Simpler Techniques for Ground Improvements

by
K. R. Datye**

Introduction
Economic Considerations in choice of technique

Usually the choice of the construction technique is based on Comparison

of costs at current prices. Similarly, while choosing a design concept
the least cost alternative is preferred after making due allowance for
meintenance cost, service life and durability. Tt is not realised that costs
at current prices do not always reflect supply constraints with regard to
materials, equipment and skilled labour due to imperfections of the market
machanism and Government controls. Techniques used by economists
for projection of future costs always involve a subjective element. It is,
therefore, difficult to justify research projectc on the basts of projections
of future savings when the cost comparisons at current prices do not
reflect a significant saving on the other hand. It takes several years
between the completion of a research study and its applications. In the
meanwhile relative prices may change radically. As a consequence,
research may be directed into unproductive channels and may fail to yield
desired economic benefits or serve to overcome supply constraints.

The energy crisis has resulted in a sudden and rapid increase of
construction costs especially the cost of transportation, fuel and electrical
energy; and cost comparisons made only a few years ago have lost their

relevance,

It is now quite evident that we have to find a way of living with energy
shortages and there is no prospect of a radical improvement in the
availability of energy per capita in the next 20 years at least in the
developing countries. We are on the other hand using or adapting
techniques which have been developed in countries which have better
endowment of energy resources of which command a relatively higher
share of the World Energy Resources.

When serious energy shortages were first experienced a few years ago,
I started looking at the energy consumption in construction industry. I
found that it is necessary to consider the energy requirements for
manufacture of construction materials and equipments, apart from the
direct consumption of energy in the construction process. 1 soon realised
that a new technique or a design concept capable of bringing about major
saving m energy would tend to become progressively more economical
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with passage of time. I, therefore, started searching for techniques which
have the potential for a drastic reduction in energy consumption and at
the same time offer a significant saving in the cost at current prices.

I would like to add a note of caution regarding cost comparisons
based on analysis of quoted rates for recent tenders. One should not
rely on such cost comparison without making an evaluation of the
margin over basic costs and testing the sensitivity of comparative costs to
variations in supply conditions. 1In the first instance, basic cost of the
main factors should be estimated such as material, equipment, fuel or
energy, transportation and labour according to standard procedures and
norms. Material and labour cost would be based on current prices and
norms of consumption of material and average labour productivity. Fuel
or energy cost can also be similarly estimated by examining the consump-
tion for various categories of equipment with due allowance for the
intensity of utilisation of the prime mover e.g., the energy consumption
per horse power/hour of heavy earth moving equipment cannof be the
same as light handling equipment or mixing plant. Equipment cost
should be based on norms of physical depreciation based on working life
and current rates of interest, insurances and taxes. It is desirable toexamine
the margin between aggregate basic cost and quoted price. Usually
under normal conditions, these tend to approach normal expections of
profits and overhead costs. When the margins between the aggregate
basic cost for various factors and the quoted price appear to be abnormal,
the cost structure and the cost trends should be examined to find out
whether the current quoted prices are influenced by short term scarcity of
skills or peculiar market conditions. After considering the margins over
the basic costs, costs comparison should be further examined with regard
to their sensitivity to variations in the basic costs due to market fluctua-
tions or shortages.

Estimation of Energy Consumption

Energy consumption should be considered not only in terms of the
fuel consumption or consumption of electrical energy in the construction
process but also in terms of energy consumption for materials required
for construction and in processing of materials, transport, haulage,
handling and placement as well as energy consumption in repair and
manitenance of construction equipment and energy consumption corres-
ponding to physical depreciation.

Norms for estimation of energy consumption should be worked out in
the first instance in terms of energy consumed as fuel (diesel or coal) and
electrical energy per unit for daily production of the construction team or
unit of equipment. Estimate of energy consumption by construction
cquipment should include equipment for processing, handling and place-
ment and these should be further grouped into heavy, medium and light
equipment. Horse power per worker can be used as an index of categorisa-
tion of equipment as heavy, light or medium. It is also necessary to

consider the intf;nsity of energy use while working out the norms for
energy consumption of equipment.

Energy consumption in.mate.rials of construction can be a major
cor}nponent of cost if encrgy intensive materials such as cement, steel or
polymers are used. Materials from renewable sources such as natural
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fibres, bamboo, Eir‘nber.have evidently great potential for saving energy.
Energy consumption in processing and haulage of aggregates can be
reduced by using local low grade aggregates and soil with a minimum of
processing. Use of lime and fly ash can also contribute to significant
energy saving when they replace cement. )

Energy consumption and mixing in compaction is often not considered
whll_e‘eva]ualing alternative construction techniques. For example, soil
stabilisation may require mechanised plant for mixing and compactions.
Alternative technique which tolerates moderate variations in mix propor-
tions and if mixing in wet condition can be permitted would also result in
large saving in energy consumption,

Energy consumption data for construction processes should thus be
compiled on the basis of following parameters:

—Horse power hours of equipment per unit of production. This may
be further sub-divided into heavy and light equipment.

—Ton-kilometer of haulage for various materials by different modes
of transport such as railway, truck, or manual labour or animal
power.

The energy consumption in terms of diesel or any other fuel can be
worked out for each category of equipment. It is possible to make an
evaluation of the physical depreciation of plant and consumption of
materials for repair. By knowing the nature of the manufacturing process
for the machinery, it should be possible to obtain an energy equivalent
for an equipment of a rated Horse power capacity for each of the
equipment categories.

The energy consumption for various modes of transport as well as the
equivalent energy consumption corresponding to the capital cost of
transportation should be considered. Thus the transportation components
can also be converted into energy equivalent,

With regard to construction materials, this can be divided into
following broad categories:

—Steel and metals.

—Cement, lime and inorganic cementacious materials.
—Polymers and petrochemicals.

—Natural fibres, timber and material from renewable biomass.

After considering the consumption of material in each cafegory, it
should be possible to assign energy equivalent to each of the category of
the above materials, in terms of a common material in each category such

as steel, cement, HDPE. The energy saving potential of materials from
biomass sources is obvious. However, the supply of biomass material

could be a constraint and a major improvement in the conventional tech-
niques of biomss materials is necessary to improve the utilisation
efficiency.

Problem of Transition

1.3.1 Research and Development effort would be productive, when a
preliminary analysis indicates significant savings in costs at current prices
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and there is good potential for major savings in energy. However, it is
necessary to consider the problems of transition. During the initial
stages of introduction of a new technique, costs would be high when
applications are made on a small scale. Realistic projections should,
therefore, be made of trends of costs by taking the economics of scale into
conglderatlon. Development effort is also another major element of cost.
Saving must be sufficient to justify the developmental effort and sensitivity
analysis should be carried out to verify whether the estimated savings can
be sustained over a sufficiently long future period. Introduction of new
techniques is facilitated if a step by step transition is technically feasible
so that some of the currently available materials and equipment are used
while others are progressively substituted by the new materials and equip-
ment. As far as possible, the transitional techniques should not
require special skills which can be acquired only after a long period of

training.

Brief resume’ of previous work

In my early work my attention was concentrated on ground improve-
ment: the relevant research work was carried out mainly from 1970 to
1974 while field applications were made from 1970 to 1978. Performance
data was, therefore, already available by 1976.

Around 1974, T realised the crucial role of energy as the principal cost
factor. My subsequent research was, therefore, concentrated on materials
and construction methods with emphasis on the energy consumption. The
research findings were published in several National and International
conferences. The papers could be grouped as 2 papers on bamboo, 2 on
soil improvement, 2 on soil reinforcement and 1 paper on appropriate
construction technology and 1 paper on reinforced stabilised soil. The
detailed list of reference is annexed.

General Scheme and arrangement of the lecture

The presentation is arranged according to the three main topics i.e.,
ground improvements, soil reinforcement, and soil stabilisation. Under
each topic, the various available or known techniques are described and
a brief resume is presented of design methods which would help to select
the least cost solution, This is followed by a comparative evaluation of
various techniques with regard to their performance cost and energy
consumption. In the concluding paragraphs of each section, suggestions
are made regarding the choice and development of energy saving low cost
solutions and the research needed to introduce the proposed technigues or
to extend the use of known techniques which have the best potential for
saving energy.

Methods of Ground Improvement

In this chapter, the three most common ground improvement techni-
ques will be considered comprising :

—Consolidation by preloading and vertical drains.

—>Strengthening of the soil by granular columns and other replacement
methods such as lime columns.
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—Compaction of deep soil layer insitu by heavy tamping, vibroflota-
tion and other vibratory equipment.

The main purpose of this lecture is to review the various techniques
and examine them with regard to their suitability for Indian conditions
and to identify the areas for developmental effort and research. Evaluation
criteria will be set up and the various techniques will be compared with
regard to cost and energy consumption. In the field of ground improve-
ment, I cannot overemphasise the importance of a well planned investiga-
gation programme which should be followed by initial trials during
construction and monitoring of post construction performance. (Datye
and Nagaraju 1975). It is regretted that limitations of the space and
time do not permit a detailed presentation of the theoretical aspects of
design along with observational data from typical case histories.
Therefore, only a brief resume of the theories will be presented.

It follows from the above discussion that the selection of the most
suitable technique on the basis of the cost reduction and energy saving
should proceed through the following steps :

1. Identify and review alternative techniques.

2. Compile energy consumption data and eslzlbli§h values of para-
meters for energy consumption of various techniques.

3. Define performance goals and establish evaluation criteria.

4, Conduct designstudies to determine the dimensions and arrangements
of altrnea tive systems based on various techniques.

