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ANALYTICAL SOLUTIONS AND DESIGN CURVES FOR VACUUM-
ASSISTED CONSOLIDATION WITH BOTH VERTICAL AND

HORIZONTAL DRAINAGE
Cholachat Rujikiatkamjorn and Buddhima Indraratna

Abstract

A system of vertical drains combined with vacuum preloading is an effective method
for promoting radial flow to accelerate soil consolidation. This study presents the
analytical modeling of a consolidation of vertical drains incorporating vacuum
preloading considering both vertical and horizontal drainage. The effects of a number
of dimensionless parameters involving the drain length, soil permeability and vacuum
pressure are examined through average excess pore pressure, degree of consolidation,
associated settlement and time factor analyses. An analysis of selected case histories
compliments the use of the proposed solutions. Design charts are also presented for

practical use.
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Introduction
Vacuum preloading method was first introduced by Kjellman (1952) to
improve the strength of soft soil. An increase in the effective stress in a soil mass for
this method is attributed to applying a vacuum pressure in lieu of a conventional
surcharge (Qian et al. 1992). This system has been used to achieve a rapid
consolidation and reduce the height of surchage fill by vacuum pressure acting as an
additional surcharge load. The advantages of vacuum preloading in comparison with
conventional preloading can be summarised as follows:
(a) The effective stress related to suction pressure increases equiaxially, and the
corresponding lateral movement is compressive. Consequently, the risk of
shear failure can be minimised even at a higher rate of embankment

construction (Qian et al. 1992).

(b) Depending on the vacuum efficiency (e.g., extent of air leaks in the field), the
height of surcharge fill can be decreased to achieve the same amount of

settlement.

(c) At any given time, the maximum excess pore pressure prevailing under a

vacuum preloading system is less than a conventional surcharge.

(d) With a vacuum pressure applied through prefabricated vertical drains, the risk
of unsaturation at the soil-drain interface due to mandrel withdrawal may be

reduced (Indraratna et al. 2004).

Prefabricated vertical drains (PVDs) can affect the distribution of vacuum
pressure to deep subsoil layers and thereby increase the consolidation rate (Holtan
1965, Chu et al. 2000). The effectiveness of vacuum consolidation via PVDs for

ground improvement has been verified through various field trials (Choa 1989;



Shinsha et al. 1991; Indraratna et al. 2004). In the case of hydraulic fill used in land
reclamation projects where the height of surcharge is restricted due to the low shear
strength of soft soil, vacuum-assisted consolidation is an ideal method for ground
improvement (Yan and Chu, 2003; Song and Kim, 2004). However, the effectiveness
of this system depends on: (a) the integrity (airtightness) of the membrane, (b) the
effectiveness of the seal between the edges of the membrane and the ground surface,
and (c) soil conditions and the location of ground water level (Cognon et al. 1994).

The theory of radial drainage and consolidation was initially presented by
Carrillo (1942) and Barron (1948). Subsequently, Yoshikini and Nakanodo (1974)
proposed a rigorous solution that included well resistance. Hansbo (1981) and Onoue
(1988) extended these solutions to take the smear effect into account. In terms of
vacuum preloading, a rigorous solution for vertical consolidation was proposed by
Mohamedelhassan and Shang (2002), whereas a solution for radial consolidation was
introduced by Indraratna et al. (2005). However, to the authors’ knowledge, no
comprehensive solution to vacuum-assisted consolidation with both vertical and
horizontal drainage including the smear effect and well resistance is available in the
literature.

In this paper, the authors present mathematical solutions to the above problem.
The effects of the length of vertical drain, anisotropic soil permeability, and vacuum
pressure are considered, and a reduction in consolidation time through vacuum
preloading is compared to other available methods. Design charts eliminating
cumbersome iteration procedures are then developed using the equivalent drain

diameter as an independent variable to obtain the relevant drain spacing.



