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Module No. # 04

Lecture No. # 11
Prefabricated drains (PVD s) - 11

Today we will have views first of all, in the beginning itself on the use of prefabricated

vertical drains and we will take up some example also.

(Refer Slide Time: 00:29)

I will just show you this particular video in which you can see that this is actually
prefabricated vertical drain. | was just mentioning in the last class, we have a sand drain
in the olden days and we have now a PVD. Actually, the design is not very different, but
the rate of construction of this is very fast like you know 10 meters it can go in a few

minutes time.

You can see here that it is actually a real time operation; we can see that it is going very
fast then it has reached the required depth of installations say may be 10 meters or
something then it will be cut that is it. You can see lot of other drains here along this line

say for example, this is an installation of drains line along which it is a yeah now its cut.
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This is another one which will give some idea like.

(Refer Slide time: 02:02)
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You have an embankment here, you can see that they are very close. Like you know
these are all say for example, this could be the heavy embankment of 5 to 10 meters and
not about 5 meters you can say that and you can see it once again like a series of
prefabricated vertical drains, installed actually in the field. This is that once it is done
you have actually you can see a drainage layer; also here, then you have this

embankment may be about 4 to 5 meters.
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In lecture 10, we studied the preliminaries of
pre-compression. This approach has resulted in
a number of techniques involving for accelerated
consolidation of soils.

«Sand drains

*Pre-fabricated Vertical Drains

“Vacuum consolidation
*High Vacuum Densification Method (HVDM)

So, in the last lecture that was the lecture 10, we studied the preliminaries of pre-
compression. This approach has resulted in a number of techniques involving accelerated
consolidation of soils. People started with sand drains and actually the vertical
consolidation as well as radial consolidation was taken advantage of. And subsequently,
they went to prefabricated vertical drains because, as | just mentioned in the last class
there are some problems associated with the installation of sand drains; number one the

availability of material itself like sand.

The second thing is that, the way which can be done or the speed of construction could
be much higher if you see the prefabricated have the prefabricated vertical drains. You
saw it in the video that it can be very good and in many places wherever soft soils exists,
we have this prefabricated vertical drains installed all over the places to take care of the
loads that are imposed. Then, we will also see vacuum consolidation which is something
again like you know we are suppose to construct 4 to 5 meters of embankment. But there
is a possibility that if you need to construct that much of height it is, but the somewhat a
preload can be reduced even using vacuum you will see its advantages of vacuum

consolidation also.

There is another method which is called vacuum high vacuum densification method
which has come just about for the past 2 years. Chinese have discovered that and then
they find it its very effective compare to many of the other methods also.
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Final™ settlenent for design load =

So, as | just mentioned the advantage of the preloading is that or preloading or any of
this techniques is that we try to accelerate the process of consolidation into a very short
times; say may be less than a year to see that the subsequent settlements are going to be

minimal like this is the final settlement for the design load.

You see that to say to take to reach that settlement level this consolidation a regular
manner takes very long time. May be, the time could be about years may be 4-5 years,
but with this you are able to preamp the whole consolidation and then see that even if
there is a release also it is alright. The settlement is less than | mean you are able to

achieve that settlement in a shorter time that is an example what we want.
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Example:

During construction of a highway bridge, the average
permanent load on the clay layer is expected to
increase by about 115 kN/m*. The average effective
overburden pressure at the middle of the clay layer is
210 kN/m*. Here, H. = 10m.C. = 0.81, e, = 2.7 and
C, = 1.08m3/month. The clay iftnormally consolidated.

Determine

a.The total primary consolidation settlement of the
bridge without precompression.

b.The surcharge, \a';, needed to eliminate t ire
primary consolidation settlement in nine mo hy

(“_'jeccmpresaion.
LR

So, as | just mentioned | gave an example last week, last class where you had some sort
of surcharge which is because of the pre load; in fact, this 115 no. You assume that there
is a permanent load that can come because of the extra load that 115 kilo newton per
meter cube. These numbers can be calculated using, you have numbers of theories or
elastic solutions where you know the load of load whether it is a uniformly distributed

load or point load or even a triangular load.

Triangular load represents the loading because of the embankment. The loads are there
and one can calculate what is the extra stress that you get from the particular loading. So,
at the some point say for example, you have 10 point 10 meters of the embankment you
will be able to calculate stresses at every 1 meter level. What is the extra stress? Because
of the embankment in construction of 5 meters it could be very high. But as you just go
down, the additional stress that you can expect from the less or it could like that is what
we say sometimes twice the breadth like you know, pressure bulb; all those concepts we
know. And what we say is that essentially, we would like to see that this loading is taken
care and then for in this case the depth. This is a simple illustrative example one should

do very systematically and there are some programs available and all that.

So, the average effective overburden pressure the middle of the clay layer is 210 kilo
newton per meters cube and then the thickness of the clay layer is 10 meters and the



compression index is 0.81 initial void ratio is 2.7; and C v consolidation coefficient of

vertical consolidation is 1.08 meter square per month.

We are trying to discuss in terms of months because you have to just convert what you
get in laboratory. Value you get normally in seconds you make it to months because we
are more comfortable with construction times. So, we will try to calculate what is the
total primary consolidation settlement without pre-compression and how much is the

surcharge you need to apply.

(Refer Slide Time: 07:24)

Solution

Part a
The total primary consolidation settlement may be
calculated from Eq(1):

C.H o'y + 480,
el = < log ——unt
I + t\n a [+]

(0.B1)(10) 210+ 115
1 %27 8| 115

0.4152m = 41 5.2n"ttm

We have seen this in the last class and it is about 415 mm, is a consolidation settlement
that you can expect and that with figures like this with the principle that we have studied
last class. We can calculate that knowing the degree of consolidation at midplane

potential and time factor and all that.
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Part b
We have,

1 EIS mé/month.
&m (two way drainage)
9 months,

Ty

2y

H
t;

_(1.08)(9)
y B ﬁ‘.

According to Figure 3, for T, = 0.27, H\'B value
is 40%.

= 0,27

(Refer Slide Time: 07:46)

we have,
\G’ = 115 kN/im?
and MG, =210kN/m?

“" Ad'ip 15

T, 21

According to Figure 2, for U=40% and Ao, /o, = 0.548,
\Oip/0;,y =2.5; gy = (2.5)(115) =28? SkN/m2

Assuming a bulk density of 20 kN/m? for fill mat
height of 5m gives a pre-load of 100 kN/m?® Th
surcharge is higher than pre-load and herte co-
{bﬂand drains/PVDs is required.