5. Compare costs of alternatives at current prices.
Compare energy consumption for various alternatives.

7. Evaluate the alternatives with reference to long term (Performance
and Cost) trends.

Various ground improvement techniques will be considered generally
according to the above sequence. After making a general review of
known techniques, alternative will bf_: examined with reg{:trd to spg:cnﬁc
applications. In the concluding sections, research needs will be 1d'enl|ﬁed;
the prime consideration in the choice of research themes being the
potential for energy saving and corresponding long term economic

benefits.

Energy consumption in ground improvement

Components of energy consumption are described below, with
reference to the various techniques mentioned in section 2.1 and the
procedure for making an indirect and approximate evaluation of energy
component of machinery depreciation and repair, as well as material and
transport costs.

Energy consumption can best be estimated in terms of the horse power
of a typical installation. Corresponding data on labour employed for
operation of one unit of equipment should also be collected. These basic
data can then be interpreted to arrive at the hp/hrs. required for installa-
tion of one linear meter of the device used for ground improvement or
treatment of one sq. m. of the ground surface up to a stipulated depth.
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Thesc data can then be used for estimating the energy consumption for
operation of equipment in terms of diesel or electrical energy. The fuel
consumption of equipment depends on the size and intensity of its use
and a due consideration of this factor is necessary. A further allowance
should be made for the energy consumption corresponding to depreciation
and replacements of construction plant. Approximate values of this
component are used in this study. While estimating the replacement and
depreciation component, the equipment should be categorised as light,
medium and heavy. The categorisation would be governed mainly by
H.P./Worker and the nature of use e.g., track mounted equipment ha_s
usually a higher rate of depreciation and repair as compared to semi-
stationary winches or cranes moving on rails.

The energy consumption in manufacture should then be considered
e.g., this may be quite appreciable for the fabnc glrz;ms. Since the
processes of manufacture of polymers are complicated, it is convenient to
estimate energy consumption of materials in terms of kg equivalent of
HDPE or PVC consumed per meter of the drain. For any specific poly-
mer, conversion factors to arrive at kg equivalent of HDPE may as a
first approximation be taken to be proportionate to the current cost
exclusive of excise duty.

A component of energy consumption is often neglected in the energy
consumed in production, processing and haulage of sand, stone and
crushed aggregate. Approximate values in this study are considered to
be adequate for the present purpose.

Assumptions adopted for cost analysis are stated below :

—Depreciation 20 per cent of capital cost per year.

—Fixed capital charges : 50 per cent of capital cost per year compris-
ing depreciation 20 per cent, Repairs 15 per cent, Tax, insurance
and interest 15 per cent.

—Working hours for machinery 2000 per year.

—Energy equivalent of depreciation is computed by dividing 50 percent
of the depreciation by current price of diesel Rs. 3/- per litre.

—Energy consumption for transportation is estimated at 1 lit. diesel
for 20 T-Km.

—Diesel consumption :0.16 litre/HP-hour for heavy plant and
reduced values are used for light plant according to experience.

—The energy equivalent of polymer is computed by dividing 50 per
cent of the material cost by current price of diesel.

The above assumptions indicate an order of magnitude of the costs
and are intended to provide a basis of evaluation of alternate technologies.
Where the choice is sensitive to the energy consumption for any specific
component, more detailed study will be necessary.

Ground Improvement by preloading and vertical drains

2.3.1 The strengthening and preconsolidation of weak and compressible
soil by preloading is one of the most widely used methods for soil
improvement. This technique is well suited for soil such as soft clay
which undergoes large volume reduction and strength increase under
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sustained static load provided sufficient time is available for consolidation.
By providing vertical drains, the time of consolidation is shortened. This
technique is best suited to improve foundation soil subjected to area load
such as embankment, tanks, and storage facilities. The emphasis here is
on evaluation of recent developments and consideration that covern the
choice of the technique of installation of drains and the analysis carried
out for arriving at the least cost solution. With regard to theoretical
basis of design and performance experience, reference should be made to
recent comprehensive treatment of drains notably those of Johnson
(1970a, 1970b, Bjerrum (1972), U.S. Navy (1971), Pilot (1977), Schlosser
and Juran (1979), Akagi (1977, 1979), Hansbo (1979).

Recent developments

The following resume’ of recent developments is based oﬁ the general
report of Mitchel (1981).

Until a few years ago vertical drains of sand, typically 200 to 500 mm
in diameter and spaced anywhere from 1.5 to 6.0 m on ceatres, were
widely used. Installation was accomplished using a variety of techniques
of both the displacement and non-displacement type. Displacement
drains, while generally are less expensive and faster to instal, can disturb
the surrounding soil. The resulting smear zone can impede drainage, and
the disturbed soil may be weakended. These effects may not be as
detrimental as believed earlier. However, owing to the possibilities of
reconsolidation to a higher strength than the original, and the opening of
cracks and fissures that fill with sand during installation and thereby
increase the effective drainage area, Alkagi (1977, 1979) concluded that
reliable data are lacking to establish whether non-displacement drains are
indeed more effective than the displacement type.

A variety of prefabricated drains are coming into wide use abroad.
These are not yet available in India. Band-shaped drains of the order of
100 mm wide by 1 to 7 mm thick are produced by several manufacturers.
These drains can be rapidly installed to depths up to 50 meters by
machines with special mandrels. Drain spacings of the order of one meter
are typical. Both dynamic and static methods of installation are used.
Prefabricated sand drains or sand wicks composed of sand placed within
cylindrical fabric containers are also used.

Methods of Installation

Equipment for vertical drains can be categorised according to manner
in which the tool for installation is advanced into the ground i.c., by
jetting, by driving, with a hammer or by vibration or combinations
thereof. Another basis of categorisation is the extent of soil displaced by
the tool. Under Indian conditions, displacement methods are common for
driving of large diameter i.c. 400 mm drains. The contractor can employ
equipment commonly used for driven cast in place concrete piles. The
size of the market does not justify deployment of special equipment; and,
therefore, for larger jobs driven displacement type sand drains have
mostly been used. Indian experience which is limited to moderately
sensitive soils indicates that performance of displacement technique is
satisfactory (Datye and Nagaraju 1975, 1976) and experience abroad
seems to substantiate this view (Broms, 1979, Akagi 1977, 1979).
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Precautions such as filling the casings with water before pouring sand,
feeding water under pressure as the tube is withdrawn have been offective
10 ensuring continuity of placement of 400 mm drains.

Although vibratory driving equipment are not yet common in India
there is a good potential for introducing vibratory equipment. Apart fror[;
_brmgmg_ doyvn cost, vibratory equipment will improve the quality of
installation since flow of sand will be facilitated and the hazard of necking
will be eliminated.

Sandwick is an alternative method which has been used successfully for
several installations in India. This system consists of a fabric tube
somewhat like an elongated sock, in which sand is filled. The development
work for this technique was carried out in India by Cemindia and
Dastidar and for details, a reference should be made to previous publica-
tions of Dastidar (Dastidar 1969).

Drains of synthetic fabrics have note been introduced in India mainly
due to the non-availability of material. However, an alternative viz., the
rope drain which is a CBRI development has been used on several jobs.
This is an energy saving method since small size mandrels can be used and
the rope material consists of natural fibres such as coir. Unfortunately,
performance data with relevant information regarding drainage capacity
of rope drains are not available.

After a study of the cost factors in sand drain installations, [Iinitiated
in 1978 a modification of the installation procedure wherein the diameter
of the sand drains was reduced to 200 mm while the hazard of necking
was avoided by the use of a core of a small plastic pipe protected by
bamboo strips that serve to restrain the sand material from moving
upwards during extraction of the tube; continuity is assured and the inner
plastic tube serves as a supplementary path of flow. An auxiliary shoe at
the bottom prevents the bamboo strips from being pulled out and the
strips in turn restrain the upward movement of the sand by shear. Necking
is thus prevented.

10,000 drains have been successfully installed by this method. The
procedure is illustrated in Figure 1. The range of applicability of this
system can be extended by jetting methods, to facilitate driving of the
tube and by developing a joint which admits of quick coupling and
gn:coupling of the casing tube in the field while the tube is being

riven,

Evaluation Criteria

Alternative installation techniques for vertical drains should be
evaluated in terms of total cost of ground improvement and/or energy
consumption to achieve the desired performance. The performance goal
for a vertical drain system is to achieve a stipulated degree of consolida-
tion in a given period. In the evaluation of alternative drains system, estima
tion of the time or consolidation is of vital importance. Tn practice it is not
easy to make a sufficiently accurate estimate due to layering and anisotropy
of the soil, the uncertainty of evaluating the smear effect and the influence
of non-linear permeability and consolidation behaviour in respect of the
drainage phenomena in the radial direction towards the periphery or
external surface of the drain. The drainage capacity or well resistance is
an important consideration which is sometimes ignored. (Annexure 3.
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Investigation programmes must be carefully planned and suitable
procedures should be selected to ensure that a clear indication is available
of the pattern of deposition of the sediment and the fabric of the insitu
soil (Rowe 1972). The first step in investigation would be to categorise
the soil with regard to thickness and extent of layers, and its fabric. This
shall be followed by ficld tests such as permeability, lag time of piezome-
ters and test plots, to establish representative values of Cy and Cy,
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Regarding the smear effect, we have used the method of analysis suggested
by Richart (1957) and Navy Manual (DM-7) and our limited experience
substantiates the validity of this method. I would like to emphasise the
importance and the need of an observation based approach for a reliable
estimation of the insitu consolidation characteristics and the time of
consolidation. Case history of the application of this approach was
presented in a paper jointly contributed by Datye and Nagaraju 1975.