Basic equations and solutions
To obtain the governing equation for the consolidation of soil with vertical drains, it is
assumed that:

(a) Darcy’s law is valid,

(b) the soil is fully saturated,

(c) water and soil are incompressible,

(d) strains are small,

(e) all vertical loads are initially carried by the excess pore pressure u,

(f) all compressive strains within the soil mass occur isotropically; shear strains
are neglected as the unit cell is laterally confined and horizontal sections
remain horizontal during consolidation,

(g) the coefficients of compressibility and permeability are constant.

The schematic representation of the problem under consideration where a vertical

drain is surrounded by a smear zone is shown in Fig. 1. The basic partial differential
equation for excess pore water pressure by vertical and radial drainage is (Barron

1948):

2 2
[1] ou(r,z,t) _ Ch(ﬁ u(r,z,t) +l§u(r,z,t)j+cv 0u(r,z,t)

ot or? r or 0z?

where, u(r,z,t)= excess pore pressure, ¢ = elapsed time, »= radial distance from the
center of the drain well, z = vertical distance from the soil surface, c,= coefficient of
consolidation for radial consolidation and ¢, = coefficient of consolidation for

vertical consolidation.



The boundary and initial conditions for Equation (1) are:

[2] u(r,0,t) =—p, for t > 0: constant vacuum pressure, - p, at the soil surface;
ou . .
[3] o =0 for ¢ > 0: impervious boundary at r=r, ;
r r=r,
[4] u(r,,0,t)=—p, for ¢>0: constant vacuum pressure, - p, along the drain

boundary, However, vacuum pressure at the drain boundary may vary during the

consolidation process.;

[5] Z—u =0 for ¢ > 0: impervious boundary at the bottom of soil layer; and
4 z=l
[6] u(r,z,0) =u, for ¢ = 0: initial excess pore pressure due to surcharge load.

In the above expressions, r,= radius of the soil cylinder dewatered by a drain, p,=

applied vacuum pressure at the top soil surface and along the drain, /= the soil

thickness which equals the length of vertical drains, u,= initial excess pore pressure
and r = the equivalent radius of the drain, where r, =(a+b)/4, a and b are the

width and thickness of PVD, respectively (Rixner et al. 1986).

Based on the method of separation of variables (Kreyszig 1999), it is appropriate to

assume that,

where, u,(r,t)= excess pore pressure for pure radial consolidation and u,(z,¢)=

excess pore pressure for pure vertical consolidation.
Equation (7) is more general than that introduced by Carrillo (1942) as Equation (7)

can be used for both surcharge and vacuum preloading applied simultaneously.



From Equation (7), the average excess pore pressure in the unit cell at a given time 7 is

defined as:

Ui —Ut=0 Uht —Uh,t=0 Uvt —Uvyt=0

U=0 —Ut=n Uni=0 —Uht=0 Uvt=0 — Uy t=c0
where,
(9] U j.[urztdrdz

w lr 0

_ 1!

[10]  ww :7J‘u z,t)dz and
0

_ 1 L,
[11] Uhit :M—_’ﬁi‘fuh(r,t)drdz

Then substituting Equation (7) into Equation (1) yields:

2
[12] %zcr(a ! +laﬂ] and

ot ot r or
2
[13] 6uV:CV8 u,
ot 0z2

where, ¢, =k,/m,y, and ¢, =k, /my, are the radial and vertical coefficients of
consolidation, respectively, y, = is the unit weight of water, m, is the coefficient of
soil compressibility, and k, and k are the horizontal and vertical permeability,

respectively.

The problem has now been reduced into two problems for u, and u, . In summary,

Equations (3)-(6), (11) and (12) define radial consolidation problem, whereas,

Equations (2), (5), (6), (10) and (13) define vertical consolidation problem.



For radial consolidation analysis, the assumptions, the boundary conditions, and the
initial conditions are similar to the solution proposed earlier by Indraratna et al.

(2005). Based on the governing Equation (12), the boundary conditions (Equations 3-

Unyt

)

5) and the initial condition (Equation 6), the average excess pore pressure ratio (
u,

in the radial direction at a given time ¢ is:

[1da] 20 =[ 1520 |exp| 2598 |_ 20
Uy Uy pd; Uy

In the above equation,

2 k 3
[14b] =T I 2 Brn(s) - 2|+
G TR )= 3

2 2 4 _

> (1— > j+ﬂ 1 (S —sz+l]+
n?—1 4n?) k, n>-1\ 4n
7z2kh 12[1—L

3q, n?

