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98 Ground improvement techniques

shoe then functions to anchor the drain to the soil upon reaching the desired depth of instal-
lation as the mandrel is being pulled out.

These drains can be installed to depths of 40 m or more. An installation machine together 
with a crew of two workers may install up to 4000 m length of drain per day.

In general, there are two methods of driving the mandrel: the jetting and dry vibrating 
technique. It is debatable which method is more appropriate. In any case, with the dry vibrat-
ing method, the soil surrounding the drain will be remolded. This will give an adverse effect 
to the soil shear strength and its consolidation characteristics. Because of this, the jetting 
method seems to be more suitable. But the quantity of water needed for this case needs to be 
limited in order to minimise possible environmental contamination of the site.
To	achieve	 the	desired	degree	of	 average	consolidation	within	 the	 time	 specified,	pre-

loading by surcharge technique with or without the loading berms may also be used. This 
can reduce the number of drains required. The surcharge will be removed after the required 
consolidation settlement under working load has been achieved.

4.4.5  Horizontal drains

4.4.5.1 Design of horizontal drains

Horizontal drains are more suitable for shallow stabilisation, such as for natural slopes and 
along the highways. This method is not suitable for deep stabilisation because of its depth 
limitation, which is only 5–7 m. This is because there is no suitable machine that can dig 
very deep in addition to the consideration of side instability. The drains are usually in the 
form	of	 trenches	backfilled	with	granular	material	 (sand	and	gravel)	or	a	combination	of	
perforated pipes with the sand and gravel.

Calculating spacing and depth of drains to achieve the desired degree of consolidation is 
usually done using analysis based on two dimensional consolidation theories. The quantity 
of	water	flowing	into	the	drain	can	be	estimated	using	the	flow	net	method.

4.4.6  Horizontal drain installation method

Construction of horizontal drain is made by using special equipment, by digging up trenches 
and	then	backfilling	them	with	granular	materials.

4.4.7  Electro- osmosis

Casagrande	first	introduced	the	method	of	treating	soft	soil	with	electro-	osmosis	in	1947.	
Electro- osmosis involves water transport through a continuous soil particle network, where 
the	movement	 is	 primarily	 generated	 in	 the	 diffuse	 double	 layer	 or	moisture	 film	where	
cations dominate. When the direct electrical gradient is applied to a clay- water system, the 
surface	or	particle	is	fixed,	but	the	mobile	diffused	layer	moves	and	the	solution	with	it	is	
carried. The main mechanism in electro- osmosis is the migration of ions, meaning the cat-
ions migrate to the cathode and the anions move toward the anode (Figure 4.23). However, 
this method is not used in large- scale projects because of its high cost.
The	 electro-	osmotic	 flow	 that	 results	 from	 the	 fluid	 surrounding	 the	 soil	 particles	 is	

induced	 by	 ionic	 fluxes.	 In	 addition,	 the	water	molecules	 in	 flow	 in	 bulk	 phase	 can	 be	
carried	out	along	with	flow	from	the	fluid	surrounding	the	soil	particles	in	the	same	flow	
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direction.	Interaction	between	flow	in	the	fluid	surrounding	the	soil	particles	as	a	first	region	
and	flow	in	the	bulk	phase	as	a	second	region	enables	the	movement	of	water	in	the	bulk	
phase,	meaning	a	drag	action	is	the	main	cause	of	the	electro-	osmotic	flow.	Therefore,	the	
total	observed	electro-	osmotic	flow	is	attributed	to	the	movement	of	these	two	water	layers	
(Asadi et al., 2013).

The Helmholtz- Smoluchowski theory is one of the widely used models to describe 
electro- osmotic processes. The Helmholtz- Smoluchowski theory assumes the pore radii are 
relatively large in comparison to the thickness of the diffuse double layer and the mobile 
ions are concentrated near the soil- water interface (Figure 4.24). Based on the Hemholtz- 
Smoluchowski	theory,	the	zeta	potential	(ζ)	and	the	charge	distribution	in	the	fluid	adjacent	
to	the	soil	surface	play	important	roles	in	determining	the	electro-	osmotic	flow.
The	rate	of	electro-	osmotic	flow	is	controlled	by	the	coefficient	of	electro-	osmotic	perme-