You can just calculate that the degree of consolidation is, you can get and say for
example, the preload that you have to apply you know. In fact, we assume some level of
6 months or 9 months time; like as | just demonstrated last class, that within 9 months
you must be able to complete this consolidation. So, how do you,... how much of load |
have to apply, that one can calculate and this is you can see in this example that is a 287

kilo newton per meter square which is a big number.



And how do you do that? As I just showed you couple of slides last time where you can
put sand bags or any of the material and you can this say for example, you assume a bulk
density of 20 kilo newton per meter cube and 5 meter high. If you just tag everything it
gives a preload of about 100 kilo newton per meter cube and the required surcharge is
very high.

So, what we do is that you better try to reduce this required number and you may have
only this. Sometimes, may be 10 to 20 meters it is very difficult. So, your objective is to
reduce this preload and that is best achieved by using the sand drains or PVD s we will

See.

(Refer Slide Time: 08:54)

Example 2

Redo Example 1, with the addition of some
sand drains. Assume thatr, = 0.1 m, d, = 3
m, C, = C,, and the surcharge is applied
instantaneously. Also, assume that this is a
no-smear case.

Solution

The total primary consolidation settlement will
be 415.2mm, from example 1.

Say for example, I assume | try to deduce the example with sand drains assume that the
radius of the sand drain is about 0.1 meters or 10 centimeters diameter; radius or 20
centimeters diameter. And the effective diameter as | just mentioned last time that there
is some area of influence around which it acts as a drainage layer. So, you have a sand
drain and there is some area around which it can be very effectively considered as a
drainage layer.

Now, instead of, like you know early it was essentially a clay, but because of this it tries
to draw all the water particles towards a drain and then there is a lot of pore pressure

both at the top and bottom if it is a drainage or double drainage conditions and there is a



dissipation of pore pressure. So, this d is about 3 meters is an example we assume that
vertical consolidation is equal to radial consolidation also this is another assumption we
are making and as | just mentioned it could be actually horizontal permeability could be
much higher than the vertical permeability because of the layering and all that.

So, and then we | also mentioned that the because of the use of the sand drains or
whatever there is a zone next to the sand and the clay where the permeability is low and
the layer is not very effective that problem is there is a...So, that we say that it is a smear
zone and in this case for this illustration we assume that there is no smear. In fact, the

PVD s have the advantage that there is a very less smear compared to sand drains

(Refer Slide Time: 10:41)

Layout of sand drain patterns

So, we saw that the same example the settlement is about 415 mm and this is a typical

patterns that we have seen in the video also it could be triangular it could be square.
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Vertical Drain Spacing

«Vertical drains are generally installed
in either triangular or square patterns.

sThe consolidation problem s
simplified to an axisymmetric one in
most wvertical drain consoclidation
theories, in which a drain well is
enclosed by a cylinder of soil,

sAn equivalent radius of the sail
cylinder based on the same total area
for different installation patterns is used
fip.the analysis.

LR
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As | just mentioned, there is some radius over which it can be very effective as a drain.

And we call it is an axisymmetric problem.

(Refer Slide Time: 11:01)

from Example 1, T, = 0.27. Using the following
Eq (which is valid from O to 60% consolidation)

U )
‘0% T[ 100 ]

[aT, .. [(4)(0.27) _
|m— X1 = |=—X100 = 58.63%
m m

N A

d. 3
n=s—=— =15
2w

®

We have this for the same calculation will just see that you know you have this
expression from the basic consolidation theory, right. So, like we are trying to calculate
U v the point this T v is already obtained earlier and what you are trying do is that, we
are trying to calculate the number of sand drains here ok. So, d e | assumed as 3 meters

and then the radius of the sand drain is about 0.1 and it you will get a number 15 ok. So,



once you get this 15 and this is at actually vertical consolidation number by knowing its

time period.

(Refer Slide Time: 11:45)

Sand drains enhance radial consolidation. The relevant
equations which relate the degree of consolidation to
spacing of drains for no smear case (for ramp loading)
are as follows. Plots or tables can be prepared using
the equations (Das, 2003)

n? 3nt -1

1—) nln) = —s-—
n? -

1 4nt

So, there is some as | just mentioned, sand drains enhance radial consolidation. So, we
have some equations .As | just mentioned and the relevant equations which relate the
degree of consolidation to spacing up drains for no smear case are as follows. Actually,
there are 2 types of loading: one is called ramp loading the other one is instantaneous
loading in the sense loading can be applied suddenly and then, but ramp loading like you
know you sequential slowly construct one by one you know just its like a ramp like may
bel0OKpal0tol5Kpa20Kpad0Kpa50Kpa60K pa. So, that is a load that we

can have.

So, one can really that is a case and you have some lot of people have worked on this
particular problem in on consolidation theory. In fact, in 1930s 1940s there is all these
equations have been derived long back were derived and they are quite useful. And they
have an expression called m and m is actually it gives the spacing of its related to the
spacing of sand drains and even it can be even sand (( )) also like you know PVD s ok.

So, this is a radial consolidation; you know that degree of radial consolidation. You can
see that this particular thing involves 2 terms A the term A which is nothing, but its

related to m. m again is related to n and then you have T r which is nothing, but the time



period you know time factor for radial consolidation. So, you have again the time factor
for radial consolidation. So, you have this numbers t ¢ is the construction time and d is

effective diameter this is simple example here.

(Refer Slide Time: 13:35)
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From table for n= 15 and T, = 0.27, then value
of U, is about 67%, Hence,

U,,=1-(1-U,)(1-U,)=1-(1-0.58)(1-0.67)
= 0.861=86.1%

Now, from Figure 2, for Ao /o, =0.548 and U, ,
= 86.1%, the value of \oy/ ‘o, = 0.22. Hence,

\Gjy = (0.22)(115) = 25.3kN/m?
®

So, the T r is nothing, but C v r t 2 by d square and as | just mentioned we would like to
see the consolidation within 9 months time, right? 9 months time that is, what the
objective is and d e is d is 3 meter square radial right, its radial; so, 0.27. Actually, one
can develop tables or equations. So, people have a tendency; in the olden days what
people were trying to,... you have say you may have simple software then you can feed
in all the numbers and you will get actually the objective is you get this ah degree of
consolidation because of vertical consolidation as well as radial consolidation this is

actually objective ok.

