.n_1 on the x-axis and the
settlement values P at time t, on the y-axis (see Fig.
3-2). To prove that these points plot on a straight line
and that this line intersects the 45%degree line atp,r the
total settlement at the end of primary consolidation, it is
sufficient to prove that any straight 1line between one of

the points (?’%) and the point ¢ ,0) has the same slope B&;.
-1 © oo
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This means that:

Poo— P
g, = L2==Pfn (Eg. B-1)
l pw-pn_l
or
. = Ocf-(Pn=-04)
or t ocf-(pn-l_oi)
g = L -L(Pg=pji) /0ot ]
1 1 -[(on_l—oi)/ocf]
where: o = initial settlement -

;%£= primary consolidation settlement

Since ﬁnrland ﬁn are the average degrees of consolidation

from settlement at times -, and t_, then:

_ 1-Up (Eq. B=2)
By = 1 4

[ §

n-1
From Barron's (1948) theory for the Equal strain case,

assuming pure radial drainage:

- _8n

1 - U =-=e (dg)*F(n)

Therefore: 8
- —She (¢ -t )
Bl = e %de) F (n) n n-1
or
S - L= —
Qoo @ 2Fm °F
1 €

B is a constant independent of which point (g _yp,) is
1

selected. This proves that all the points (p ,p ) lay on
n-1 n

a straight line of slope B, and that the point ( , ) is on
o o©

this straight line. This last point is also the convergence

point of the series and therefore represents the total

settlement at the end of primary consolidation.
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The wvalue of the coefficient of consolidation can

therefore be computed as follows:

_  _ (a )2F (n) 1nBy _

The following relation also applies:

b= P 8,01 (Eg. B-4)
e

P = T2 (Eq. B-5)
1-8

Equations B-3, B-4 and B-5 are therefore proven to be exact,
following Terzaghi's assumptions relative to one-dimensional
consolidation and assuming pure radial drainage for

consolidation with vertical drains.

B=2. VERTICAL DRAINAGE ONLY

Asaoka (1978) also presented a method for analysis of
settlement data for the consolidation of a clay laver by
vertical drainage. Asaoka used Terzaghi's assumptions and
Mikasa's (1963) equation relative to one-dimensional

consolidation:

9/ 3% = ¢ 8°%c
V Tao2
ot

Asakoa's development yielded an expression for the degree of

consolidation which is:

—-— -6T
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This expression for the degree of consolidation is compared
in Table B-1l to the values found using the exact solution of
Terzaghi (Eg. 2-7) and the approximate solution (Eq.
2-7a). One can see that Asaoka's relation does not agree
with Terzaghi's solution.

Therefore, the writer used the approximate expression
for the degree of consolidation (Eq. 2~7 ) to describe the
consolidation process. This equation, which is valid for a

time factor T, ,higher than 0.1, states:

TT2
U=1-@/%e 47y
With this equation, the same procedure as the one for
consolidation for pure radial drainage can be used and the

expression of the coefficient of consolidation -« S becomes,

as presented by Magnan and Deroy (1980):

cy = =-(4H3/T?) (1ng/at) (Eq. B-6)

This formulation is only valid for T, higher than 0.1 due to
the limitation of (Eq. 2-7 ) which is only an approximation

of the exact solution.

B-3. COMBINED VERTICAL AND RADIAL DRAINAGE

Although a method to analyse the consclidation process
for both types of drainage has been presented, one cannot
combine them to analyse the consolidation process for

combined radial and vertical drainage. The problem lies in
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the fact that the degree of consolidation due to vertical
drainage in most cases involving use of vertical drains will
be small. Hence Tv is 1likely to be less than 0.1 and
therefore Eq. 2-7 becomes invalid. Consequently, as shown
in Fig. 3-4, the method to analyse settlement data for pure
radial drainage is first used to determine a coefficient of
consolidation, Che’ which includes both effects. If one
assumes a coefficient of consolidation for vertical
drainage, C,7 the value of chvis then corrected to obtain
the actual Che