It must also be remembered that the cost of the ground improvement
system consists of the cost of pre-loading and the cost of vertical drain
installation. Hence increased cost of drains does not necessarily add
considerably to the total cost of the ground improvement system. In some
cases, the relatively higher cost of closely spaced drains may be offset by
the comparative saving in the preload cost, since the reduced period of
consolidation would facilitate repetitive use of fill material.

Comparative Evaluation of various sand drains techniques with ragard to cost
and equivalent energy consumption

Results of the comparative study of various techniques are presented
in Tables 1, 2. The techniques compared consist of sand drains of 400
mm diameter, 200 mm diameter, sandwicks of 65 mm diameter, and fabric
drains with synthetic fibres. The comparative evaluation is made for two
sites for a drainage system designed to achieve 90 per cent consolidation
in 90 days. At site A4, the coefficient of horizontal consolidation was 10

TABLE 1
Unit Cost of Sand drains, Sand Wicks and Fabric Drains

Drain diameter/width in mm

Cost
Component
Sand Sand Sand Fabric Fabric
drain drain Wicks drain drain
400 200 65 150 300
H.P. 250 35 15 250 250
Capital Cost Rs. 15,00,000 2,00,000 1,00,000 15,00,000 15,00,000
Capital charge
per hour Rs. 375 50 23 375 375
Qutput/Hr. Mt. 10 12.5 20.0 120 120
Capital charge Mt. 37.5 4 1.25 3.12 3.12
Fuel+ Lubricant Rs./M 10 3 1.50 0.84 0.84
Labour Cost Rs./M 5 3 2 4.17 4,17
Material &
Royalty Rs./ M 10 3 4.25 6.0 12.00
Aggregate basic
cost Mt. 62.5 15 9 14.2 20.1
Quoted Rate Rs./M 80 20 12 18.0* 25.2%

*Estimated,
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TABLE 2

Comparison of Cost and Energy Consumption for Alternative Sand Drain Techniques
Depth of Sand Drain 10 Meters

Period of consolidation 90 days
Degree of consolidation 90%

Drain diameter width in mm

Basic of Cost
400 ¢ 200 ¢ 650 150 mm

wide fabric
SITE A:
Ch = 1 m?year
4 Spacing of drains
considering smear
effect (2 R) Mt. 1.60 1.40 1.10 0.7
Drains for 100 m* No. 45 59 96 238
Unit Rate Rs./Mt. 80 20 12 18.0
t of treatin
ﬁ;)OS m? ' . Rs. 36,000 11,800 11,520 42,840
uivalent ener
Egnsumption i Ltrs. 2,606 592 572 3,231
SITE B:
Ch = 10 m?/year
4= Spacing of drains
2 R) with smear
gﬁ'ec)t considered Mt. 2.4 1.6 0.68* 0.68*
i 00 m*
ﬁaams AR Nos. 20 45 250 250
Unit Rate Rs./M 80 20 12 18
f treati
]Cs’()ﬂm‘o e Rs. 16.000 9,050 30,000 45.000
ivalent ener Litr./diesel
Egr‘ljsl:l’mp]tlion = 1,164 803 1,224 3,623

* Spacing limited by drainage capacity.
F4 Refer Annexure 3.

meters sq. per year while at site B, it was | meter sq. per year, Due
allowance was made for the smear effect and the limitations of drain
capacity were considercd. The cost of sand drains of 400 and 200 mm
diameter are based on quoted rates and the sandwick prices are also based
on quoted rates. All rates are adjusted to a base price for 1980. Cost
f data from quoted prices are not available for fabric drains since this
i technique has not yet been introduced in India, The unit prices for fabric
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draips are, therefore, based on outputs reported abroad and the potential
Indian outputs are taken at about 70 per cent of the performance abroad.
Polymer cost for fabrics is estimated as Rs. 60/kg considering that the
principal material will be polyester fabric.

The basis of cost comparison is furnished in Annexures 2 and 3. It
may be noted that the cost considered in the study are relative costs and
the main purpose is to provide a basis for a comparative evaluation. The
prices are not to be considered as budgetary prices for economic evaluation
of ground improvement system relative to other alternatives.

The conclusions that emerge from the study are very interesting. It is
found that the 200 mm sand drains is economical for a wide range of
conditions while the cost of sandwick and 200 mm sand drains may be
very close when soil with low horizontal coefficient of consohdat_lon are
encountered. In layered soil with high values of horizontal coefficient of
consolidation, the drainage capacity of sandwick may become a constraint.
From the energy point of view, the 200 mm sand drain and san wick come
very close for homogeneous soils while for layered soils with high coeffici-
ent of horizontal consolidation, the energy consumption for the sandwick
is higher than the 200 mm sand drains.

The sandwick has the advantage of high outputs and case of field
control. All the same, there is a good case for further developments and
improvement of equipments for 200 mm sand drains especially for small
jobs with depths under 15 meters.

With regard to fabric drains, the drainage capacity is a major cons-
traint and unless very high outputs are needed, there is no cost advantage
under Indian conditions. This is mainly due to high cost of polymer
fabric relative to equipment and labour cost. The energy consumption for
the fabric drain is also higher. 'This shows that there is hardly any case
for introduction of fabric drains in preference to available techniques such
as 200 mm diameter sand drains and sandwicks.

In Table 3, a comparative evaluation is made of the total cost of a
sand drain and preload system. In the first instance, two alternative
values of degree of consolidation were considered ; the main object
being to evaluate the cost of preload for a system with a wider
spacing of sand drains where the preload height had to be increased to
achieve the same effective preload intensity even though the degree of
consolidation was lower. Secondly, two alternative periods of conso-
lidation were considered with a view to evaluate the benefit of a short
period of consolidation which would permit repetitive use of the preload.
The comparative study is valid only for the specific case considered; yet,
it would be seen that there is no significant gain by reducing the period of
consolidation unless the project schedule demands a shorter period.

Replacement by compacted granular material-stone columns
Techniques and Installation Procedures

In this technique, soft cohesive strata are replaced by granular material
which is compacted by ramming or vibration. A “vibratorv poker is
advanced by jetting and the granular backfill is added through
the annulus formed around the poker by the water jetting. The
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TABLE 3

Optimisation to ground improvement system considering total cost of sand drain and preload

Cost of consolidation for 100° plot

Period of Cost Sand Drain
consolidation Component
200 mm ¢ 200 mm ¢
90 days Sand drain cost Rs. 9050 4600
Fill Height 6.5m 8.5m
Total preload cost Rs. 16975 21825
Sub-Total Rs. 26025 26425
45 days 509, preload quantity
supplied at 25 Rs./m?® 8500 10913
50% preload quantity
re-handling at rate
10 Rs./m? 3400 4365
Total cost of preload 11900 15278
Cost of sand drain 18100 9200
Sub-Total Rs. 30000 24478
Degree of consolida-
tion 909 70%

granular fill is compacted by vibration so that a compacted sand and
gravel column is left behind as the vibratory poker is withdrawn. In the
vibro composer method, a casing pipe is driven to the desired depth by a
vibrator at the top. A sand and gravel charge is then introduced into the
pipe, the pipe is withdrawn partly while compressed air is blown inside the
casing to hold the sand and gravel in place, The pipe is vibrated down to
compact the sand pile.

In the rammed stone column technique, the granular fill is introduced
into a prebored hole and compacted by operating a heavy rammer through
the bore hole. The cased bored hole may be advanced by conventional
boring methods (e.g., bailor boring). Alternatively, a tube with a
dispensable shoe can be driven to the required depth by using pile driving
equipment. It should be noted that all the stone column techniques i.e.,
the vibro compaction, vibro composer, and rammed columns are self
adjusting to the soil condition to the extent that enlargement of the
column during ramming or vibration depends on the soil consistency.

Development of the rammed column technique and field control of compaction

In the initial stages, it was considered that a cased bore hole is essential
to ensure that a clean column is formed which is free of contamination
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from the soft clay. Further compaction under wet conditions was

preferred and the bore hole was filled with water to prevent sand blow.

This resulted in dissipation of energy of the rammer and consequently the

entire operation was slowed down and the total period of installation

g)g tl?c stone column including boring was as much as 12 and sometimes
ours.

Subsequently about two years ago, stone columns were installed
through a driven tube with a dispensable shoe, In this method, the
operations were simplified by operating the rammer at an elevation about
3 to 4 meters above the bottom of the hole. Due to the longer depth of
filling in each operation, the installation was expedited and it was found
that there was very little ingress of water into the cased hole with dispensa-
ble shoe. The diameter of the stone column was reduced to 400 mm;
still the heavy pile/drilling rig was required for driving 10 meter long
casings.

Trials have been carried out of installation of stone column through
uncased bore holes where the contamination of the stone by the clay
slurry is avoided by use of an enclosure of bamboo strips. In this system,
the casing is installed for a short length which is so chosen that the
compaction effect for a rammer operating at the bottom of the casing
would extend upto the lower tip of the stone column. This system is
found to be very rapid aad economical when the stone column length is
limited to 8 to 10 meters. The various methods of installation of rammed
stone columns are illustrated in Figure 2a and 2b.