So, when this is objective, one can use now readymade software, but in the olden days
people had tables like if I n equal to 10, 15, 20, 30. What should be the values of T r?
You know they were if you just go back to the previous slide, we have a this U r and all
that. So, essentially from this sort of expressions one can get the U r and once you get the

U r and also the U v which we already got.

So, for example, this is 67 percent and 58 percent is what we already achieved. So,

essentially 86 percent. Now, what is a preload that you have to get for this? Again, now



we have to go to that figures that we considered earlier and for this effective stress

increase and also the degree of consolidation you will get a factor 0.22.

Actually, in the previous case it was much higher; it is only the preload. Now, you can
see that actually 115 is a load that the additional stress. So, you will get about 25 K p a; it
is much less. You know, you got about 287 K p a roughly; if, remember 287 is a number
required, but because of this, you know because the sand drains of this particular size and
diameter it got reduced to 25.3 kilo newton per meter square which is a big difference
like you know you do not need to go for higher preload. You may just have some sort of
say for example, this could be you know, if bulk density has 20 right. So, it could be
hardly you know may be 1 and half meters or something; 1 meter or something like that

you know, is it not?

So, what | meant was that this is something that one can take advantage of it and the
concepts are you know. One more, another important time,g another important point that
we have to calculate here is that you should be able to calculate degrees of consolidation

at different times after installation.

(Refer Slide Time: 16:17)

Example 3

Calculate degree of consolidation at different times
after the installation.

Clay: H. = 10m {h&c way drainage)
c.=081

e, =27

Effective overburden pressure at the middle of the clay
layer = 210kN/m?

C, = 0.036 m¥/day

Because we are claiming that or we are, we know that this consolidation you know like it
can be very low and then we would like to increase the consolidation using the sand

drains or prefabricated vertical drains.
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Sand drain: r, = 0.1m
d, = 1.8m
C,=C,

k

Ramp load of 96 kN/m? is applied over a period of 60 days.

de 1.8
= — =

N, T Xo1

For the same example | will just say little not... the same, but similar typical example |
will just give you that the radius is about 0.1 d e is effective diameter is 1.8. You can see
that its little different and I i take C v equal to C v r and a ramp load of 96 kilo newton
per meter square is applied over a period of 60 days like you know | slowly apply the
load. So, that you know actually what happens you know you in a soft soil area you
should not allow the things to happen collapse should not occur. Like you know if you if
you suddenly apply the load the there is a sheer failure and then you cannot use the area

it is something very bad like totally collapses.

So, it will not take any load. So, that is not a requirement here that is a dangerous
situation. In fact, So, what we do is that we apply a ramp load slowly we call it ramp
load and then we apply a ramp load of 96 kilo newton meter square per over a period of
60 days. So, in this case we go through the same examples | will show you n equal to d e

by r w.
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Solution

Cute  (0.036)(60) 1
From Eq T, = = = ———— = 0.086

H: 1042
(=

for one
month

Citz  (0.036)(30)
T, = H_ i ooy

= (0.043

]

(Z)

L3
Using figure given below, for T. = 0.086 and T,
= 0.043, we have U, ~ 6.

So, this is again number is 9 and see actually there is we calculate here what is the time
factor for you know 60 days we have applied and then you know the double drainage and
these all coefficients T c is 0.086. You know this factor which is corresponding to full
load which is ramp load is you know at the top of the ramp load like you know once you
complete that loading it is about 60 as I just mentioned. So, for one see the thing is it is

for 60 days its fine, but you must to be able to calculate every month.

Our objective is what is the degree of consolidation? 1 month, 2 months, 3 months, 6
months, like that. So, T v equal to C v two t 2 by H square like C v this is 30 days - 30
we will keep it here and so, you get some factor here .So, for T ¢ is known and also T v

is known.
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So, and then like I will show you this figure. This is what | was just mentioning that the
ramp loading actually like excess pressure that we have applied on the soil ok. So, now
this is called the degree of consolidation and then this is the time factor. So, the numbers
in the circles are the construction time factors like as | just mentioned we have time

construction like in the previous example previous slide; these are the two factors.

Then we are looking at what is the degree of consolidation. It is about 6; it is about
somewhere here like you know if you look at those numbers it is quite low. It will be
somewhere here because 1 month only you are looking at only 1 month not long time.

So, one can really calculate based on you know different time intervals.
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(0.036)(60)

=T = 0,666

Corts  (0.036)(30)

he AN " = (1,333
d; (1.8)¢

Again from Eq,

J Ty —%ll - gxp(—AT,)]
T

Once you know that I will show you some more information and from again this is
another expression that we have for 60 days one can get and again from this degree of

one can use the equation as well.

(Refer Slide Time: 19:44)

Also, for the no-smear case,

4 ( n? )! ) nd =1
m= = g nin .

g2 3(9)* =1

= | —— D)) e c———
g2 = 1) 'rm: 9) 'I'U“"

= 1.478

o |

= 1.353

-
1.478

= 737 [1 = exp(=1.353X0.333)]

0,666

So, you will get all this terms and then for no smear case you will again I have this lot of

expressions area is given and for next day it will be 9 9.7 percent of 6 percent ok.
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From Eq,

U,= 1- (1- U)(1-U,)=1-(1-0.06)(1-

.097)=0.151=15.1%

The total primary settlement is thus

C.H. | (u‘,. + .-.‘.:r',,,,ﬂ'.'.n‘,)
o'y

_ (0.81)(10) (21[]+‘.lﬁ

R ERT 2 210

S

“elp) T L +€u

] =0.36m

The settlement after 30 days is
Se(p)Uv,r = (0.36)(0.151)(1000) =
e VTR
®

Like that it could be like you know one can increase and then one can again use this
equation. And then finally, it becomes 15.1 and the settlement that you have after this
you know this time is about say for example, in this same you can use the same
expression and then you will get about 0. You know 54 mm. So, like that you know one
can calculate some of these numbers in a comfortable manner every month and then you

know just see that.

(Refer Slide Time: 20:24)

Prefabricated Vertical Drains

Filer Jackt




So, this is how like this is what we want to have with time versus settlement is what we

would like to have with the PVVD now.

(Refer Slide Time: 20:34)

Prefabricated Vertical Drains

sThe prefabricated band drains are used fpr accelerating
the consolidation of marine deposits or soft soils.