This correction procedure is based on the assumption
that vertical drainage does not affect the value of the
total settlement at the end of primary consolidation,q,
Defining 81 as in section B-1 i.e. the slope of a straight
line between a point (p _,, p, ) and the point (pm,pm ), then
Blhvis the value of B, for the settlement values P,_; and P,
due to combined drainage and 8 is the value of B; which
would correspond to the values of Pno_3 and P, if only pure

radial drainage occurs. From Eq. B-2 one can derive the

following expressions using Eg. 2-8:

By = AT /-0) = 1Ty (=T /11T 3 (T ) )

( 4c 4c ]
g (1 A== e )/(1 - t )8 (Eq. B-7)
Lo L and n Ty n-I | Pl K
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;. _ 4c
Defining a = ﬁ§§ ’
B = (1- o n=1% t)
T T TaSevE, ) slh
or
Ve )%
By = [l-qVtp_71 (L+At/tn_1 8,
hv (1-aVE, _;) h

If At<ct g (i.e. .3 10xBt), (1 + At/tp 3= (1 + At/2t ),

-

a At
Grovens - 2y, 1)

So B = B
’ Lhy (1-ayfe ) In
or
a At 1
B = [1- = C X T )1 B
Ly 2 Ve eE  h
This leads to:
1h lhv
a At 1
where: A =1 - = - (Eq. B-9)
2 VE;-I 1 aVE;_l

These two expressions are valid approximations when the
time interval At is less than (0.1 x ).

Equations B-8 and B-9 can be applied to all the points
which are used to dJefine the straight line in order to
obtain the value of chhé To correct for the effect of

vertical drainage, one can use the following relations
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derived from Egs. B-8 and B-9:

ten = Cc, = C
}%v hh

Acy, = [(d%)F(n)/8 x1n(A) /L t] (Eg. B-10)
where: A =1 - &« At 1 (Eg. B-11)
2 Ve, (1-ayEy) 4
tm = mean time t,_;0f the points used

to define the straight line

t, > 10 x 2t

Using the mean time t is less restrictive than a criteria
bases on values of t__; at early times. Moreover, as
illustrated in Table 3-1, the proposed correction appears to
work reasonably well even when t is less than 10 times At.

This point will be further discussed in Chapter 5.
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TABLE B-1

COMPARISON BETWEEN ASAQKA'S AND TERZAGHI'S DEGREE OF

CONSOLIDATION FOR CONSOLIDATION WITH RPURE VERTICAL DRAINAGE
2

- i
Terzaghi (approximate formula): Uy =1 - (8/ e 171 Ty
(for T > 0.1
v
Asaoka: GA =1 - e 0Tv
T, 0.0 0.05 0.1 0.2 0.3 0.4 0.5
] 0.189 | 0.284 | 0.367 | 0O.505| 0.613 | 0.698| 0.764

EA 0.000| 0.259 | 0.451 | 0.699. | 0.835| 0.909| 0.950

Actual 0.00 0.25 0.356 | 0.504 | 0.613 | 0.697 | 0.764
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APPENDIX C
THEORETICAL CONSIDERATIONS

UPON THE ANALYSIS OF PORE PRESSURE DATA

C=l. RADIAL DRAINAGE ONLY

a) DRetermination of ¢y.

From Barron's (1948) Equal Strain condition theory for
pure radial drainage, the excess pore pressure distribution
around the drain is expressed by the following relationship:

2.2 8c
1 2 r ¥2r2 - —bh - ¢ _
=?F(n) [reln( z ) - _5‘12 le (de) F (n) (Eg. C-1)

o e

elle

One can define the term in front of the exponential as the
location factor, v. This term is independent of time and
only depenps on the location of the tip of the piezometer

and the spacing ratio. Therefore, Eg. C-l1 becomes:

8c
- - —h—
u = uve @)FM (Eq. C=2)
or
_ - _ 8c -

This shows that there is a linear relation between 1ln(u) and

time. Eg. C-3 can be re-written as:

In {u) =a_-o t (Eg. C-4)

where qyand q are two constants which can be determined by

linear regression between 1ln(u) and t.
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The coefficient of consolidation, ch, can be determined as

follows:

C
h

where a3

[(de)2 xF(n)/8] x a, (Egq. C-5)

[ln(ul/uz)/(tz -tl)]

This evaluation of the coefficient of consolidation, C, v is
independent of the initial excess pore pressure and also of

the location of the tip of the piezometer.

b) Other determination of ¢ .