Compaction Control

The degree of compaction that can be achieved depends, on several
factors including the size of the hole, size, gradation and shape of the
granular fill, depth of filling the weight and height of fall of hammer,
number of blows and whe her a dry or wet process is used. In general,
the degree of compaction can be mecasured by a ‘set’ criterion i.e.,
penetration of rammer into the filled material for a given number of
blows. Control on ‘set’ along with measurement of consumption of stone
will ensure a uniform quality. A graded mixture comprising crushed
stone of 23-75 mm size and medium sand (below 2 mm) will ensure
freedom from segregation and better inter granular contact as the sand
eventually work into the voids of the stone in a gap graded system. Initia-
lly it was thought that the campaction should be carried out in short
‘passes’ but recent expericnce indicates that the interval between the
positions at which the rammer is operated can be increased. The
compaction effect of heavy rammers is found to extend to depth of 4 or
even 6 meters below the level at which the rammer is operated. Drop
hammers are found to be most effective when the water level in the bore
hole is just about the top of the granular fill. Diesel hammers are not
found to be useful since they cannot develop the reaction required for
efficient operation.

Design Approach

The stone column is essentially a system of soil reinforcement with the
additional advantage of providing a drainage path. The stone column
has the ability to adjust itself to the applied loads and to redisjyribute the
load where stress concentrations occur, This is because there is no collapse
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FIGURE 2 Installation methods rammed stone columns through cased bore holes

as such but only increase of deformation associated with bulging when the
critical vertical stress level is exceeded. If a granular pad is placed over
the stone column, then the process of redistribution is facilitated.

Design of stone column system involves two aspects, viz.

——Estimation of the yield load or the yield vertical stress at various
elevation and choice of factor of safety.

—Settlement analysis.

Theoretical analysis of stone columns with regard to the yield load and

settlement is complicated due to the inter-action of several factors. It
appears prima facie feasible to use cavity expansion theories for estimation
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of the yield stress and apply elastic theory to settleinent analysis of stone
column by considering the stone column to behave like a compressible
pile. However, the validity of theoretical analysis is several restricted by
the influence of construction operations on the state of stress in the soil
mass in the vicinity of the stone columns as well as the strength and the
deformation characteristics of the soil. This has resulted in an element of
uncertainty in the analysis which has been a cause of skepticism among
the theoreticians. An impression seems to prevail that the design approach
to stone columns is highly empirical and therefore, a rational evaluation
of design and construction alternative is not possible. '
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At the outset, it should be noted that the empirical element in the
design of stone column systems is not significantly different from pile
fqundg.ﬂ_ons particularly if we consider the piling practice a few years ago.
Since it is difficult to estimate the state of insitu stress and the soil charac.
teristics mn the vicinity of the stone column, this theory can best be used to
evaluate the relative importance of various factors influencing stone
column behaviour. Rational extrapolations can then be made from results
of load tests and past experience and a reasonable and conservative
estimate of settlement and yield load can be obtained.

Estimation of yield load

The cavity expansion theory (Vesic 1972) constitutes the main theoreti-
cal basis of estimation of the yield stress or the maximum vertical stress in
the stone column beyond which excessive deformations would occur. The
cavity expansion theory can be applied to arrive at the vertical yield stress
according to the following equation:

g, = CF4q F'g

1-sin
Gy = Oy Ntﬁ Where Nﬁﬁ = 'l—ﬁ .(1)

Parameters F'c and F’'q used in the above equations are subject to several
uncertainties. In the first instance, it is difficult to estimate the insitu
undrained strength of the cohesive soil in the vicinity of the stone column
due to the influence of the installation procedure on the soil characteristics.
Initially thers is the remoulding of soil during boring and the extent of
strength reduction due to this remoulding depends on the method of
boring and the equipment used. Recompaction of the soil takes place
during the compaction of the granular fill. Again, the extent of recom-
paction zone and the strength gain depends on the installation techniques-
Subsequent to the installation, dissipation of pore pressure occurs and this
would also contribute significantly to strength gain,

It must be borne in mind that the extent of strength reduction by
remoulding as well as the subsequent gain of strength by compaction or
consolidation varies in a radial direction. Significant changes in strength
would occur in an annulus of about 2D where * D’ is the diameter of the
compacted stone column material. Since strength characteristics vary rapidly
in the annulus around the stone column, it is difficult to assign a represen-
tative value to the rigidity index, which is essential for eslimating the

cavity expansion factor F'c and F'q.

The second element of uncertainty relates to the level of mean stress
around the stone column which depends not only on the installation
procedure but also the initial strength of the clay. While the capacity of
the equipment used for ramming or vibration would determine the extent
to which vertical stress can be induced in the stone column during
compaction; the actual stress developed would be limited by the lateral
resistance of the soil since otherwise the clay would yield and the granular
fill would keep on bulging indefinitely.

The third element of uncertainty is with regard to the sectional area
and as placed gradation of the stone column material. This obviously
depends on the extent of segregation occurring during placement as also by
the extent of contamination by local clay. On projects where I was
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associated, I have preferred a gap graded mixture of medium sand and
large size stone aggregate. In this type of granular filling, the sand works
into the voids in the stone and finally a dense mixture is formed where all
the void space in the stone is filled by the sand. The volume of stone and
sand can be measured and if this is used as a field control criteria, it
should be possible to make a reasonable estimate of the cross sectional
area of the compacted granular fill constituting the stone column at
various elevations.

Considering the interaction of all the above complex factors, I found
it expedient to use a composite parametcr F'Sc which would relate the
vertical yield stress oy to the insitu undrained strength Cu of the clay. In
principle, F'Se should be equal to F'cN¢g but in practice the strength of the
clay insitu at the end of the installation would be quite different and
generally higher than the undrained insitu strength Cu. A practical
approach to the estimation of o yield would, therefor_e, be to evaluate
F'S. by conducting load tests and examining the ov values interpreted value
of oy in relation to the profile of Cu prior to installation. The cavity
expansion theory can then be used to make a suitable allowance for
increase of oy due to the stress changes in the soil mass occurring after
installation and during service.

In practice, the contribution of the parameter F'q is found t0 be small
particularly in the critical upper portion within the first few mcters of the
ground level, Therefore, the design approach could very well be based on
consideration of a direct empirical relation between yicld valuc of oy and
Cu. 1 found that this approach is substantiated by Mitchel in his general
report (Mitchell 1981). Mitchell does not, however, seem to have
considered ihe jnfluence of installation methods. For rammed columns,
it should be possible to realise values of F'Sc very much higher than the
figure of 25 suggested by Mitchell.

From a practical point of view, a close control on the compaction,
quality and the volume consumption of granular material is essential and
of vital importance. The emphasis thus shifts from theory to evolving a
specification for field control and exercising the field control so that
consistent performance can be attained. Design F'Sc value can best be
determined by interpretation of load test data on stone column installed
according to the stipulated procedure. The development of a control
procedure which relies on the ‘set’ of the rammer and relating this ‘set’
and consumption requirements for the granular column to the design F'Se
value, thus becomes the basis of a practical design approach. There was
no other way of getling around the uncertainties in application of the
cavity expansion theory. In Annexure 4, a typical calculation is presented
of the analysis of load transfer in a single column load test and derivation
of field value of F'Se from load test data.

. From the above discussions it would be evident that the cavity expan-
sion theory is a very useful tool for understanding the factors influencing
the yield values of the vertical stress in the stone column and for
mtt?rpreting load test data sothat the test results can be used for evaluating
design parameters. At the same time, it must be recognised that the

cavity expansion theory cannot and should not be dircctly used to estimate
values of g yield.
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In the context of the vertical load carrying capacity of the
column, it is necessary to make a critical assessment of the approach
to selection of factors of safety for estimation of the working load of stone
columns. When the construction is closely controlled, it should be reason-
able to adopt a factor of safety of 2 with reference to F'Se values
estimated from load test data. When settlements are not critical, it should
be permissible to reduce the factor of safety to 1.5 by taking advantage of
the inherent capacity of the stone column to redistribute the load since
collapse would not occur when vyield load is exceeded and the stone
column continues to deform without loss of resistance,

Settlement Analysis

Application of theory to analysis of stone column settlement is subject
to several uncertainties viz.,

—The method of installation governs the stress deformation behaviour
of the compacted granular material as well as the surrounding soil.

—The state of stress is radically modified by the construction operations
i.e., boring followed by compaction.

—The strength characteristic of the soil insitu are characterised by
heterogeneity and anistropy. This is further accentuated by
remoulding which may completely destroy the natural structure.
Compaction may restore a part of the strength lost by remoulding.
The net consequence of this process is a large variation of strength
along the radial direction from the soil-stone column interface.

The value of the stress in the soil developed during installation and the
residual stress after pore pressure dissipation varies with the distance from
the soil-stone column interface. There is probably an upper limit on the
radial stress depending on the existing overburden stresses and the insitu
undisturbed shear strength, since the stress during compaction cannot
exceed a limiting value; otherwise local yielding would take place.

Evidently, it is extremely difficult to make an evaluation of the design
parameters in view of the complex interactions of various factors
mentioned above.

In the suggested approach, theory would be used primarily to identify
the factors influencing settlement and the relative importance of various
factors so that a meaningful extrapolation of the test data can be made
and test results are applied only to conditions which are essentially

similar.
The problems of settlement analysis can be grouped into the following
categories:

(i) Situations where the load shared by the soil surrounding to the
stone column could be be ignored and the stone column system
can be analysed like a group of compressible piles taking the
entire load.