= In general, prefabricated band drains consist of a central
core, whose function is primarily to act as a free drainage
channel, and a non-woven filter jacket, which prevents the
soil surrounding the drain from entering the central core
but allows water to flow in.

sBand drain is commonly used because of its easy
prefabrication, easy quality control, economy and small
disturbance to the surrounding soil during installation.

And as | just mentioned, PVD s are much more comfortable to use because of ease of
fabrication quality control economy and sample disturbance to soil is very less during

installation.
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Equivalent Drain Radius of Band-
shaped Vertical Drain

sThe radius of sand drains, or their derivatives such as
sand wicks or plastic tube drains, can easily be determined
from the size of the mandrel, which is usually circular in
cross section.

sFor prefabricated drains, however, the situation different.

sThe band shape of prefabricated drains, the flow pattern
around the drain is considerably altered from the gindrical
case, Therefore, %N equivalent drain radius to be
calculated.

®

P




This another important point that one should realize and like the difference is that we had
an equivalent diameter there and now since the shape of the sand drain is something you
know more of a rectangle the flow pattern around the drain is considerably altered from
the cylindrical case.

(Refer Slide Time: 21:08)

Typical dimensions of strip drain

Kjellmann Paper Paper 100*3
PV PWE PV 100" 2
Geodraln PE Cellulose 95%2

Colbond Polyester polypropyle 100*6
ne

2(B+1t)
Equivalent diameter = - = ——

{Where B= width of the strip, t = th’ =%
" tHfe last product, equivalent dia is 67. | .

So, you have to calculate the equivalent radius. So, as | just mentioned these are some
examples of the PVD s. So, you can calculate the effective diameter like you know like
with the 2 into this sort of expression and also then once you know this d e you can also
calculate the effective drain you know influence area there is another expression

depending on the pattern ok.
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Trial Embankments

These are useful to determine the feasibility of preloading
and vertical drains in the field and avoids
uncertainties in sampling, field properties and
installations.

It needs to reproduce stress and field conditions that are
representation of actual structure.

It should be part of final structure.

It needs to be instrumented using piezometers,
settlement gauges, levelling points etc.

So, once you have those patterns you can go ahead with the design and then complete the
process the design is similar, but the advantage is that they are much more scientific. So,
the trail embankments are something that are quite useful as | just mentioned and they
are quite there are some of the like normally, people do this because it helps in avoiding
the sample disturbances and uncertainties in the sampling and field properties this we

have discussed.

(Refer Slide Time: 22:00)

Studies on coir geotextiles




I will just show you some small example what we studied as | just mentioned when the
consolidation times of just about 9 months to 1 year one can use coir drains. You know |
just showed you couple of drains in the last class where you have number of drains one
made of jute 1 coir and all that. So, this in association with coir board of government of
India. | just took some material where you have a drainage as well as filter done and
these are all the properties that actually these are also given here. What is its tensile
strength? What is its,... it is a fiber plus (( )) material coir fiber and the thickness; what is
the thickness? What is the tensile property like 338? Whatever is given everything is

given.

(Refer Slide Time: 22:46)
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ation of Normal Compressive stress with Flow rate/unit
| for different Hydraulic gradients for coir PVCiand
c PVD.

So, | was trying to compare their flow properties with a conventional PVD s that |
showed you yesterday. Like you know white color one and you can see that the flow rate
per unit width we try to measure and normally and then these are all somewhat
compressive materials. Like you know, if we just apply some load there is a compression
that occurs and higher is the compression lower is the flow. So, one can see that one can
get it and this can be for different hydraulic gradients one can get | equal to 1.5 for the

same sample one | just showed sample one.

So, you have relationships like this and you have these two are: sample one is for the
coir. Actually, they are all for the coir and then these are all for the white PVD.



There are 3 types | mean PVD s | showed you. So, you can see that you know the
whatever you know the thing is the sample PVD s you know for example, these are all
dotted lines this 1 2 3 they are dotted lines a little higher in fact. The permeability or the
flow properties are here for different compressive stresses you know compressive stress
in the field you know what is happening you know there is a that is called compressive
stress right. You know there is some, you put a drain, but there is still, there is some load

acting on it which we say like you know K 0 times sigma v are whatever.

So, you are trying to look at those things also because you know you want full flow
properties established. So, at full depth also there should be a flow like it there should be.

So, we try to verify you can see that. In fact, coir drains are really doing well ok.

(Refer Slide Time: 24:25)
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So, this is. In fact, one important point one should know and this is another example that
same thing like different hydraulic gradients, how are they performing. Like you can see
that all the samples are at little higher than what it is, but whatever you know they have
comparable properties. That is one important thing is that when you see the variation of
hydraulic gradient with flow rate per unit width, like unit width you should take for

different compressive stresses for coir PVD and synthetic PVD.



You can see that the things are quite reasonable, is it not? So, the advantage would be
that one can use you know where these materials are abundantly available people should

encourage some of the efforts. Of course, all, both have their own advantages.

(Refer Slide Time: 25:08)
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You can see that example that | was just mentioning for a typical embankment that was
constructed; | mean, that we can take a typical example of 5 meters and all that. You can
see, you know for a period of 1 month without coir geotextile or coir drain you can see
that this is about 27 percent after 1 year. Now, as | just mentioned radial consolidation
equal to vertical consolidation and if | just see that this is the line, but whereas, as | just
mentioned the vertical consolidation will be slightly smaller. So, you put that | mean
radial. So, you see radial consolidation is higher than the vertical consolidation; normally

2 to 3 times one can measure you know in the field.

So, you can see that 100 percent is achieved within may be 4 5 months which is a very
nice result. Actually, with some of the actually coir properties or they are applicable to
both materials, it is very interesting observation that yes some of these materials could be

used and we can get what you want; this is an important observation.
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Installation of vertical drains

«Drains shall be installed with approved modern equipment
of a type which will cause a minimum of disturbance of the
subsail during the installation operation

= The first step in the installation is to prepare a working
surface for the installation rig. This working surface must be
level and have enough bearing capacity so that the
installation rig can operate

aTypically this working surface is also part of the gravel
drainage layer. After the site is stripped a geogrid is often
placed for support and then the drainage/working layer
placed, &

®

So, as | just mentioned we will see how it can be installed like of course, you saw the
video and we should have a very good modern equipment. In fact, you know, say for
example, some company is there you know, they must have good approved equipment
which causes a minimum disturbance of the subsoil during installation operation.
Because disturbance leads to increase reduction permeability that is again an issue and
the first step in an installation is to prepare a working surface for the installation rig like
you are bringing a big rig there and working surface must be level and have enough

bearing capacity so that the installation rig can operate.