If, as for settlement data, an excess pore pressure
series [u;, u, , ...un....] is defiped, with the values of
excess pore pressure taken at a constant time interval At,

one c:¢ . derive the followiny relation valid for any n:

u =B u_, (Eg. C-6)

where: B = constant

Egs. C-6 shows that if one plots the points (un_l,un) as is
done for settlement data in Asaoka's construction, one will
generate a straight line which has a slope,B , and which
intersects the origin of the axis. This last point is the
convergence point of the series defined above because the
excess pore pressure 1is zero at the end of primary

consolidation. The slope of this line is related to the
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coefficient of consolidation by the relation:

c, = [(d) xF(n)/81x [1n(8)/ 4 tl (Eq. C-7)

c)lalmgi:hgmmvc‘ummgﬁ the
drain pattern.

If the tip of the piezometer is located at the center
of the drain pattern, the pore pressure is measured at the
radius r, of the «centerline of the drain. Therefore, the

location factor becomes:

Vo = V = [1ln(n) + 1/(2mM - 1/21 /F(n)

Since F(n) can be approximated by the following relation:

F(n) = 1n (n) - 3/4,

an approximate value of the 1location factor.vC » can be

found using the following relation:

M. = [1ln(n) - 1/21/01n(n) - 3/4] (Eq. C-8)

The following relation also applies for the centerline _pore

pressure:

ult) /@ =v (1 - G, (£)] (Eg. C-9)
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d)Value of the initial excess pore pressure.
From Egs. C-3 and C-4, one has the following relation:

Qo

Vo =e (Eg. C-10)

One can theoretically calculate the average initial excess
pore pressure at any depth using the above relation, but,
unfortunately, in practice, the value obtained is
questionable because it is dependent on the determination of
the origin of time and on the true 1location of the tip of

the piezometer.

C=-2. VERTICAL DRAINAGE ONLY
The expression for the excess pore pressure for
consolidation for vertical drainage only is, for T, higher

that O.1l:

bra
oS
o

u/4d,.= (4/7) sin (T7z/2) e

0 (Eg. 2-6a)

As in the case of pure radial drainage, one can get the

following relation:

in(u) = 1nl(4/7) sin (T2/2) Tyl -(T%/4) cvt/ng (Eg. C=11)

Eq. C-12 can also be expressed in the same form as Eq.

C-4:

ln u = a,-a, t
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The coefficients @o¢ and @3 can be obtained by a linear
regression between 1ln(u) and t. Therefore, the coefficient

of consolidation, ¢ can be obtained from the following

V'

relation:

cy = (4 HY /7% x oy (Eq. C-12)

where Q1 [ln(ui/uz)/(tz-tl)]

This relation is independent of the depth of the piezometer
but is only valid for T, higher that 0.l. The

determination of o also gives the following relation:

o

U sin (T2/2) =(T/4) e (Eq. C-13)

As in the case of pure radial drainage, knowing the depth
factor Z, one could then calculate the initial excess pore
pressure. However, in practice this value depends on the
accuracy of the origin of time.

The second method of determination of S for pure
radial drainage is also valid for the determin;tion of ¢

v

for vertical drainage only. Eg. C-7 becomes:

cy = [4 H5/™ x [1n(B8)1/A¢t] (Eq. C-14)



-151-

APPENDIX D

DATA FOR THE CASE HISTORY ON ALIDRAINS

Tables D-1 through D-5 present data relative tc excess
pore pressures. The values shown are the values of the
piezometric water elevation at time t minus the initial
piezometric elevation selected by Professor Ladd (see
Noiray, p.133). The coefficient of consolidation c, and the
product vi,, equal to the location factor times the initial
excess .pore pressure, are calculated for each piezometer.