(#i) Situations where strain compatibility is achieved since the soil is
preloaded and the soil-stone column system can be treated as a
composite material.
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(iif) Slip between the stone column and soil is unavoidable especially
in the upper zones.

It has been found from the exparience that almost all the practical
cases fall in one of the above categories.

The first category pertains to field conditions where preloading is not
practical and the upper layers of soil are soft and highly compressible. In
this category, it is the load carrying capacity which is the critical factor.

The second category wherein preloading prior to installation of stone-
column is required is a very economical system; but its practical application
needs careful scheduling. The soil may share only 20-30 per cent of the
load and the effective preload may only be about 4-6 T/m? when the
designed loads are of the order of 15-20 T/m2. This system is well adapted
to cases where zones of high applied stress intensity are localised (when

preload tends to become ineffective).

In the third category are included structures placed over embankments
where structural loads are small relative to embankment load plus drag
forces imposed on the stone columns during consolidation under the
embankment load. In this case the possible minor settlement of structural
foundations can be compensated by placing a small surcharge. The
consolidation of the soil in the vicinity of the stone column treated ground
would be rapid; hence the time required for placement and removal of
the surchargs load may be of consequence (Figure 3).

Methodology of settlement analysis

It would be evident from the aboue discussions that a precise analysis
of stone column settlement is generally not required in practice, and
practical problems of settlement analysis reduce to only two cases:

(1) When the stone column acts like a compressible pile and the upper
layers of soil slip relative to the stone column.

(2) When displacement compatibility is assured by preloading in
soft soils and in the stiff soils for the lower layers of case 1.

In the first case, the main purpose of the settlement analysis is to
estimate the depth of the layer in which slip occurs. The stone column
would gather load progressively from the top unto the lower boundary of
the slip zone which coincides with a neutral plane below which the stone
column and soil deformations are compatible. The purpose of analysis
is to estimate the settlement of the stone column in the upper section
where the vertical stress in the stone column is variable, and to estimaté
approximately the magnitude of the mean confining stress in the soil. This
is required for estimating increase of the load carrying capacity of the
stone column due to the added confining stress. In this case, an approxi-
mate analysis is sufficient since only the upper and lower bounds of the
elevation of the neutral plane are required to be determined. The settlement
values can then be established by considering an equivalent uniformly
stressed column with reference to the dimensions of the zones sobject to
slippage between the stone column and the soil in the top zone of drag and
the bottom zone of positive skin friction mobilisation.
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In the second case where displacement compatibility is assumed,
simple theory of composite materials can be used to estimate stone

column settlement.

It would be thus seen that the only parameters needed for settlement
analysis are coefficients of compressibility of the stone column and the
soil. While routine procedures are adequate for estimation of soil
compressibility, values of stone column compressibility can best be
established by interpretation of the load test data. Elastic theory can
be used with advantage to interprete load test data and to evaluate the
compressibility of the stone column. Examples of the analytical
processes for interpretation of load test and computation of settlement
are presented in Annexure 4
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Optimisation of the design

Considering the difficulties of procuring vibratory compaction equip-
ment and the high energy input for compaction of rammed columns, the
design approach for Indian conditions should be based on using stone
columns of relatively short length, say upto 8 or 10 meters. Stone column
treatment should also be restricted, as far as possible to narrow strips in
the peripheral areas or otherwise in heavily loaded portions of the structure.
This can be achieved in practice by using the stone column in combination
with preloading and using structural concepts which make it possible to
limit the zone of the ground improvement by stone column to shallow
upper zones of the soil. Soil reinforcement in the granular fill above the
stone column or in the embankment will also help to reduce stone column
depths. The reinforcement could counteract lateral forces so that
the stone column would be subjected only to vertical loads and their
capacity would, therefore, be increased. Alternatively RCC friction slabs

can also be used.

The following concepts have a good potential for further cost reduction
in foundation,

(i) Experience has shown that the most valuerable part of the stone
column is the top 2-3 meters portion. As alternative is being
explored (Figure 4) which involves use of lime flyash established
soil reinforced by spirals or loops of polymer. The design approach

will be explained latter,

(ii) Use of soil reinforcement in the sand mat above the stone columns
to achieve better distribution of stresses and to minimise load

concentration in stone column treated zone.

.

-——Reinforced
stabilised soil

FIGURE 4 Composite stone column
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Evaluation of alternative installation techniques Jor stone column :
The following criteria can be used for evaluation
—Performance as a measure of ground improvement
—Cost and energy consumption
— Availability of plant
—Ease of field control.

With regard to performance, a simple and direct measure would be the
parameter F’Sc which relates the vertical yield stress in the stone column
to the underained insitu strength of the natural cohesive strata. Values of
F’Sc for various techniqucs are as follows :

Vibrofloatation Rammed in Rammed in
cased bore uncased bore
holes holes
25-30 45-50 40

Evidently, the rammed column installed through cased bore holes scores
over other alternative with regard to performance. The rammed stone
column installed through uncased bore holes compares favourably with
the vibrofloated stone column.

With regard to cost reduction and energy saving, the stone column
installed through uncased bore hole is distinctly superior to other techni-
ques as could be seen from Table 4. The quoted prices are very much
dependent on the bidding situation, as has been the experience in respect
of the 200 mm sand drains and sandwicks. Competition has resulted in
bringing down the quoted rates and the present rates reflect the basic cost
better than the situation prevailing a few years ago. The vibrofloated stone
column is somewhat more expensive in terms of cost and consumes a great
lot of energy. The technique for installation of the stone column through
the uncased bore hole has a potential for development and eventually
costs are expected to be significantly lower than the present estimates
which are based on a (rial on a small scale.

Equipment commonly used for bored and driven piles can be used for
rammed stone columns. Light bored piling equipment e.g., direct mud
circulation equipment with 25-40 HP winches can be used for rammed
column with uncased bore holes. Although rammed columns are also
Installed through cased holes with bailer boring, this method is slow and
somewhat difficult to control in the field due to the hazard of ingress of
clay into the hole through gaps in the casing or due to sand blow. The
control is easier with rammed columns installed through cased bore holes
with dispensable shoe, but heovier pile driving rigs are required.

It scems to be possible to simplify field control by reducing the stages
for compaction to one or two by using heavy rammers and by using a
reinforced establised soil column as explained elsewhere.,
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TABLE 4

Comparative Cost for Stone Columns Tnstalled by Various Methods

1. Stone column type Vibrofioat Pre-3 Rammed
assembled
2. Capacity (Ultimate) 16 16 21.25
Tonnes
3. Equipment H.P. 250 40 50
4. Equipment cost Rs. 15,00,000 2,00,000 2,00,000
5. Output Hours/per stone
column (10 M depth) 1,25 4to6 6to 8
6. Equipment cost/hour
in Rs.* 375 50 60
7. Fuel cost (effective)/
Hour in Rs. 120 12 15
8. Labour/Hour in Rs. 40 25 25
9. Cost/hour Total 6, 7, 8, 535 87 100
. Cost per stone column Rs.
i (o‘:;ef than material) 668.75 348 to 522 600 to 800
11. Material Cost Rs. 663.0 510.0 590.0
Total Rs. 1331.75 lggg i%ﬁ;{(})
. Estimated quoted
B R 1790 1100 1500
13. Cost per unit capacity Rs. 106 69 to 81 94 to 109
14, Energy per tonne
capacity in Ltr. Diesel 6.2 2.9 3.0

Soil improvement by deep insitu mixing methods

Mixing of admixture such as lime and cement with soft and loose soil
to form columns ; piers and walls insitu is a recent development which has
been applied extensivley in Europe and Japan. (Broms and Boman, 1976,
1979a, 1979b, Okumura and Terashi 1975, Pilot 1977, Sokolovic et al
1973 and Terashi et al 1979). Insitu mixing is achieved by introducing
the admixtures into the subsoil through a rotary drill equipped with special
bits to advance the hole as well as mix the soil. Here again thorugh
mixing is of vital importance. Much of the success of the new insitu
mixing methods is due to the excellent mixing capabilities of the
equipments.

Cement is more effective for treatment of granular and fine grained
soils for law plasticity where the cement contents are usually of the order
of 3 to 109, of the dry weight of the soil.
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Addition of the lime contributes to im rovement of soil pr ies i
several ways. In the first instance, thfg'e is the reactioL gf'o}l:;é;isié?l
which occurs with quick lime as well as slaked lime. This contributes to
increase of strength and reduction of permeability. Quick lime has the
further advantage that the heat of hydration results in reduction of the

water content. The consequent expansion also helps to ;
i icini : compress the
in the vicinity of the lime column. P p soil

Quick lime is,. however, a difficult material to handle and special
cquipment is required consisting of air tight containers and pneumatic
conveyors working with dehumidifined and compressed air. There is the
further probiem of storage of the lime and its transportation, This requires
special packing land handling facilities.

_Equipments for deep mixing of quick lime have to be imported. The
utilisation factor would, therefore; be low and breakdowns would be
frequent when the population of the equipment is small. Due to all the
above constraints, the potential for applications of these techniques in
India is very limited. Although simple equipment can be used for
mixing of cement, the treatment would be expensive duc to the relatively
high cost of cement.

I initiated a trial of an alternative technique where quick lime and sand
were assembled in a capsule and introduced into the bore hole through
casings provided with dispensable shoes. Equipment used for installation
of sand drains by displacement method was used. Field trials were not
successful due to the difficulties of handling the quick lime and the ingress
of moisture into the driven tubes.