In fact, you may not believe there are cases where the installation rig can sink in if the
soil is so poor. Definitely you cannot bring in .So, you may have to create a temporary
platform for it. I will just show you some more diagrams on this. you may have to create
a working platform for the crane to stand and then you know execute the work with some
sort of arrangement. So, typically this working surface is also a part of the gravel
drainage layer as you just saw the drainage layer is at the top and if this working surface
can be a part of the drainage layer its nice because it’s comfortable. After this site is
stripped a geogrid is often placed for to support and then drainage and working layer is

placed.

Actually, sometimes it is always you know you saw that coir drains were standing and all
that and you try to put, cover the sand and then put a geotextile layer; you know, which



can work as a drainage layer because sometimes the you know sand is of course, a good
drainage layer. But sometimes they say geogrid could be placed. In fact, it can even take
care of the uneven settlements say for example, you are trying to put some crane is

coming later some sort of all these rigs are coming.

So, if you want to that bearing capacity, if it has to increased you can really calculate
what is the bearing capacity that you need and you can provide a geogrid, ok. So, some
sort of goegrid one can place to see that there is no problem with this case, ok. Now, So,

you have some of the equipment like you know mandrel.
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Continued

sOnce the working layer is in place the installation unit
starts work. Layfield's new bottom-mount hydraulic wick
drain rig is mounted on an excavator, |t presses a steel
mandrel into the ground up to 120 ft deep. The PVDs are
placed in a pattern as specified by the project engineer

sTypically it is a triangular pattern 2 m (6 ft) on center, In

some cases there will be a cap of hard soil on top of the
soft subsoil. In these cases pre-drilling may be required. A
suitable drill will operate ahead of the PVD installation rig

to prepare holes through the hard upper layer
=Once the wick drains (PVDs) are placed a drnirﬂaym
-

is placed on top to preventing R\VDs. This drain~-
Lﬂi}any a free draining gravel or a drainage ¢
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We have seen that it can go up to long depths and it can be a triangular pattern and see
there are different types of drilling. Actually, like we will just see that and a suitable drill
will operate ahead of the PVD installation to prepare holes through the hard upper layers.
Once the wick drains are placed above the drainage layer you know a drainage layer is
placed on top to prevent, you know in preventing like you know you need to connect all
of them and the drainage layer is typically a free draining layer or a drainage geocentric

material.
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s»The drainage layer needs to be sloped so that the
water will flow away from the foundation. The slope
needs to take into account any planned settiement so
that water flow is maintained throughout the

consolidation phase of the project.

The drainage layer needs to be so sloped that the water will flow away from the
foundation area like that is very important the slope needs to take into account any
planned settlement. So, that the water flow is maintained throughout the consolidation

phase of the project.
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INSTALLATION METHODS OF VERTICAL
DRAINS

GROUP PARTICULAR REMARKS
DESCRIPTION METHODS

Driving A mandrel with or
Vibration without a disposal

DISPLACEMNT Pull Down(static ® shoe is used in
METHODS Force) each case
Washing
Combinations Of
Abaove

So, how do we install it? there are some typical methods like it can be, you know
displacement methods; like it can displace the soil of course, the soil is so soft it can be

displaced nicely and particular methods you have vibration; driving vibrations and pull



down using a static force, right; washing like you know. So, combinations of above the
different types you can drive you know you can use vibration. There are a couple of
issues: a mandrel with a, with or without a disposal shoe is used in each case like you
know | saw in one of the show you in any of the real photos, where you have a simple
shoe and then it gets, it reaches the required depth and see the thing is that it will be like

this once you want to remove it, opens up like that. So, it stays there.

So, that is very interesting thing that you put it and when you try to, then it opens up; it
forms a shoe just a bottom head wherever is the required depth and then once you know
that then you try to pull it back it will not come right because, it is, there is, some force
that is preventing it. So, once you realize that you cut it, cut it and then you are operating
everything through the computer that you know for example, as | just showed you they
are all highly sophisticated ways of handling things and people take them to the required
depth and then cut it right up to the appropriate margin. So, that it is not too out of the
drainage layer also like it should not project too much out of the drainage layer, right.

(Refer Slide Time: 30:57)

Continued. ..

GROUP PARTICULAR REMARKS
DESCRIPTION METHODS

Rotary drill, with or A mandrel with or
without a casing  without a disposal
Rotary anger, shoe is used in
including each case

DRILLING continuous
METHODS standard and
hollow fight augers
Percussive(shell
and auger)
methods, with or
without casing

S
{ f) Hand auger

So, one can use drilling methods of course, depends on the type soil and then standard all

could be used, ok?
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Continued...

GROUP PARTICULAR REMARKS
DESCRIPTION METHODS

Rotary wash jet  Methods in which
Washed open  sand is washed in
WASHING ended case via the jet pipe are

METHODS Weighted wash jet not suitable for
head on flexible  prefabricated
hose drains

These are all many methods one can have and washing methods one can have these are
all you know they are there. You know similar to stone columns and all these methods
this types of methods are there in the field, but we should realize and check what type of

methods are suitable.

Of course, the contractor normally, he knows exactly what should be used and he has his
own way of handling and the project cost sometimes depends on that. Even the cost of
the I mean, whole project as well as the efficiency of installation everything depends on
the methods that we are using; that is very important. Like, in fact, see the installation
from a barge you can see that the mandrels are you know being from here you know the
soil is. So, soft in some places like you know you may have to them on a barge like it is

possible.

So, one should be very careful and this is one another typical example like you are trying
to use PVD s for your constructing some slope here extra slope here. So, this is actually
what happened you know one should have see what happens water comes here then that
should not create a shear failure here. So, all the water should go through this

prefabricated vertical drain; that is how these drains are installed here.

This application here this is not a consolidation type, but the application here is that

yeah, PVD s in fact, have been used behind the retaining walls also to increase the rate of



drainage. Here is another typical example where you know you try to have 2 slopes, but
with 2 slopes the possibility is if the rain comes this material is good and this material is
good, but at the interface there is a possibility of weaker layer formation and the water
should not enter and then finally, the new soil that you have placed should not come out.
So, what we do is that we try to design properly and see that all this you know it is taken

care of by proper drainage arrangement.