[14c] n=d,/d,

[14d] s=d,/d,

where, d,= the diameter of soil cylinder dewatered by a drain, d = the diameter of
the smear zone, d = the equivalent diameter of the drain, k = horizontal soil
permeability in the smear zone and ¢, = drain discharge capacity. For the above
equation, the vacuum pressure ratio (VPR) for vacuum combined surcharge
preloading can be introduced by the value of p,/u, (i.e. applied vacuum
pressure/initial excess pore pressure). For fully saturated clay, the value of u, is equal

to the preloading pressure.



Depending on the soil stiffness, the size and shape of the mandrel, and the installation

method, the extent of the smear zone (d,) can usually be estimated by

d,=(2-3)d,, where d, 1s the equivalent diameter of mandrel (Hansbo 1981;

m?

Indraratna and Redana 1998; Bo et al. 2000). The value of £, /k, typically falls in the
range of 1-8, whereas the value of k&, remains more or less constant in both smear and

undisturbed zones (Hansbo 1981; Indraratna and Redana 1998; Saye 2003). It can be
seen that in Equation (14b), there are many factors controlling well resistance such as

the discharge length (/), the drain discharge capacity (¢, ), and the soil permeability
(k,). In practice, the effect of well resistance can be neglected because modern PVDs
usually provide a more than adequate ¢, . Holtz et al. (1988) suggested that as long as

the working discharge capacity of PVD exceeds 150 m’/year after installation, the
effect on consolidation due to well resistance (e.g. folding, increased lateral pressure,
siltation etc.) may be insignificant. Indraratna and Redana (2000) described that long

term well resistance becomes significant for PVD with a g, less than 40-60 m’/year.

For analysing consolidation by horizontal drainage, the assumptions and the initial
condition are similar to Terzaghi’s one-dimensional consolidation theory (1943)

except for the boundary condition of vacuum pressure (Mohamedelhassan and Shang,

2002). The average excess pore pressure ratio (—— ) at a given time ¢, based on the
U

governing Equation (13), the boundary conditions (Equations 4-5) and the initial

condition (Equation 6) is:

- 2

Uy Do Do & 8 2m+1 , ot
[15] S LY R L .S —[ ]ﬂ

Uy u, u, ;(2m+1)2ﬂ2 P 2 I




Substituting Equations (14) and (15) into Equation (8), the average excess pore
pressure ratio in both vertical and horizontal directions can be expressed by:

(a) Preloading combined with vacuum application:

u,  p, 2y |2 8 2m+1) 18
[16a] —t=—204| 14201y 2 _exp| - w? +=1T,
u, u, uy Joad (2m+1) 72 2 cwl? 1

(b) Vacuum application only

— @ 8 2m+1Y 1 8
16b u, =— + — X CXP| — 72'2 + — T
[160] 1= "Po p";(zmﬂ)%zz p( ﬂ 2 j L2 ,U} h}

where, the relevant dimensionless parameters are given by:

[16c] ¢, =c,/c, =k, /k,

[16d] L=1//d,

[l6e] T,=c,t/d?

The advantage of the proposed Equations (16a) and (16b) is that the excess pore
pressure both positive (due to surcharge load) and negative(due to vacuum pressure

can be obtained simulteneuosly.

The overall average degree of consolidation with time (U,) can now be evaluated
conveniently by:

17 U, =|1-
Uy, —u

00

Substituting Equation (16) into Equation (17) gives:

c 8 2m+1Y 1 8
18 U=1-S—2__ _exp| - 7’ + 20T
L8] ' mz_‘f(2m+1)27r2 p{ |:( 2 j e, L’ ,u:l h}

10



Equation (18) shows that the total degree of consolidation at any vacuum condition

( p,) 1s uniquely related to the time factor (7)), vertical drain system configuration

and soil anisotropic permeability (x,L andc,, ).