All the above techniques are energy intensive in respect of each of the
cost factors such as materials (cement), equipment, horse-power, facilities
for handling of materials at site. Quick lime is energy intensive if the
cost of transport, handling, packaging and storage are included. A low
cost alternative exists viz., of the installing columns and piers of lime
flyash stabilised soil with reinforcement of strips of polymers. Energy
saving in this alternative approach would be very substantial and
the estimated costs compare very favourably with the alternative of deep
mixing of quick lime. Low cost equipment such as frenching and boring
eqipment with bentonite (light bailers, DMC Ch'ISG]S, and the tools
developed by CBRI) commonly available with Indian contractors can be
employed for the installation of columns and piers. This alternative will be

further detailed.

Compaction of deep soil layers by tamping with heavy weights and vibro-
compaction

Compaction of deep soil layers may be required for control of settle-
ment or prevention of liquefaction. Techniques commonly used for deep
compaction such as vibro compaction, compaction piles and tamping with
heavy weights are energy intensive. The input of energy increases with
depths and in case of heavy tamping, the energy input increases according
to square of depth. Estimated values of energy input for heavy tamping
equipment for compaction soil layers of various depths are indicated
below :



26 INDIAN GEOTECHNICAL JOURNAL

Depth of Value of Product of weight and fall Weight
Soil layer | Fall
As per Probable Mean Tonnes |
o Menard Upper Value  Meters
limit i
3 9 36 22.5 8 8-12
4 16 64 40.0 8 5-8
5 25 100 62.0 5 5-7

Considering that 5 ton equipment can be conveniently mobilised under
normal conditions in India, the economic limit of compaction by heavy
weight would about 4 meters. For greater depths, the energy consumption
could be excessive and the process may become uneconomical.

For prevention of liquefaction, it is possible to use piles since it has
been established by theoretical studies that liquefaction is prevented in an
area within a distance of about 2-3 diameters from the periphery of the
pile group (Yamanouchi et la 1978}. Ordinary installation of piles for
this purpose would be expensive and the piles cannot be conveniently
used in combination with dynamic compaction methods since the dynamic
compaction by tamping with heavy weight may damage the piles. A
possibility exists of developing a low cost pile of reinforced low modulus
concrete reinforced by polymer rings. The cost of the reinforced material
would not exceed Rs. 120/m3. It would be seen later, that a stress as
high as 15 kgf/cm? can be withstood by such piles. Dynamic stresses
during impact of even 2-3 times the allowable static stress may be per-
mitted in polymer reinforced piles of low modulus mortar or concrete.

A combination of tamping by heavy weights of the shallow surface
layers of ground provided with reinforced cement flyash concrete piles
appears to be a very attraclive proposition. The cost of heavy tamping
and the energy requirement would be quite moderate if dynamic compaction
technique is used for compacting only the upper 3 to 4 meters of the
loose soil deposit. When pockets of silt and clay are present, stone columns
may be provided and these could be interspaced with the reinforced low
modulus piles in order to optimise the system. The stone columns, apart
from compacting and reinforcing the soil, will also provide drainage paths
which should enhance the efficacy of the system for prevention of
liquefection,

Amnexure 3

Effect of well resistance on design of Sand Drains

~Classical solutions for design of sand drains assume an ideal drain of
mﬁmtp permeability or in other words, drain is assumed to have infinite
capacity to drain all water which is squeezed out of sand drain influence
area. Barron (1948) for the first time brought out theoretical formulations
which take into account the smear effect and well resistance for estimate
of per cent consolidation. Richart (1957) also considered the well resistance
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Annexure 1

Cost and energy analysis for vertical Drains

27

Toput for Treating 100 m® Area
Degreeof consolidation 90 per cent Site A
Time of consolidation 90 days Ch=10 m?/year

Cost component

Drain diameter in mm

400 ¢ 200 ¢ 65 ¢ 150 mm
wide
fabric

Fuel consumption Ltrs. 628* 317 450 583
Machinery deprecia—
tion Rs. 3,015 724 1,200 3,129
Material cost (Sand,
bamboo, PVCtubing/
HDPE Sheath Rs. 1,391 2,960 3,921 15,000
Transportation
(mainly sand with 25
km. lead) T-km. 668 364 60 400
Equivalent Energy for Treating 100 m® Area in Litres Diesel
Drain diameter in mm
Cost component 400 ¢ 200 ¢ 65 ¢ 150 mm
wide
fabric
Fuel consumption Ltrs. 628* 317 450 583
Machinery deprecia-
tion Ltrs. 503 120 200 520
Material Ltrs. —_— 348 571 2,500
Transport Ltrs. 33 18 3,0 20
Sub-total in Ltrs. 1,164 803 1,224 3,623

*After making suitable allowance for Jow utilisation of engine power.
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Annexure 2

Cost and energy analysis for vertical drains

Input for Treating 100 m2 Area
—— Site B
Degree of consolidation 90 per cent
Time of consolidation 90 days

Ch=1 m?/years

Drain diameter in mm

Cost component

400 ¢ 2004 654 150 mm
wide

fabric
Fuel consumption Ltrs. 1,406 206.5 173 346
Machinery depreciation Rs. 6,750 944 461 1,950
Material cost (Sand,
bamboo, PVC tubing/
HDPE Sheath) Rs. 3,114 6,827 1,936 42,126
Tranportation (mainly
sand with 25 Km.
lead) T-Km, 1,495 504 32 115

Equivalent Energy for Treating 100 m? Area in Litres Diesel

Drain diameter in mm

Cost component

400 ¢ 200 ¢ 65 ¢ 150 mm
wide
fabric
Fuel consumption Litrs. 1,406 206.5 173 346
Machinery depreciation Litrs., 1,125 78.5 77 496
Material Ltrs. — 295 320 2,380
Transport T-Km, 15 13 2 9
Total in Ltrs. 2,606 593 572 3,231

and concluded that well resistance will not be significant for a=7-15, with
well diameter of 300 mm. In the situations then prevailing, well resistance
was not critical since large diameter (300 mm to 400 mm) drains were used
in layered situations in U.S.A. while cardboard drains were used in Sweden,
for homogeneous soft clays of low permeability (Kjellman, 1948).

It has been established that the effect of well diameter on the time of
consolidation is not as pronounced as that of well spacing, and with the
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decrease in diameter of a drain well the efficiency of drain is not propor-
tionately reduced. The obvious development was tendency to go for small
diameter drains (Hanso, 1979) and (Mitchell, 1981). However, with the
mtroduguon of these small diameter drains, evaluation of smear effect and
well resistance became critical.  Although evaluation of smear effect is a
foutine matter after Richart (1957) introduced the design charts, evalua-
tion of well resistance is still an involved procedure. Design procedure is
now available to check whether well resistance is critical and needs evalua-
tion (Bhide 1979). Attkinson and Eldred (1981) developed a computer
programme to evaluate the effect of smear and well resistance.

A number of sand drain test plots have been recently constructed which
are elaborate in ‘Third Geotechnique Symposium on vertical drains’ (in
print). (Geotechnique, March 1981). In the opinion of many authors in
this Symposium (Davis et al 1981), the performance of fabric drains is not
as goods as sand wicks or 200 mm dia. drains. Although no definite
conclusions have been drawn as to the reasons for slightly lower efficiency
of fabric drains, it is believed that well resistance and smear effects do
affect the performance of small size drains. Computation of fabric
drain spacings for highly anisotropic soil with Ch of order of 10 m?/year
and —gi Ratio=10 may be unrealistic. Field verification of performance

U
is necessary before arriving at any conclusion of cost. In this respect, the
manufacturers’ claims of high drainability values should be considered
with a caution. In fact, in layered soils, the fabric drain does not work
out to be economical under Indian situation. This is mainly due to very
small spacing, which becomes necessary, when smear effect and well
resistance are properly accounted for.

This means that drainability of small diameter drain is very important.
Tt also brings out one important fact, that if these drains are to be intro-
duced in India, only high technology backed up companies can provide
necessary knowhow for production of these drains especially with regard
to permeability and filter characteristics.

Annexure 4

Analysis of Stone Column Load Test Data

With regard to the yield stress the critical portion of stone column is
usually at a shallow depth below the ground level. Load tests should be

Stress in Stone Column in Load Tests

Col. No. Nominal Material oy t/m?
diameter stone : sand
mm
137 750 5:1 67.6
104C 750 5:1 72.6
38C 750 5:1 46.0

23 750 5:1 63.6
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carried out providing a device which would transfer the load to alevel as
close to the critical level as possible.

Assuming tha_t thcr; is no load transfer due to skin friction, the vertical
stress developed in typical stone column are shown in the Table (p. 29).

The above stresses correspond to ‘failure’ load which is taken as the
load on the stone column at which log ov/Cu Vs. p/d curve becomes
almost vertical, here ov is the vertical stress in the column and Cu the
undrained strength of surrounding clay at the corresponding depth, p is the
observed settlement and d the nominal diameter of the column,

Sectional area of the stone column is calculated on the basis of actual
consumption of stone and sand. Stone and sand in the proportion
specified for cach column is measured loose. Coxppactec} volumn 18
taken as 0.8 times the loose volume of stone only since with a ratio of
stone to sand in the range of 0.2 to 0.4, the sand fills the voids in the

stone.