Like at the bottom at the top all the water should go into this things and then at the
bottom you should have a collecting mechanism right, like similar to. In fact, there isa in
Vijayawada there is an RE wall which is constructed about 30 meters high. It was like
this of course, they had they did not have PVD s, but they had drainage material of made
of aggregates ok.
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Case Study For Ground Improvement Using

PVD With Preloading For Coal & Iron Ore
Stackyard

This another one that one can have the top one can connect and all that. So, I just want to
give a small example this ah | have taken from one of the suppliers (( )) installers of the
geo centric products. Um this is a case study for improving the bearing capacity or using
a PVD for one coal and iron ore stack yard.
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Projse

Development of New Port at
Gangavaram at 15 km south of
Visakhapatnam Port | AP
*Development of Port Facilities
included development of backup
facility for coal and iron ore

storage and stacking and handling
Y EV T H TS

The Proposed HElghts were -
Coal Stacks : 12.00 m
Iron Stacks : 10.00 m

Actually, this is from one I do not know you must be familiar with some of these projects
like it is a place in new port in Gangavaram a 15 kilo meters south of the Vishakapatnam
and the objective is that they are trying to have coal stacks of coal stack about 12 meters
high. Iron stacks of 10 meters and something like that see you can see that coal stack
coal stack and iron stack. So, the objective is that soil is. So, poor here that yeah it needs
accelerated consolidation and this is the plan of the whole area and like.
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So, | mean the way they did was that they had design parameters to ascertain that you
have 8 number of bore holes were made and you can see stratification. In fact, a dredged
sand which exists above top layers marine clay 1 to 3 meters soft soil 7 to 15 meters
below again n value I think reasonably ok. So, the available bearing capacity was about 3
ton per meter square which was less than the required value required ok.

So, what are the properties? You can see that liquid limit is in the range of 21 to
102.Sand it is more of silty to clay material and plastic limit is in the initial void ratios
are you know 0.6 to 2.2. Compression index is given 0.38 to 0.92 coefficient of
consolidation values are given coefficient values are given friction angles are given. So,

essentially lot of information is available.
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So, they have done it. So, they take they did the PVD s you know 10 to 18 meters below
the ground level original ground level they have taken. Spacing is about triangular
pattern and you know they have. So, consolidation period about 65 depending on the
spacing actually for 1 meter spacing they have 65 days for 1.1 meter spacing 175 days
ok. Thickness of the sand mat about 300 mm like what | said drainage layer then
horizontal drainage system geotextile pipes filled with boulders as | showed you in the
previous slide. One can have geotextile pipes filled with boulders as gravels PVD laid it

was laid horizontal.



Yeah some PVDs they can be laid horizontally as | just showed you in the previous
slides and machinery was uses hydraulics stitchers. So, you can see here also that it is all

horizontally done also. So, this is some example.

(Refer Slide Time: 36:44)

CasAgrange T e unratng wire T
.7 ——

PIStE TypeT 13

i Magnetic: 7 Nos

Then, sometimes you know, sometime the contractors also expected to you know see;
show that yes, their system works. So, post treatment and assessment analysis: it is a
very important project that they have done. So, in fact, they have used a piezometers
Casagrande type. We have 5 numbers; then vibrating wire 14 numbers; they have
settlement recorders plate type 13 numbers; magnetic 7 numbers; readings for every 4
days that they are taking every 4 days when the loading started and later after that, 7 days
like you know as | said, doing the initial process. They could be little, the 4 days and
later it was 7 days. So, they have sections here like you can see that this is that

piezometer.
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So, their objective is to find out excess pore pressure and settlement ok. So, they have in
fact, in theory, in literaturem if you look at it because people are always looking at these
issues and the degree of consolidation. How you have to have? See, you may observe
some pattern in the field, but you also should try to develop some theoretical models to
understand them. In fact, they used a two methods called Asaoka method and Hyperbole

Hyperbolic method.

Actually, here the difference actually in the Asaoka method, the settlement at equal time
intervals is measured. Plots between the present settlement and the previous one are
plotted and the intercept of this like they have they will have a slope. Actually, of one
you know this actually you will see that if you have 100 settlement s minus 1 and the
current settlement they just try to plot this line here, ok. They also based on this and
some more analysis they would like to get the settlement s 100 you know (( )) ultimate
settlement; this is one way. There is another method which using a Hyperbolic method.
In fact, a Hyperbola is a standard constitutive model in basic mechanics which is actually
we call it Duncan Chang model. What we do here is that we calculate the graph of time
versus settlement - versus settlement we plot and so, actually whatever is that curved
form it becomes a straight line in the, if you plot time versus settlement versus settlement

plot and graph in the form of a Hyperbolis then, the inverse of this slope of the parabola.



So, this Hyperbola is converted into suitable coordinates and one can calculate ultimate

settlement ok.
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The settlement long settlements, long | mean long term settlements one can calculate and
these are all typical observations they had for pore pressures pore pressure variations and
all that they had some understanding of this then settlements also are measured.
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Then you can see that the observed settlements are there is the 2 methods they have tried

to obtain what | mean, understand what these 2 methods give and...
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Conclusions

Plate Settlement Recorders are more reliable than the
Magnetic Settlement Recorders for marine clays.

= With the application of the load the pore pressure
increased and dropped down slowly with time. The pore
pressure variation indicated about 55 - 60 % dissipation
i.e. degree of consolidation.

» Hyperbolic Method is more comparable with the Pore
Pressure Dissipation Results. Further the results
obtained with theoretical slope of hyperbola as 1.00 are
more closer to the predicted by pore water u
analysis.

* The consolidation settlements worked out the- @ ally

(;Icm laboratory test results were much higt
H predicted by Asacka and Hyperbolic Meth

What this found was that | mean actually, this some of the case studies they have there
only their things were only specific to that particular problem and also their ability to
interpret the data available. So, what this observed was that the plate settlement recorders
are more reliable than the magnetic settlement recorders for marine clays. With the
application of the load the pore pressure increased and dropped down slowly with time
the pore pressure variation indicated about 50 to 60 percent dissipation degree of

consolidation.