Once U, 1s known, As suggested by Chai et al. (2005), the associated settlement at a
given time () is then evaluated by the following conventional equation:

[19a]  p,=8U,p,

If the vacuum pressure is larger than the stress required to maintain a ko condition of

soil, for isotropic consolidation « can be calculated by:

[19b] os=1—#

1+ u
where,  is the Poisson’s ratio of the soil skeleton
In the case of no lateral strain, 6=1.
For a soil thickness of / (= drain length), p = total primary consolidation settlement, is
given by:
[19b]  p. =m,(uo + po)l
In the above equation, m, is the average value corresponding to an effective stress

increase from o', to o', +u, + p,, where o';1s the initial effective stress.

Influence of ¢, , L and vacuum pressure ratio
In this section, the effects of c¢,,, L and vacuum pressure ratio (VPR) are discussed.

Relavent parameters used in the analysis are given in Table 1. Figure 2 shows the
comparison of the total degree of consolidation when L varies from 1 to 10 for

¢,, =1, as calculated by Equation (18). It is evident that when L increases, the radial

11



consolidation becomes prominent. If L is more than 10 (i.e. />10d,), the vertical

consolidation can be neglected. Figure 3 illustrates the comparison of the degree of
consolidation when ¢, varies from 1 to 10 for L= 1. As ¢, =¢, /c, decreases, the
influence of vertical consolidation becomes significant, as expected. A comparison of

degree of consolidation, normalised settlement and average excess pore pressure with

variation of VPR for normally consolidated clay is shown in Fig. 4 (Equations 16 to
19) for L =5, ¢, =2, o',= 20kPa and u,= 50kPa. The degree of consolidation versus
time factor curve is independent of the vacuum pressure ratio (3 plots coincide).
Normalised settlement is defined as the ratio of settlement at any given time divided
by the ultimate settlement ( o,/ p.(novac)), where p.(novac) is based on the
conventional method (no vacuum). As expected, the rate of settlement with a vacuum
pressure is greater than conventional loading (surcharge only) without a vacuum
pressure. Figure 4 also shows that, at the higher VPR, both the rate of settlement and
the final settlement are increased. This is analogous to increasing the applied
surcharge load without any increase in the initial excess pore pressure (u, ). Clearly,
the application of a vacuum increases the lateral pore pressure gradient, thus
promoting radial flow. From the analysis, it shows that for very long vertical drains

(1>210d,), the effect of vertical consolidation is insignificant, and the anisotropic soil

permeability plays a significant role in controlling the consolidation.

12



Application to Case Histories

The Port of Huanghua

The Port of Huanghua is located about 90 km to the east of Cangchou in Hebei
Province, China (Gao, 2004). The soil consists of a very soft hydraulic fill (dredged
from the harbour basin) 4m in thickness, underlain by more than 16m of soft, thick
clayey soil. Based on an in-situ investigation in a pilot area, the consolidation
characteristics of the soil can be summarised as follows: the horizontal coefficient of

consolidation (c,) ranges from 3x107 to 7x10? m?day, and the undrained shear

strength varies from 1.6 to 6.0 kPa. It can be noted that the values of ¢, are very high
at a depth of 4.30-7.60m and 9.40-12.10m (¢, =7x102m?/day). In addition,
preloading using surcharge fill cannot be applied in this area because the top soil layer
has a very low shear strength. Therefore, vacuum preloading was considered to be the
most appropriate method. PVDs 18.5m long were installed in a square pattern at a
spacing of 1.5m. Subsequently, a perforated pipe system for water collection was
installed after placing a sand layer. Airtight seals were provided by a membrane liner
submerged in a trench at the border of the improved area. A vacuum pressure up to
80kPa was applied for almost 3 months. The observations (i.e. degree of consolidation
and pore pressure reduction) are compared with the analytical results in Fig. 5, based
on Equations (16) and (18). An analysis is conducted for upper and lower bounds of

¢, (0.07 and 0.04 m?/day), and a prediction based on the average value of
¢, =0.05m?/day is also plotted. The values of s=3 and k, /k, =2 were applied in

the analysis (Saye, 2003). It can be seen that the prediction of the total degree of

consolidation using an average value of ¢, (0.05m?/day) slightly underestimates the

field measurements (Fig. 5a). The observed pore pressure reductions at 0.75m away

13



from centreline and at 12m depth also match reasonbly well for average value of

¢, =0.05m?*/day (Fig. 5b).