ability of the soil, ke,	which	is	a	measure	of	the	fluid	flux	per	unit	area	of	the	soil	per	unit	
electric gradient. The value of ke is a function of the zeta potential (ζ), the viscosity of the 
pore	fluid,	 the	soil	porosity	and	the	soil	electrical	permittivity.	The	coefficient	of	electro-	
osmotic permeability is given by Equation (4.24):

q
V

n
E

L
A

t

=
εζ   (4.24)

where

ζ	=	zeta	potential
Vt =	viscosity	of	the	pore	fluid
n = soil porosity
ε = soil electrical permittivity
A	=	gross	cross-	sectional	area	perpendicular	to	water	flow
L = length
q	=	flow	rate.

Figure 4.23 Principles of electro- osmosis

Source: Adapted from Das (2008)
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The hydraulic conductivity, kh,	is	significantly	affected	by	the	pore	size	and	distribution	in	
the medium, but ke based on the Helmholtz- Smoluchowski theory is dependent mainly on 
ζ and n.

The concentration of electrolytes, type of electrolytes, valance of ions and pH are impor-
tant	factors	that	can	affect	ζ	values.

Das (2008) reported that Schmid in 1951 proposed a theory in contrast to the Helmholtz- 
Smoluchowski theory. It was assumed that the capillary tubes formed by the pores between 
clay particles are small in diameter, with the result that excess cations would be uniformly 
distributed across the pore cross- sectional area (Figure 4.25). Based on this theory, we have 
Equation (4.25):
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 (4.25)

where

r = pore radius
Ao = volume charge density
F = Faraday constant
n = porosity
A	=	gross	cross-	sectional	area	perpendicular	to	water	flow
L = length
Vt = viscosity
q	=	flow	rate.

Figure 4.24 Helmholtz- Smoluchowski theory for electro- osmosis

Source: Adapted from Das (2008)
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However,	the	most	widely	used	electro-	osmotic	flow	equation	for	the	soil	system	is	pro-
posed by Casagrande (1949) (Equation 4.26):

q = keieA (4.26)

where

A	=	gross	cross-	sectional	area	perpendicular	to	water	flow
ie = applied electrical gradient
ke	=	coefficient	of	electro-	osmotic	permeability
q	=	flow	rate.

Rate	 of	water	flow	 in	 the	 electro-	osmosis	 treatment	method	 can	 also	 be	 estimated	 using	
Bell’s (1975) equation as follows:

q I= ke r  (4.27)

where q	is	the	rate	of	water	flow,	ke	is	the	efficiency	of	the	electro-	osmosis	(typical	value	
0.005 m2/Vs at moisture content 60%), r is soil resistance and I is the current used.

Equation (4.23) shows that the rate of water discharge is directly proportional to the cur-
rent, I, and soil resistance, r. In practice, the value of ke reduces with a reduction in water 
content. Therefore, the effectiveness of the method is also reduced. To improve this situa-
tion, electro- osmosis can be combined with chemical treatment to accelerate absorption of 
ions in soils of low permeability.

Figure 4.25 Schmid theory for electro- osmosis

Source: Adapted from Das (2008)
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The method is effective for the following soil conditions:

• Silt or saturated clayey silt
• Normally consolidated soil
• Pore water with low electrolyte intensity
• A potential gradient in the same direction as the hydraulic gradient.

4.4.8  Electro- osmosis treatment installation method

The equipment required for the electro- osmosis treatment and the installation procedures are 
actually very simple. They involve inserting steel or aluminum rods of diameter 1–10 cm 
or perforated pipes into the soil to act as the anode. Wells are usually used as the cathode. 
Direct current with potential gradient between 20 V/m and 50 V/m, depending on types of 
soil, is then applied.

The depth of soil treated with this method is between 10 m and 20 m.