Hyperbolic method is there; more comfortable with hyperbolic method and so, it is since
its much more close to values that you obtain. Like you know, you have to, you have a
pore pressure | mean, you have a equation for using the hyperbola to measure settlement,
predict settlements and pore pressures that seem to be reasonably compared to Asaoka

method.
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VACUUM CONSOLIDATION

Vacuum consolidation was first proposed in the early 1950s
by Kjellman (1952), the developer of the prefabricated
vertical *wick” drain. However, except for specialized
applications like landslide stabilization, vacuum
consolidation was not seriously investigated as an
alternative to conventional surcharging until recently due to
the low cost of placing and removing surcharge fills and the

difficulties involved in applying and maintaining the vacuum.
The steadily increasing direct and indirect costs of placing
and removing surcharge fill and the advent of technology
for sealing landfills with impervious membranes dfill
gas extraction systems have now made vacuu
consolidation an economically viable method as
(re;placernent for or supplement to surcharge fill B
9
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But, you know as | just mentioned, these are all some specific thing case to case basis
and another important point that I would like to indicate here is that there is another
technique called vacuum consolidation. Vacuum consolidation is something again people
have proposed in 1952. Like you know you create a vacuum in the lab like you know the
advantage of the vacuum is that the you try to remove all the air present | mean, like you
know if you want to reduce you know even in soils there is a saturated soil and if you
just create a vacuum what there is a drainage that takes place you know you have an

accelerated drainage that takes place.

So, they were using it in some applications like landslides; but then what prompted
people to use this vacuum consolidation was that the conventional surcharging was little
costly because the cost of placing and removing the surcharge fills. You know you have
to place a surcharge and remove the surcharge and difficulties they were there you know.
that was one thing that what they had and there was also people did not perfect how to
maintain the vacuum properly. But then the situation now is somewhat different that the
direct and indirect costs of placing and removing surcharge with the ((')) sealing landfills

and impervious membranes of landfills.

Actually, vacuum technology has also improved. What we have to do is that you will see
that the vacuum technology has improved and also the possibility of you know the cost
of the fill that you have to place for surcharge was also expensive.



So, actually this people have to use geo membranes in landfills and you know, then you
have to create some vacuum also use some sort of vacuum technology for sealing.
Actually, you can see with the advent of technology for sealing landfills with impervious
membranes for landfill gas extraction systems. So, the technology has improved. So,
much that it has become little more economical or viable as a replacement or supplement

for surcharge fill.
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Vacuum Consolidation is an effective means for
accelerating the improvement of saturated soft soils.

The soil site is covered with an airtight membrane and a
vacuum is created underneath it by using a dual Venturi
and vacuum pump.

The technology can provide an equivalent pre-loading of
about 4.5 m high as compared with a conventional
surcharging fill.

You will see that how it is. So, it is an effective means of consolidating or accelerating
the improvement of saturated soft soils and this the soil site is covered with an airtight
membrane total thing has to be compared completely covered with an airtight membrane
and a vacuum is created underneath it by using a Venturi and dual Venturi and vacuum
pump. There is a system of pumping system here. The technology can provide an
equivalent preloading of 4.5 meters high which is as compared to a conventional

surcharging fill.

So, here you can see clearly that you have to go for instead of going for 4.5 point meters
of sand bags or whatever surcharge. If you apply you know properly this vacuum one

can get a very good effect.
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Instead of increasing the effective stress in the soil mass
by increasing the total stress as in conventional
mechanical surcharging, vacuum-assisted consolidation
preloads (VCP) the soil by reducing the pore pressure
while maintaining a constant total stress.

The effectiveness can be increased when applied with
combination of a surcharge fill. Field experience indicates
a substantial cost and time savings by this technology
compared to conventional surcharging.

®
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So, what happens here why is it effective? What it does is instead of increasing the
effective stress in the soil mass by increasing the total stress like what we do is that you
keep on loading and allowing it to consolidate here. In the vacuum assisted consolidation
preloads the effective stress the pore pressure is reduced while maintaining the constant
effective stress actually constant total stress is same, but your removing water the
effective stress increases. That is what the effective stress can be increased when applied
with the combination of surcharge fill. Field experience indicates that a substantial cost

and time savings by this technology compared to conventional surcharging.
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Of course, these are all (()) the many places outside and you can see that here this is an
example. This is a area to be consolidated and these are all the sand drains and you can
see that you have an you have a geomembrane here which is laid like you know you have
done everything, all the process is clear like this is a dewatering. This a drainage layer
this is a fill and whatever fill know it you are going in lifts actually 1 meter or something
like that. So, what we do here is that we are creating the vertical vacuum there is a
vacuum pipes. So, yeah they are all connected and then because of the. So, this is a yeah

this Is a vacuum air water pump vacuum gas phase booster.

So, there is some more additional arrangement. In fact, you know you are trying to
increase the effective stress in the fill. Also, increase the effective stress means if you put
air you know like we know that the if there is an air into the soil system, effective stress
increases you know the total. Actually, earlier it is only the pore pressure in a saturated
soil. But, if you have air pressure which is called suction or negative pressure the
effective stress increases it will be much stronger like similar to a saturated soil and
unsaturated soil. Unsaturated soil will be much stronger and less compressible compared
to this thing ok.

So, you can see that this we have a system here also you have a are trying to consolidate
this portion also by a suitable arrangement by arrangement like this.
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The principle is that like we are all familiar with the p g diagram p is nothing, but sigma
1 plus 2 sigma 3 by 3 g is sigma 1 minus sigma 3 and soil actually this is a line which is
called K 0 line K 0 line means which is the along this line K 0 conditions prevail which
means that there is no lateral horizontal strain, right? The air pressure is at rest air
pressure is at rest. So, what we do normally? Now, you start loading actually in the field.
So what? By process of surcharge placement what are you doing? We are trying to
because the rate of loading is faster than it can consolidate, you can see that the p value p
will come down you know this is the effective actually p dash is mean effective stress p p
dash here. It is here then it will come down A bit up to B this small difference and so,
that is why you have to control both. Why is it happening? That is because there is a pore

pressure increase because the soil is poor like consolidation rate is not very effective.

So, what happens if you really start loading faster? The rate of loading will be very faster
then it may even reach the failure line which is nothing, but our which we get from C
plus sigma tan 5 or whatever, right. You know like you can plot the (()) circles; you can
get this you can get from that line, right? For the effective stress analysis you can get K f
line you can also get K 0 line from the consolidation theory consolidation thing.

So, this actually you know, if you try to increase the rate of loading what happens? This
is, may lead to failure which we do not want. So, what we do is that in the,... why we
need monitoring in the field? why do What do you monitor? what do you monitored It is



actually the pore pressures we monitor. See that the pore pressure is not really leading to
higher 1 mean, g will increase, but at the same time q it should not lead to failure. So, we

do not want this point to reach here.