An oil storage station, Tainjin, China

An oil storage station, constructed in 1996, is located near the coast of Tainjin, China
(Chu et. al. 2000). At this site, the top 6m clay layer was reclaimed from soft clay
with a very high water content taken from seabed. Underneath the soft clay layer, a
marine clay deposit is found at a depth of 6-20m, underlain by a stiff sandy silt layer.
The undrained shear strength of the soils was low (10-30 kPa). The coefficient of

horizontal consolidation (c¢,) varied in the range of 0.01-0.03 rnz/day. Vacuum

preloading rather than conventional preloading by surcharge fill was considered to be
a suitable method, because the shear strength of the soils was very low, especially
near the ground surface. Treatment of the soft soil began by placing a 2m thick, dry
clayey fill and a 0.3m sand blanket to serve as a firm platform. Subsequently, PVDs
were installed in a square pattern at a spacing of 1m to a depth of 20m. Horizontal
drains installed in a transverse and longitudinal direction linked PVDs to the vacuum
pump. PVC membranes were placed on the surface to prevent air leaks. Instruments
such as pore water pressure gauges and multi-level settlement points were installed in
Section I and II. A vacuum of 80kPa was applied for almost 90 days. Figure 6
illustrates field measurements (i.e. the degree of consolidation and pore pressure
reduction) compared with the analytical results, based on Equations (16) and (18).

Three different ¢, values (upper and lower bounds, and average value) were
considered in the analytical model. The values of s=3 and k, /k, =2 were assumed
in the analysis. The settlement prediction using an average value of ¢, slightly

underestimates the field measurements (Fig. 6a), and the prediction of average pore

14



pressure reduction compares well with the measured data points at 0.5m away from
the centreline (Fig. 6b). This implies that the proposed solution is acceptable for
predicting vacuum assisted preloading as long as the soil properties are accurately

known.

Design charts

In practice, most design charts for vertical drains employ dimensionless horizontal
time factor - consolidation curves (7} vs. U,) to obtain the drain spacing (S) as a
function of n (Barron 1948). Usually, a number of iterations have to be performed to
obtain required parameters such as n (Hartlen and Wolski 1996, Bo et al. 2003).As the
availability of the size of PVDs is limited by the manufacturer, the appropriate design
charts should be re-established using the equivalent drain diameter (d,,) as a known
variable in order to determine the drain spacing (d. or S).

Rearranging Equation (18) gives:

[20] where,

[21] i

2
exp _[2m+lj 2T
. 2m+1 2
[22] T, =cg/

[23] T, =c,t/d? ,and

[24a]  y=n2[lnn +&-0.75], where

[24b] &= [%—1] In(s)

N
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Figure 7 shows the relationships between 7, and u* as represented by Equation (21).

Figure 8 illustrates the contour plot of & (Equation 24b) when the values of Z—h and s

are in the range of 1-8 and 2-8, respectively. To avoid the trial and error procedure, it
is necessary to determine n as a function of y (Equation 25 and Fig. 9). Employing a
linear regression analysis (R° > 0.99), n can be arbitrarily expressed by:

[25a] n=exp(alny+pB);  where,
[25b] @=0.3938-9.505x10 &~ +0.03714&" and

[25¢] B =04203+1.456x10"& —0.5233¢&"

The values of £are in the range of 0 and 14, when the values of l;—h and s fall

between 2-8 and 3-8, respectively. Figure 9 shows a comparison between Equations
(24) and (25) for a given ¢&. It shows that in lieu of Equation (24), the proposed
Equation (25) can be incorporated in the development of a convenient design
procedure. The relationships of & o and S based on Equations (25b) and (25c¢) are
plotted in Fig. 10. Once y is determined from Equation (20), n can be calculated
based on Equation (25) via Fig. 10, or alternatively using Equations (25b) and (25¢).
When 7 is determined and the equivalent drain diameter, d,, is already known, the
diameter of the influence zone d,, can be determined by d, = nd,,. Subsequently, when
the drain pattern is chosen, the drain spacing, S can be obtained by knowing the

diameter of the influence zone d.