Laboratory experiments on crushed stone 20-80 mm si_ze_ and medium
sand using vibratory compaction have confirmed the validity of such an
assumption. For purposes of analysis the column cross section is consl-
dered uniform between the depths were ‘set’ is measure.

Load Transfer and Settlement

Load transfer in the stone column is analysed by considering two
separate sections of the stone columns comprising an upper section and
a lower section and the load sharing between the two sections is estimated
by trial to ensure displacement campatability. Settlement of the soil
surrounding the upper part of the stone column is estimated by consider-
ing this part as a short compressible floating pile using elastic solutions
(Poulos and Davis 1974). The displacement of the lower part of the
stone column is estimated by treating the stone column as a compression
member connecting the upper part to the lower end bearing zone which
transfers the load to thesoil by combination of end bearing and skin
friction. For estimation of settlement of this end bearing elastic solutions
can again be used.

A trial value for the stone column E value generally of the order of
5000 t/m? can be assumed on the basis of experience, which is within the
range of values mentioned by Mitchel (1981). However, an element of
uncertainty always exists regarding the estimation of undrained modulus
for so_ll, scveral trials may therefore be required before a compatible
value is found. It should be realised that the purpose of settlement
analysis is to check the order of magnitude of anticipated settlement of
stone column soil system and a high order of accuracy is not necessary,

Settlement Analysis

It is possible that a netural plane develops below which the stone
column and soil setilements will be compatible (Figure 4).
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For settlement computation an estimate of th i i

: _ i e equivalent length is
required which can be approximated by considering the drag forces and
the relative compressibility of the soil layers and the stone column
compressibility,

[SURFACE LOAD
[ |

| | | |

l LOAD TRANSFER
BY DRAG REGION OF

QT_..._..—_I - SUIPPAGE

EQUIVALENT o
ENG
LENGTH NEUTRAL REGION OF
PL ANE COMPATBILITY
W P NS
FIGURE 4

Soil Reinforcement

Background

Several thousand reinforced earth structures have been built in Europe
and U.S.A. Since the first application of this technique in France by Vidal
in 1966. However, the reinforced earth technique has not been introduced
in India so far; the main constraining factor being the availability and cost
of reinforcing materials. An impression seems to prevail that the savings
are not sufficient to justify importation of materials and technology and an
element of risk is involved if the technique is to be used for major structures.
1, therefore, thought that a practical approach would be to apply soil re-
inforcement methods to structures which do not constitute a safety hazard.
Further if constraints regarding availability of cement and steel can be
overcome by use of soil reinforcement, project authorities can be persuaded
to use low cost materials of limited working life for structures which can

be replaced at intervals of 10-15 years.

I realised at the outset that the potential for application of soil reinforce-
ment methods cannot be realised unless cost of reinforcement is brought
down and low cost facings are developed. 1t is also necessary to routinise
design procedures and construction methods, The scope for application
would be further extended if soil reinforcement can be used for cohesive
soils and expansive clays. This is possible only if system of reinforcement
is such that its performance does not depend on the adhesion between soil
and reinforcement. This implies that the French concept of ‘reinforced
carth’ cannot be applied dircctly and some type of anchorage must be used
for the soil reinforcing strips. Alternatively, the- reinforcement can be in
the form of loops so that each soil element is confined within a loop. The
reinforced soil mass may then be considered to be composed of a number
of interlocking reinforced soil cells with each cell behaving somewhat like

a cellular cofferdam.
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Suggested system of soil reinforcement

Two alternative reinforcement

below :

systems are proposed as described

In the first alternative, the reinforcement will be in the form of a series

of loops. Blocks of stabilised soil with inserts of brick or clay tile, placed
within the loop, will constitute a series of anchorage (Figures 5 and 6).
LMM Zone -
"
| -Reinforcement |
£
2
Architectural
Facing
s ""* |
Structural ‘3 A
Facing A ZE 5 i I___
ELEVATION
8m 7
i Polypropylene Gronular Fill
Strip ( Polypropylene Loop
Architeclural X o =
Facin .

(Burnt Bricks)

Brick Insert

TN

k4

Lime Flyash——1

Soil Block =
[REINFORCEMENT TYPE-L
PLAN

Anchor L MM Zon97 - Reinforcement,Loop  ~Gronular Fill Loop —— i
Loop For Tile 7 =) ,".—.l 3 {—1 = T M S In_t:erior

o e i T w0 U EPI o S R R
Exterior Y A Pt : = 5 P s b
Face Sl 2 4L e - i 4-.'.“.

e T MR o T R e o

{Architectural ; i Vet e ixd
or protective

Focing) “200mm Ltite for Anchoring
(Typical)
[REINFORCEMENT TYPE -11 ] ELEVATION
LMM Zone Granular Fill
Tile | i lr
Facing B LMM} ]>

Looe1 for Tile
Anchoring

|

PLAN

[REINFORCEMENT TYPE -11-]

FIGURE 5 Reinforcement system

Ths; mechanism_ of shear lransfer_ from these anchorages involves passive
resistance of soil as well as friction. Test results on bar mats and rubber
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tyre rings used as soil reinforcement lend support to the anticipated
efficacy of the proposed system. (Forsyth 1978, Cartier, Long et al 1981).
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FIGURE 6 Detalls of type 1 reinforcement for a gravity wall

One set of inserts will be placed in the ‘active’ zone while another set will
be placed in the ‘reactive’ zone. It should be possible to reduce the length
of the reinforcement in this system by taking advantage of the improved
shear transfer capacity, However, current practice regarding length of
reinforcement can be used as a provisional and conservative basis of
design.

In the second alternative, the reinforcement would be in the form or
rings and loops. When the soil is subjected to vertical stress, the reinforce-
ment would restrain lateral deformation and confining forces would be
mobilised. Test data from triaxial test can be used to analyse the behaviour
of the soil confined by reinforcing rings and loops. The shear on hori-
zontal planes would, however, be transferred through the soil. The soil
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should, therefore, have sufficient shear resistance to satisfy requirements of
internal stability. This could be achieved in practice by control of initial
moisture during placement and by a combination of imperevious zones,
filters and drains. Performance of the soil reinforcement in this system
would not depend on adhesion ard friction between the reinforcement and
soil. Reinforcing materials having a smooth surface can, therefore, be
used. This makes it possible to employ commercially available strips of
polymers and low cost natural organic material such as strips of bamboo.

Field applications will be limited in the first instance to the type [
reinforcement. Design principles for reinforced earth system currently in
use can be adapted to the new system. A research programme has been
initiated to study the behaviour of the second type of reinforcement.
Routinisation of design procedures and detailing of type I rainforcement
must await the completion of the experimental and analytical work,

The proposed systems of reinforcement are illustrated in Figure 5 and
details of type I reinforcement system for a gravity wall are shown in
Figure 6. The following distinctive features of the system should be

noted.

—_There is an internal zone which constitutes the structural facing which
is quite distinct from the architectural or external facing. In the
first system of rainforcement, an array of the blocks of lime flyash
stabilised soil placed with in the loops constitute such a facing.
Generally two or more rows of blocks will be required to form the
facing. Alternatively, a layer or zone of low modulus material
consisting of lime flyash stabilised soil may be used in the second
type of reinforcement.

—The external facing is flexible and a slip zone is provided between
the external facing and the structural facing. The facing elements
themselves will have a ‘break’ where movement would be permitted.
The architectural and protective facing would not, therefore, attract
the drag forces due to differential settlement of the soil and facing.
The facing elements can be chosen according to the functional
requirements since the structural behaviour of the system does not
depend on the type of external facing. Further, local damage to
facing would not impair the structural performance of the soil
reinforcement.

—Another zone of lime flyash stabilised soil may be provided at the
inner boundary of the reinforced soil system. This zone would
constitute an impervious element when the reinforced soil is pervious.
This impervious zone in conjunction with a drainage system would
bring down the pore-pressure in the reinforced soil mass.

—In cohesive soils, especially expansive clays, it may be necessary to
encapsulate the reinforced soil massin order to minimise the moisture
variations. This could be achieved at a relatively low cost by
providing membranes of HDPE or bitumen impregnated fabrics.

—For hydraulic structures, the internal zone of lime flyash stabilised
soil could serve as a transition zone between the unreinforced soil
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mass and the filter/drainage layer and thus ensure effective control of
internal erosion.

Materials for soil reinforcement

~With the proposed systems of reinforcement, wide range of alternatives
exists for choice of reinforcing materials. A comparative evaluation of
various materials is made in Table 5. Cost of mild steel bars and poly-
prqpy[ene are equal but. the cost of corrosion protection must be added
which makes mild steel more expensive. Bamboo is evidently the most
economical material. Energy saving would be enormous if bamboo which
18 a renewable material can be used.

TABLE 5

Comparative Evaluation of Reinforcing Malterials

(a) Characteristics

Bamboo Polypropylens Polyethylent PV.C.
rigid

Characteristics

Poor Good High Low High Low
variety variety density density density density

Specific — 0.7 0.9 — 0.97 — 1.35-1.50
Gravity
U.T.S. 1000 2000 21000 1000 260 150 470-710
Kg/cm®
Elongation at — — 20 — 500 600 —
break
(b) Costs
Bamboo Poly- Mild High Tensile
propylene steel steel
Bars

UTS kg/em? 1500 6000 5200 e
Yield kg/cm® 1200 — 3000* 12,000
Allowable stress kg/cm? 600 3000 1400 9,000
Cost/lit. Rs. 3 60 28 60
*Equivalent

Sectional area cm? 2.5 0.5 1 0.16
Cost of 1000 cm. length with
equivalent sectional area 7.5 30 30 9.6
Cost ratio 0.25 1 1 0.32

* Area of member having a strength equal to a Mild Steel Section with an area of
1cm2,

*Average value for commercial grades.