So, that is the reason why we are measuring effective stresses and pore pressures in the
field. So, the advantage of the... So, in the regular surcharge consolidation that is what
we do. So, we apply lot of stress right, lot of stress and so that, this is what, preloading is
done. So, that it moves away from the failure line that is fine; that is what we do. That is
actually you can see that there is always some horizontal strains there you know because,
the movement the soil is the soil state. We call it is in this range then there is always

some horizontal deformations that exists.

But the if the horizontal deformation is too much then the total collapse takes place,
right? if the horizontal deformation should not be too high you know because it is a
combination of shear and volumetric strains and it should not lead to failure. So, you can
see that this is a region in which horizontal strains are higher and this a region along line
along which horizontal strains are 0. And here what is happening? You have created a

vacuum which means that you have increased the effective stress.

So, p has increased to a particular point and the still the it is not strained you know there
is no strain there you know they always you know like see you that the compacted
sample will have a less compressibility compared to a saturated soil as simple as that. So,
you can see that here because of the vacuum at the same effective see the same effective
stress you applied vacuum and it resulted in it actually it results in this g g p plot it is like
this, but you know you will get the effective stresses increased, right because that U a

component you have to add.

Say for example, pore pressure | mean, pore pressure is generated like you know the you
say sigma dash equal to pore total stress minus pore pressure minus no this plus actually

this becomes additional.

So, the effective stress will increase because it is the, it is opposite of it is a suction it
creates a suction. So, in the process the total effective stress is increased; the effective
stress equal to total stress minus pore pressure plus suction. So, that is what it is and
some constant whatever you know. So, that is what exactly we are doing its isotropic



type of you know the pressure is isotropic like you are withdrawing the pressure from all

the 3 directions or applying pressure in all the 3 directions what | meant.
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5.7 . al stress profiles: (a) initial in situ conditions, (b)
cetfventional surcharge and (c) vacuum induced
surcharge (Elgamal and Adalier, 1996

You can see some more, | can have a clear idea on this vertical stress profiles like in situ
soil conditions, what do you do? You can see that this is a total stress total vertical stress
how do you get gamma b into depth like up to say 5 meters, 10 meters, 15 meters, 20

meters. | will get this effective stress you can see.

Say for example, at 5 meters depth the effective stress is about 100 meters. So, which
means like say 5 into 20 is 100 like 10 into. So, like 10 into 20 is 200. So, it is like this
the this is called a total effective stress. Then you have also measured pore pressures
right? So, if you measure pore pressures this is the line and. So, this is the effective stress
region right. So, this is this is one what we say. So, you can always measure this
normally what do you measure you measure only total pore pressures you know total

stresses right in the field.

How do you measure pore pressure? It is like water column rise you know, gamma w
into height if there is a water pressure you know raising water pressure is nothing, but the
pore pressure excess pore pressure, right? If you put some next to a soil and there is a
pore pressure like you know it’s a it is a there is undrained situations and there is always

a pore pressure excess pore pressure in relation to atmosphere.



You just measure that and then measure that it is in terms of the column of water like if it
raises by 3 meters or 2 meters into its gamma into means 10 kilo newton per meter cube
is approximately the effective stress. So, this is in situ conditions now what did you do
because of the consolidation or the surcharge conventional surcharge.

You have increased the total vertical stress and the pore pressure line is here. So, you
have increased this range of effective stresses that is what we did and you can see that it
starts from 0. Pore pressure is 0, right? And, then it increases now with vacuum assisted
surcharge it can go up to minus 1 you know 1 bar. 1 bar is the pressure that you can
apply; so minus 100 K p a. So, this is the region and this is that. So, you can clearly see
that you have increased the effective stresses you know effective stress in the sense that
you are create you are able to create an effective stress field less using this suction that is

what it means.

(Refer Slide Time: 54:26)

The current main application of vacuum assisted consolidation
include:

- Replacement of standard pre-loading techniques, eliminating
the risk of pre-loading induced foundation failures.

- Combining VCP with water pre-loading in scare fill areas. The
method has been used to build large development projects on

thick compressible soil.

- Combining VCP with surcharge pre-loading to increase
foundation stability and thereby optimize pre-loading stage
saquence and reduce project time.

So, what we are trying to see here is that the current main application of the vacuum
assisted consolidations, include replacement of standard preloading techniques like as |
said. Standard preloading test means adding lot of sand bags and all the this thing and
because the problem is as | just mentioned, it eliminates the risk of preloading induced
foundation failures like you try to stack in all the preload that in one place. But it could

lead to failure. So, what should be done? You try to combine the vacuum consolidation



preloading with you know both you can have both of them in some sort of a scare fill

areas are going to be you know where there is a scarcity of fill scares actual.

The method has been used to build large development projects on thick compressible soil
they combining VCP with surcharge preloading to increase foundation stability and

thereby, optimize preloading stage sequence and reduce project time.

(Refer slide Time: 55:28)

Field trials conducted over the past two decades in China
(Choa, 1989), France (Cognon, 1991; Cognon et al.,
1996), USA (Jacob et al., 1996; TETC, 1990), Japan
{Shinsha et al., 1991), Bangkok {Woo et.al., 1989),
Sweden (Tortenssen, 1984; Halm, 1996) and elsewhere
have verified the effectiveness of vacuum-assisted

consolidation in conjunction with vertical drains for site
improvement.

Cost estimates based on these projects indicate a
significant potential for cost savings over conve I
surcharge fill pre-loading for an equivalent surc of
4.5m height.
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In fact, you can even optimize on the construction process itself. You know the
application of vacuum; you know once your sealing systems and everything is perfect.
Vacuum systems you know it just takes 2 days or something like you know just to
stabilize you have to apply vacuum. Exactly what you are doing is, you are applying

vacuum and people have been doing lot of field studies here.

Say in China then in France and USA and Bangkok and many places they have verified
the effectiveness of the vacuum assisted consolidation in conjunction with vertical drains
for site improvement. Cost estimates based on these projects indicate a significant
potential for cost savings over conventional surcharge fill preloading for an equivalent

height of 4.5 meters height.

So, there is lot of advantages and | will take up a few more points on this and also | will
talk about a few more issues on the ground improvement using dewatering techniques;

thank you.