Case Studies

Case 1: Evaluation of treatment methods used for 
construction on expansive soils in Egypt

The case study is for a site located in the Katamia region (east of Cairo) where swelling 
soil was found. In this site, five boreholes were dug around the main building, in which 
more cracks appeared in its concrete structures (beams and columns), to investigate the 
underlying soil properties. It was found that the swelling soil formation was when the soil 
was wetted. Thus, dry samples were taken from additional test pits which were dug in un- 
wetted areas near the defective main building to perform the laboratory swelling pressure 
test. The swelling soil pressure was very high ranging from 6 kg/cm2 to 12 kg/cm2 for dry 
soil and the soil bulk density ranged from 1.96 t/m3 to 2.00 t/m3. Free swelling index read-
ings were in the range of 110%–170%. Figure 4.26 illustrates the value of the laboratory 
swelling pressure achieved on the dry soil samples (two samples were shown) which were 
collected from test pit excavation near the defective building.

The defective structure was a governmental building having nearly 1000 workers and 
consisted of three adjacent building parts with a structural joint between each part. The 
shallow foundation type was an inverted T- beam (shallow strip footings). In this site, the 
soil replacement was sand cushion material which was backfill just under each strip foot-
ing without any extension width outside the footing area from each side, as shown in 
Figure 4.27.

Also, there was no backfill soil under and around the slab. And due to the lack of sand 
cushion of the soil replacement in the area between the strip footings, the swelling soil 
in this area was still active and applied upward pressure on the foundation and the slab 
above, especially when there was water leakage from the adjacent water tank, which 
was 2 m distant from the main building. And thus, with the change in the underlying soil 
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moisture content, the expanded soil in volume moved the footings up and caused the 
cracks and the horizontal movement shown between the parts of the main building. 
The horizontal movement was observed each floor and increased at the top of the 
building. Also, cracks were observed at the different structural elements. By investigat-
ing the expansive soil under and around the main governmental building, it was found 
in a wet condition, and this was due to water leakage from the nearest groundwater 
tanks and the irrigation around the building directly. Also it was found that the location 
of the main building was in a depressed location of the whole site, which enabled the 
rainwater and leakage from the groundwater tank to be collected under its footings, 
which was not surrounded with enough replacement soil.

Figure 4.26 Swelling pressure test

Figure 4.27 Soil replacements under strip footing

Authors: Farid and Amin; http://www.jeaconf.org/UploadedFiles/Document/d4b825c2- 3d29- 
460b- ba39- 0e89b03e5a4e.pdf

http://www.jeaconf.org
http://www.jeaconf.org
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Case 2

(Ground improvement using PVD with preloading for coal and iron ore stackyard) (Source: 
Bhosle and Vaishampayan, Proc., IGC 2009, India)

The development of the new port at Gangavaram located about 15 km south of 
Visakhapatnam Port, Andhra Pradesh, commenced in December 2005. The preliminary soil 
investigation revealed the presence of soft clay up to a depth of 10–18 m with very low safe 
bearing capacity and high consolidation parameters. It was therefore decided to enhance 
the soil properties using a ground treatment method: “Use of Band Drains/PVD with Pre-
loading.” In general, the area was fairly level and a thin layer of dredged sand of thickness 
0.2–0.3 m was present at most of the location. Immediately below the dredged sand was the 
marine clay with shells with thickness of 1–3 m. A layer of soft marine clay of thickness 7–15 m 
was observed following this layer of marine clay with shells. The standard penetration test 
was conducted in this stratum at various depths, indicating the penetration of 45–60 cm in 
one blow thus the N resistance was 0–1. At a depth of 12–18 m below the existing ground 
level, the penetration resistance N was observed to be increasing with depth. The safe bear-
ing capacity of the existing soil was worked out as 3 ton/m2, which was very low to take the 
loads. The consolidation settlements were worked out at 1000–1600 mm.

Salient Features of Scheme

Machinery used: Hydraulic stitchers
Depth of PVD: 10–18 m below original ground level (OGL)
Spacing of PVD: 1 m center to center (c/c) in a triangular grid below the stacker 

reclaimers and 1.5 m c/c in a triangular grid in other areas
Consolidation period: For 1 m spacing, 65 days; for 1.5 m spacing, 174 days
Thickness of sand mat: 300 mm
Horizontal drainage system: Combined system of geotextile pipe formed by boulders/

gravel encased in geotextile and band drains laid horizontally connecting these pipes.