For H.T. wire, the cost of corrosion protection must be added and there also the
hazard of stress corrosion failure.
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Bomboo as reinforcing material is subject to the hazard of insect,
fungus or virus attack and there is also the difficulty of splicing bamboo
strips. Known methods of preservation which have been used for wooden
poles for rural electrification over the last 25 years such as ASCU treat-
ment can very well be adopted for preservative treatment of bamboo.
ASCU is a water soluble preservative and the treatment process for bamboo
is very simple. The preservation of bamboo has been extensively studied
by F.R.I. In 1978, I introduced bamboo strips for reinforcement of the
floor ore of an are yard in Goa. This is believed to be the first applica-
tion of bamboo strips for soil reinforcement. An evaluation of the
nce of ASCU treated strips is in progress. Since the strips were
tested for strength characteristics before installation, an indication of the
strength deterioration can be ob_tained by testing the strips which have
been subjected to alternative drying and wetting, Due 1o tidal variation,
the hazard of inesct attack was quit servere at this site.

performa

According to the studies by Fang (1981) bamboo strips embedded in

concrete have a very long life. There is reason to believe that fungus and
organic attack would be inhibited in an alkaline environment. It would
be worthwhile to evaluate experience of traditional constructions where
fibres were embedded in lime mortar. There are constructions in China
which are over 100 years old where composite construction of sun dried
bricks and bamboo have been used. A bamboo was placed in holes
within the bricks and the annular space around the bamboo was filled
with lime mortar. The bamboo members are reported to be unaffected by

insect attack. (Fang, 1981).

It is also possible to encase the bamboo reinforcement lime fly ash
mortar which in turn could be encapsulated by a suitable film of an
impermeable polymer like laminated H.D.P.E. or polypropylene. It could
be anticipated in the light of the above observations that long life and
durability can be imparted to bamboo reinforcement by developing suita-
ble forms which would consist essentially of an assemblage of bamboo
strips encased in cement or lime flyash mortar which may again be confined
by spiral of polymer and further encapsulated in polymer sheaths.

Available length of bamboo strips is generally restricted to 3 meters.
Tt was, therefore, necessary to develop designs of splices suitable for field
application. After experimenting with various alternative (Datye,
Nagaraju 1978 and 1981) two splice designs have been developed. In the
first design, a wedge anchor is used in combination with loops. Tests
have confirmed joint efficiencies better than 70 per cent and there is a
potential for furter improvement (Figure 7). Another splice design has
also been developed which involves a winding of a fibre over a lap joint of
strips. In both the designs the anchorage and lapping zones should be
roughened by applying sand to resin coated bamboo trips. A strip size
of 1-1.5 mm thickness and width of 10-20 mm is considered suitable. This
also happens to be a common size for bamboo matting material. Froms
of reinforcement based on the above two designs of splices are illustrated
in Figure 8.

Although results of laboratory test indicate a good potential for use of
bamboo strips as reinforcement, it is desirable to develop alternatives with
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commercially available materials and with a proved performance with
regard to durability. Such a design could be used where a longer life is
required and also as a material for transitional phase until preservative
treated bamboo strips become commercially available.
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FIGURE 7 Anchor and Splice for bamboo
Polypropylene strips

Polypropylene is known to be a durable material and tubing of poly”
propylene embedded in carth dams for piezometric observations are
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reported to have a long service life.  Recently, polypropylene strips have
become available in India for the packaging indusiry and their costs and
characteristics are as follows :
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~ Brick used for small structures
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FIGURE 8 Forms of reinforcement

Size : Range—9 mm to 12 mm (width)
0.5 mm to 0.6 mm (thickness)

Ultimate Tensile Strength i 2100 kg/cm?
Cost/Litre ¢ Rs. 22.00
Elongation at break : 20 per cent (approx.)
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Facing

[he proposed concept of reinforced earth wall admits of use of variety
of facing materials depending on the nature of application (Figure 9).
Dry stone masonry facing can be used for a wall with a small batter if
stone is available locally at low cost. Alternatively, a dry facing of
country tiles or bricks with bands of concrete may be considered.

) If fuel for burning country tiles is not available or is unduly expensive,
it should be possible to use a facing of compressed lime fly ash stabilised
soil with fibre. In fact, this kind of facing seems to have the greatest
potential for application.

Use of an anchor or a tile for the facing would reduce the requirement
of the thickness in situations where the facings are not subject to forces of
water current. Precast and pre-cured compressed stabilised soil blocks
with a thin facing of high quality clay tile anchored by reinforcement
into the stabillsed soil have also a very good potential for application.

Sitnation ofien arises when erosion resistance is a critical factor,
Precast concrete, fibre reinforced concrete, or high grade burnt clay tile

can be used in such cases.

Field Trial

A trial construction of a small drop structure with facing elements of
H.D.P.E. tubes filled with soil and strip of poly-propylene reinforcement
was mad recently to test the feasibility of the reinforced earth construction.
The experience shows that the construction is simple and the fall has been
able to withstand the erosive attack and over-turning action of water.

Another design of fall has now been worked out which is based on
facing clements of country tile or burnt bricks. Cost studies indicate that
this design sould cost about 509, of the conventional masonry or precast
concrete construction. Cement or steel is totally eliminated and trans-
portations will be reduced to a bare minimum while the energy saving will

be very significant. .

Cost Comparison

Results of a comparative evaluation of the cost of typical gravity
walls 5 and 10 mtr. high subject to lateral earth pressure are presented
in Table 6 The basis of analysis of the walls and the reinforcement
provisions are furnished inAnnexure 4. The unit rates and the relevant
analysis is also summarised in Annexure 1 and 2.

The conclusions that emerge from the camparative cast study are that
under Indian conditions, the reinforced earth wall with concrete facing
and galvanised iron strips has no cost advantage over the conventional
cement masonry wall. There is, of course, some saving relating to
concerete walls which is not a common material for gravity walls. There
is hardly any justification for introduction of the French system of the
reinforced earth on the basis of cost. However, in special situations
particularly when foundation depths are large for gravity walls, the rein-
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forced carth system may be still favourable. The alternative design based
on use of available polymer strips, bricks and stabilised soil blocks shows
This has a very good potential for
application since the construction would be carried out with commercially
available material and research is needed only to confirm the assumption
regarding the shear transfer capacity of the anchor blocks.
would be even greater if lime stabilised soil blocks are used in lheu of
brick facing and anchor blocks and further polymer strips are substituted

a cost advantage of almost 509%,.
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TABLE 6
(@) Unit Cost/M? of Wall

Polypropylene loop | Polypropylene loop | Galvanised iron
‘reugfo_rcement_ with | reinforcement and | strip reinforcement
Item optimised design & | burnt brick facing & | with R. C. C.
| Lime- f_lyash-stabﬂi- anchorages of brick | facings.
| sed soil block for | & stabilised soil
| facing and Anchora- | blocks.

‘ ged.

10mt. | SMt |10 mt |5mt 10 mt. |5 mt

Height Height Height Height Height | Height

Rs. Rs. Rs. Rs. Rs. ! Rs.

|

Reinforcement 13.25 6.75 16.00 8.00 30.50 12.00
Anchorin 3.00 5.00 4.00 6.00
Facing 1.50 3.00 2.00 4,00 18.50 37.00
Misc, Items, Add 0.75 0.75 1.00 1.00
5 per cent conti-
gency
Unit Rate/m3 18.5 15.5 23.0 190 49.0 49.0

(b) Comparative Cost of walls of equal length (Consider Masonry Gravity Walls of
Height H and Volume WH. Masonry Cost 9% Rs. 150/m3 Mass Concrete Cost 9

Rs. 300/m).3
Comparative
Volufne 3WH iwH 3WH 3IWH 3WH 3WH
Relative Cost
with reference
to Masonry Cost 0.37 0.31 0.46 0.38 0.98 0.98
Relative Cost
with reference
to Concrete Cost 0.185 0.155 0.23 0.19 0.49 0.49

conventional designs of gravity structures or reinforced concrete structures
is not applicable directly due to the non-linear behaviour of the soil which
is also very much dependent on the initial stresses and the stress history.
The reinforcement may not also behave elastically if it consists of polymers
or natural fibres. A further complication arises due to the slippage of the
soil relative to the reinforcement, localised yielding and also because the
soils in field conditions -are anisotropic, non-homogeneous and their
behaviour is time-dependent and sometimes the deformation of the
reinforcement could also be time-dependent. Stress analysis is further
complicated by the interaction between the soil and the reinforcement and
the influence of the facing as well as inclusions on the soil mass behaviour.
Inspite of these limitations many successful constructions have been carried
out in reinforced soil. Even before the recent development initiated by
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Vidal came into practice, large number of cellular coffer dams have been
designed and constructed and the cellular coffer dam is essentially a rein-
forced soil mass.

The above difficulties in the analysis can be overcome by basing the
design approach on alternative postulations of soil behaviour. The two
postulates described below can be considered to be substantiated by past
experience and I would like to present the evidence in support of the
postulates so that a suitable design approach can be adopted for specific
application depending on whether the first or the second postulate is
considered. If necessary, the structural geometry, the arrangement and
the capacity of the 