16



Summary of the Design Steps:
1. In-situ and soil laboratory testing to obtain the compressible soil properties.
Determine the depth of installation (/), and the time (¢) required for the
consolidation process;
2. Determine the required degree of consolidation U, for surcharge only;
3. In the case of a vacuum application, determine the vacuum pressure p,, and
then determine the new required degree of consolidation to obtain the same
amount of settlement from U, . /U, = p.(novac)/ p.(vac);
4. Based on the value of ¢,, t and /, determine u* using Equation (21) or  Fig.
7
5. Choose the size of the prefabricated vertical drains and then calculate the
equivalent drain diameter, d,, from d,, =2(a+b)/x.;
6. Determine 7, from Equation (23);

8T,

[l—Utj
In
u*

vacuum plus surcharge;

7. Determine y =— for surcharge only or y=-

8. Determine the diameter and permeability of the smear zone based on the
vertical drain installation procedure, the size of mandrel and the type of soil;

9. Calculate £ by Equation (24b) or Fig. 89;

10. Determine # from &using Equation (25) and Fig. 10;

11. Determine the zone of influence (d, = nd,,), and;

12. Select the drain pattern and calculate the drain spacing (d) from either d

=d,/1.05 or d =d,/1.128 for triangular or square grid pattern, respectively;

17



Example

The methodology is illustrated by the following example. The required soil
parameters for normally consolidated clay are assumed to be:

U, =90%, [ = 10m, d,, = 0.06 m, ¢; = 2.0m*/year, ¢, = 1.0m*/year, ki/k;=5, s =3,

t=1year, u, =40 kPa, 6= 1 and o', = 50 kPa. Well resistance is ignored. Determine

the drain spacing (d), for (a) surcharge load only, and (b) surcharge loading plus a
vacuum of 60 kPa
Solution:

(a) Surcharge load only

1. T, =1x1/10° =0.01
2. Determine u *using Equation (21) or Fig. 7, Hence, u*= 0.89
3.7, =c,t/d2 =2.0x1/0.062 =555.56

8T, __ 8x555.56 0. o

T ACUY T (1-009
In d In
u* 0.89

5. Use Fig. 8 or Eqaution (24b), & =4.39

4

6. Use Fig. 10 or Equations (25b) and (25¢) to find « and S . Hence, o =0.463 and
p=-0.649 .
7. From Equation (25a), n =exp(alny + f) =exp(0.463x1n2036.07 - 0.649) =18

8. Determine d, from d. = 18x0.06 =1.08 m
9. Therefore drain spacing = 1.03 m or 0.96 m for square or triangular patterns,

respectively.

(b) surcharge with a vacuum 60 kPa

1. T, =1x1/10° =0.01

18



2. Determine u *using Equation (21) or Fig. 7, Hence, u*= 0.89

3.7, =c,t/d? =2.0x1/0.062 =555.56 and the new required degree of consolidation is

*
_09%40
" 40+ 60

8T, _ 8x555.56 _ 1,000

T AU N T (1-036
ln t,vac ln

5. Use Fig. 8 or Eqaution (24b), & =3.64

6. Use Fig. 10 or Equations (25b) and (25¢) to find « and S . Hence, o =0.463 and
p=-0.649 .
7. n=exp(alny + ) =exp(0.463x1n13478.20 — 0.649) =43

8. Determine d, from d, = 43x0.06 =2.58 m
9. Therefore the drain spacing = 2.45 m or 2.29 m for square or triangular patterns,

respectively.