Table 4.1 shows the details of the instruments installed in the project area.
Figures 4.28 and 4.29 indicate the excess pore pressure variations with time. For the 

piezometers installed below the stacker reclamation, the degree of consolidation was 

Table 4.1 Details of instrument

Section Casagrande 
piezometer

Vibrating wire 
piezometer

Plate settlement 
markers

Magnetic 
settlement recorder

Section 1 CPI VP1, VP2, VP3 PS1. PS2 MSI, MS2
Section 2 CP4 VP9, VP 10, VP 11 PS8. PS9. PS10 MS6
Section 3 CP3 VP6, VP7, VPS PS5, PS6, PS 7 MSS
Section 4 CP2 VP4, VP5 PS3, PS4 MS3, MS4
Section 5 CP5 VP 12, VP 13, VP 14 PS11, PS 12, PS 13 MS7



Figure 4.28 Variation of excess pore pressures with time

Figure 4.29 Variation of excess pore pressures with time
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observed as 55%–65%. For the piezometers installed in other area (PVD spaced at 1.5 m  
c/c), the degree of consolidation was observed as 30%–40%.

Figure 4.30 indicates the settlement data with time. The observed settlements were in 
the range of 300–500 mm.

Case 3

Ground improvement using preloading with prefabricated vertical drains (Source: Gadhiya 
Shadab and Vyas Saurabh, 2013, Indian Geotechnical Conference)

Essar Steel Orissa Ltd. has proposed to set up an 8 MTPA integrated iron ore pellet/
steel plant at Paradeep, which comprises various facilities and stockpile areas where the 
movement of stacker- cum- reclaimer was planned. Heavy loading in terms of metric tons 
was expected and the subsoil beneath consisted of soft soil in nature.

The area under study is generally flat. The study area is primarily deltaic alluvial sediments 
drained by the Mahanadi River near its confluence with the Bay of Bengal. The topography 
of the area is such that it consists of low- lying areas and a nearby creek.

A total of 13 boreholes were drilled to gather subsoil information for the site. The bore-
holes were distributed over the area; 10 boreholes were sunk to 50 m depth and three 
boreholes were sunk to 30 m depth. Seven vane shear tests, four static cone penetration 

Figure 4.30 Settlements with time
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tests (SCPT) and three field CBR tests were also carried out at specified locations. 
Observed SPT values of boreholes in the stockyard area are shown in Figure 4.31.

Looking to the soil stratification and properties, the top few meters of soil were too 
weak to resist the load of stacking, and the actual height of stacking was undetermined at 
the time of proposal. So it was decided to stack 1.5 m height of preload with locally avail-
able soil. Considering 90% of degree of consolidation to be achieved, the design of ground 
improvement with PVD was done.

The time required for 90% consolidation was observed to be 3.87 years. This period is 
very much higher than practical considerations. Hence, the installation of PVDs was con-
sidered to be a viable option to accelerate the consolidation process. Calculation showed 

Figure 4.31 Observed SPT values with reduced level (R.L.)
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that the time for 90% could be reduced to 1 month by installing PVDs. Triangular grid 
spacing of 1.2 m was suggested.

Product pellets of 100 × 40 × 8 m is considered, with 20 m space in between. Looking 
to the movement of stackers and reclaimers in the stockyard area, triangular stacking in 
three stages was assumed. The height of each stage of stack is 3 m, 3 m and 2 m, respec-
tively. Table 4.2 shows the properties considered for design of embankment at different 
stages.

The embankment was modeled in SETTLE 3D software for settlement computation. 
The complete cycle of preloading, removing and actual stages of loading was modeled 
assuming the pressure distribution as 2:1. The estimated settlement was 1.02 m.

Case 4

Case study on hydraulic reclaimed sludge consolidation using electrokinetic geosynthetics 
(EKG) (Zhuang et al., 2014).

Currently the most popular technique for consolidating hydraulic- filled areas is vacuum 
preloading. However, for hydraulic reclaimed sludge, vacuum preloading is too slow. Also 
for area of deep hydraulic reclaimed sludge (usually deeper than 4–5 m), the effect of 
vacuum preloading is limited. In this case, electro- osmotic consolidation can be an alterna-
tive option.

There was a 19 m × 15 m hydraulic reclaimed area to be treated by electro- osmotic 
consolidation. The area was filled with 5.8 m thick dredged pool sludge. The properties of 
the sludge before electro- osmotic consolidation are shown in Table 4.3.