Table D-6 contains the values of the Sondex surface
settlement obtained from the curves fitted through the

measured data plotted in Figs. 4-11, 4-13 and 4-15.
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TABLE D-1

EXCESS PORE PRESSURE DATA AND c. VALUES (North-Centerline)

h
Sp-2 SP-3 SP-5 SP-6
(EL:-9.0ft) (EL:-9.9ft) (EL:=31.6ft) (EL:-30.7ft)
t u t u t a t u
(ft. of (ft. of (ft. of (£t. of

(days) water) (days) water) (days) water) (days) water)

100 27.5 100 25.5 100 14.3 100 19.7
110 26.26 110 24.89 110 13.46 110 16.27
120 24.9 120 23.0 120 12.8 120 17.7
140 22.8 140 21.1 140 11.8 140 15.6
152 21.95 152 20.4 152 11.41 152 15.02
160 21.1 160 19.3 160 11.0 160 14.4
180 18.8 180 17.8 180 10.4 180 12.6
191 18.25 191 16.89 191 9.71 191 12.26
Ch = 0.038 Ch = 0.038 Chp = 0.034 Ch < 0.043
VG =43.35 v, =40.52 va =21.04 va =31.85
r = 0.9982 r = 0.9973 r = 0.9953 r = 0.9602
Notes: t since 7/29/81
r = coefficient of linear regression.
c, values in ft7day.
Y

E; in ft of water.
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TABLE D-2

EXCESS PORE PRESSURE DATA AND c¢p VALUES (Midale-Centerline)

SP-10 SpP-12 SP-14
(EL:~-11.4ft) (EL:-23.3ft) (EL:-30.6ft)
t u t u t u
(ft. of (ft. of (ft. of

(days) water) (days) water) (days) water)

100 32.3 90 19.36 100 24.07
110 31.14 110 17.46 110 23.67
120 30.3 130 15.6 120 22.5
140 28.2 152 14.69 140 20.8
152 27.42 170 13.6 152 19.94
160 26.3 191 12.96 160 19.2
180 24.8 180 17.8
191 23.72 191 17.17
ch = 0.028 cp = 0.034 ¢y, = 0.032

VT =45.22 VT, =27.37 v, =35.77

r = 0.9989 r = 0.9896 r = 0.9987

Notes: t since 7/29/81
r = coefficient Pf linear regression.
cn values in ft/day.
vﬁo values in ft of water.
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TABLE D-3

EXCESS PORE PRESSURE DATA AND <y VALUES (South-Centerline)

SP-18 SP-20%* Sp-22 Sp-23 _
(EL:-9.1ft) (EL:-23.4ft) (EL:-31.1ft) (EL:-45.0ft)
t u t u t u t u
(ft. of (ft. of (ft. of (ft. of

(days) water) (days) water) (days) water) (days) water)

100 17.3 100 15.1 100 16.7 100 19.3
110 16.5 110 13.5 110 15.91 110 18.31
120 15.9 120 12.8 120 15.0 120 17.3
140 14.6 140 11.3 140 13.5 140 15.5
152 14.32 152 10.44 152 12.99 152 14.4
160 13.7 160 10.1 160 12.1 160 13.8
180 12.8 180 9.1 180 10.9 180 12.8
191 12.61 191 8.165 191 10.04

chn = 0.030 ¢ch = 0.053 ch = 0.046 ch = 0.045

v =24.43 \’uo =27.65 Vg, =29.20 vy =32.80

r = 0.9953 = 0.9960 r = 0.9976 r = 0.9975

Notes: t since 7/29/81
r = coefficient of linear regression.
* SP-20 is not used in the analysis (see section 4-2-a)
Ch values in ft/day.
V@, values in £t of water.
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TABLE D-4

EXCESS PORE PRESSURE DATA AND ¢y VALUE

(Centerline, Middlepoint between Middle and South Section)

P-20 P-23
(EL:-23.3ft) (EL:~45.4f¢t)
t u t u
(ft. of (ft. of

(days) water) (days) water)