Conclusions

A system of vertical drains combined with vacuum preloading is an effective method
for accelerating soil consolidation. In this study, an analytical model for consolidation
for both vertical and radial drainage incorporating vacuum preloading as well as
smear and well resistance was developed. The consolidation of soil with vertical and

horizontal drainage is governed by the dimensionless parameters L, c, and VPR. It
was found that L (=1/d,), which is the ratio between the length of vertical drains /
and diameter of influence zone d,, is an important parameter influencing the

effectiveness of vertical consolidation. When L is equal to 10 or more, vertical

consolidation can be neglected. When ¢, is 10 or greater, the effect of vertical

19



consolidation may be insignificant. It is noted from the findings of this study that if
the vacuum pressure ratio (VPR) is less than 0.25, the effect of vacuum preloading is
insignificant. The predictions of the proposed analytical solutions for vacuum assisted

consolidation were compared, and they agreed with the actual field data.

Suitable design charts for vertical drains were developed considering both vertical and
horizontal drainage. As a result, the conventional and often cumbersome trial and
error methods to estimate the appropiate parameters could be avoided. Once the

equivalent drain diameter d , and other relevant parameters are known, the influence
zone diameter d, can be readily obtained without any further iterations or

interpolations. By employing these design charts, even manual calculation can be
done rapidly without the aid of a computer. These preliminary design charts were
extended to represent a larger array of soil properties and drain patterns, on the basis

of the same governing equations presented here.
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Notations
a

Do

= width of vertical drain (m)

= thickness of vertical drain (m)

= coefficient of consolidation for radial (horizontal) drainage (m?/s)
(¢, =k, /myy,)

= coefficient of consolidation for vertical drainage (m?/s)
(¢, =k,/my.,)

=c¢,/c, =k, /k,

= diameter of influence zone (m)

= equivalent diameter of mandrel (m)

= diameter of smear zone (m)

= equivalent diameter of vertical drain (m)

= average void ratio at initial in-situ effective stress

= coefficient of horizontal permeability in the undisturbed zone (m/s)
= coefficient of vertical permeability (m/s)

= coefficient of horizontal permeability in the smear zone (m/s)
= vertical drain length = soil thickness (m)

=1/d,

= integer

= coefficient of soil compressibility (m*/kN)

= dimensionless parameter n=4d, /d ,

= preconsolidation pressure (kPa)

= applied vacuum pressure (kPa)
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4.

u(r,z,t)

Uhyt

uh(r,t)

= drain discharge capacity (m’/s)
= radius; coordinate in the cylindrical coordinate system (m)

= radius of influence zone (m)

= radius of smear zone (m)

= equivalent radius of vertical drain (m)

= dimensionless smear ratio s =d_ /d,,

= drain spacing (m)

= elapsed time (s)

= required time of consolidation

= dimensionless time factor (7, =c,t/d?)

= modified horizontal time factor in terms of d,, T, = c,t/d?
= dimensionless vertical time factor (7, = c,¢/I1?)
= excess pore pressure (kPa)

= average horizontal excess pore pressure (kPa)

= excess pore pressure for pure radial consolidation(kPa)

= average vertical excess pore pressure (kPa)

= excess pore pressure for pure vertical consolidation (kPa)

= overall average excess pore pressure (kPa)
= overall excess pore pressure (kPa)

= initial excess pore pressure (kPa)

= average degree of horizontal consolidation

= overall average degree of consolidation
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VPR = vacuum pressure ratio ( p, /u, )

z = depth (m)

Greek letters

) = a modified factor for settlement

V. = unit weight of water (kN/m°)

v.t.a, = modified smear and well resistance factor

P, = settlement at a given time (m)

p. = total primary consolidation settlement (m)

Y7, = smear and well resistance factor

o', = in-situ vertical effective stress or initial vertical effective stress (kPa)
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Table 1. Parameters used to compare the effects of ¢,,, L and VPR

Parameters Value
n =dJ/d, 10
s =dyd, 3
Radial coefficient of consolidation, ¢y, (mz/yr) 3.0
d, (m) 1.5
ken/k 3.0
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