EKG electrodes were square, arrayed at a space of 1 m. The treatment included two stages 
separated by 16 days of intermittence. In stage 1, electro- osmotic consolidation began under 
a constant- current mode of 290 A and lasted for 233.57 hrs (~ 10 days). Then it was switched 
to a constant- voltage mode of 50 V and lasted for 28.55 hrs (~ 1 day). In stage 2, after the 
intermittence, electro- osmotic consolidation continued under a constant- voltage mode of 80 V 
and lasted for 215.02 hours (~ 9 days). The treatment was controlled by computer software. 
Electrode polarity was reversed according to the trend of electric current variation. Generally, 

Table 4.2 Properties considered for design of embankment

Layer Unit Weight (kN/m3) C or Cu (kPa) f (degree)

 Product Pellet LC DC Product Pellet LC DC Product Pellet LC DC

Preload 18 17.85 18 0 19 23 30 0 0
I 22 17.85 18 0 34.91 39.1 38 0 0
II 22 17.85 18 0 50.81 55.08 38 0 0
III 22 17.85 18 0 60 68 38 0 0

LC – Soft brownish gray to gray silty clay 1.5 m thick.
DC – Loose to medium dense/dense grey silty clay 6 m thick.



Replacement method, stage construction 109

stage 1 had a longer time of current in reverse direction, while stage 2 had a longer time of 
current in forward direction. The purpose of this scheme for electro- osmosis was to maintain 
mobile cations in the soil as much as possible.

After the electro- osmotic dewatering treatment, soil was sampled from the field for 
measurement of properties in the lab. Test results showed that the water content of the 
soil decreased from an average of 62% to 36% and the minimal water content after electro- 
osmotic dewatering according to the borehole was 24%. Distribution of water content 
after electro- osmotic dewatering along the middle cross- section from west to east and 
from north to south is shown in Figures 4.32 and 4.33, respectively. Water content was 
relatively high to the east and low to the south. This is due to the boundary conditions. 
There was a pond at the east, while there was a road at the south.

Unconsolidated- undrained shear strength of the soil increased from 0 to 25 kPa; the soft 
ground was improved from a fluid- like status to a bearing capacity of 70 kPa. The average 
energy consumption for this treatment was 5.6 kWh/m.

As a comparison, the preloading method was analysed to produce the same consolida-
tion effect as EKG. The soil had a coefficient of consolidation CV = 0.0029 cm2/s and a 

Table 4.3 Properties of sludge before electro- osmotic consolidation

Specific 
gravity

Water 
content (%)

Dry density 
(g/cm3)

Permeability 
(cm/s)

Liquid 
limit (%)

Plastic 
limit (%)

2.61 62 1.03 3.0 × 10−7 50 22

Figure 4.32  Distribution of water content after electro- osmotic dewatering along middle cross- 
section from the west to the east (within borehole range)
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compression index CC = 0.3611. In order to achieve the same effect of consolidation (to 
reduce water content from 62% to 36%), there should be 132 kPa of preloading (around 
6–7 m high soil surcharge); and it would take 1139 days – more than three years – to 
achieve 90% of consolidation. However, electro- osmotic consolidation took only 36 days, 
including 16 days of intermittence.

For vacuum consolidation, the theoretic limit of bearing capacity is 1 atm (~100 kPa) 
and the practical limit is around 80 kPa considering the vacuum loss. Therefore, practi-
cal vacuum consolidation can achieve a bearing capacity of 50–60 kPa in 3–6 months 
for hydraulic reclaimed sludge. The comparisons above show that electro- osmotic 
consolidation is much quicker and can achieve better consolidation effect.

This case study shows that if the electro- osmosis scheme is properly designed, the 
energy consumption is fairly acceptable. It is not higher than the energy consumption for 
vacuum consolidation. The high cost is due to the price of the EKG product. The EKG 
product adopted in the field application is 10 times more expensive than traditional PVD. 
EKG can compete with PVD in consolidation projects only if the price of EKG decreases 
or the effect of consolidation further improves so that the secondary treatment of the 
ground is not necessary after electro- osmotic consolidation.

Figure 4.33  Distribution of water content after electro- osmotic dewatering along middle cross- 
section from the north to the south (within borehole range)
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