100  16.0 89 21.17
110  14.84 96 20.02
120 14.1 103 19.56
140 12.9 110  18.17
152 13.0 117 18.63
160  12.0 124  17.25
180  11.3 131 17.25
191 10.24 140  16.56
Ch = 0.038 cy, = 0.043
v =24.85 v =32.96

r = 0.9859 r = 0.9681

Notes: t since 7/29/81
r = coefficient pf linear regression.
Chn values in ft7day.
V4, values in ft of water.
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TABLE D-5

EXCESS PORE PRESSURE DATA AND Cy VALUE

(65 ft. East Centerline for the North, Middle and South Sections)

P-2 P-16 P-28%
(EL:-9.9£ft) (EL:-30.9ft) (EL:=-32.1ft)
t u ' t u t u

(f-. of (ft. of (ft. of

(days) water) (days) water) (days) water)

82 20.81 82 14.76 82 12.36

89 21.27 89 12.68 89 12.13
110 18.04 11C 10.83 110 10.51
117 16 .66 117 11.07 131 8.9
124 15.74 124 10.14 140 8.21
131 15.74 131 10.14 145 8.21
140 15.04 140 9.68 152 8.21
145 14.35 145 8.99 159 7.98
159 13.89 152 9.22 163 7.19
163 12.83 159 8.99 170 7.65
170 12.60 163 7.95 177 7.65
177 12.14 170 8.41 184 7.41
184 11.67 177 7.95 191 6.95
191 10.98 184 8.18

191 7.72

¢ch = 0.051 Chp = 0.042 ch = 0.047
\)Eo =35.20 vu, =19.50 v =19.31
r = 0.9908 r = 0.9710 r = 0.9545

Notes: t since 7/29/81
r = coefficient of linear regression.
* P-28 is not used in the analysis (see
section 4-2-a)
cn values in ft¥/day.
Vv, values in ft of water.
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TABLE D-6

VALUES OF SONDEX SURFACE SETTLEMENT
FROM FITTED CURVES

t NORTH MIDDLE SOUTH

(days)
P (£t) P (ft) p {ft)

110 3.133 - 2.111 1.589
120 3.241 2.225 1.669
130 3.331 2.321 1.738
140 3.414 2.402 1.80
150 3.476 2.478 1.85
160 3.532 2.548 1.894
170 3.582 ' 2.612 1.934
180 3.629 2.686 1.972
190 3.672 2.75 2.01
200 3.718 2.807 2.043
210 3.752 2.857 2.072
220 3.787 2.896 2.10
230 3.811 2.929 2.128
240 3.832 2.96 2.15
250 3.849 2.988 2.17

NOTE: +t since 7/29/81



APPENDIX E

COMPARISON OF THE -DETERMINATION OF cy
FOR A CONSOLIDATION TEST USING THE METHODS OF

TAYLOR, CASAGRANDE AND ASAOKA

The comparison between the different methods of
determination of ¢y uses the data from MIT Oedometer test
No-1 from the case history on Alidrains presented in Chapter
4. The sample comes from the South section at El. =3 ft.
The maximum past pressure is 3.7 KSF. The soil is a Medium

Soft, CL-CH CLAY.

The data are presented in Table E-l. Taylor's method
is the‘J:'method. Casagrande's method is the log t method.
Asacka's construction is also used to obtain the value of
Cy- The results of the first two methods can be found in

Noiray's thesis (page 200).
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TABLE E-1

COMPARISON OF THE DETERMINATION OF c,

BY THE METHODS OF

TAYLOR, CASAGRANDE AND ASAOKA

Stress e, (ftZ/day)
(KSP) vt log ¢t Asacka
0.28 ——— | eeee- 0.329
0.77 0.429 0.224 0.239
1.54 0.369 0.147 0.061
3.08 0.062 0.028 0.016
6.15 0.018 0.013 0.011
5.12* 0.025 Q.026 0.022
1.28* 0.0097 0.0065 0.0097
1.28 0.035 0.027 0.019
5.12 0.031 Q.028 0.023
12.3 0.012 0.0091 0.0071

* Unload Increments.
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