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ABSTRACT: Most liquefaction mitigation techniques use design systems which incorporate drainage as a primary or secondary 
mechanism to increase the factor o f safety against potential failure. This paper briefly describes the analysis methodology to evaluate 
the performance o f a layered deposit treated with high discharge capacity drains. For stratified soil deposits with initial water table at 
depth, water discharge results in a change o f water level within the drain leading to a significant retardation o f flow in the system. 
This in turn results in an increase in the excess pore pressures developed in the soil deposit, which is not considered by conventional 
analyses or commonly available design charts. The methodology is equally applicable to granular piles and gravel and stone column 
drains as well as the new prefabricated products currently available in the market.

RÉSUMÉ: La plupart des techniques de réduction du potentiel de liquéfaction utilisent et élaborent des systèmes qui font du drainage 
le principal ou secondaire mécanisme permettant d ’augmenter le facteur de sûreté contre une rupture potentielle. Cet article décrit 
brièvement la méthodologie analytique choisie pour évaluer les performances d ’un sol stratifié traité avec des drains à haute capacité 
d’écoulement. Pour des profils de sols stratifiés avec une nappe phréatique en profondeur, l’écoulement de l’eau entraîne une modifi
cation du niveau de l’eau à l’intérieur du drain, résultant en un ralentissement conséquent du flux dans le système. Ceci entraîne en
suite une augmentation des pressions interstitielles en excès développées dans le sol, ce qui n ’est pas pris en compte dans les analyses 
conventionnelles, et qui n’est pas communément montré dans les tables utilisées pour la construction. Cette méthodologie est égale
ment applicable à des piles granulaires, à des colonnes de drainage en gravier ou en pierre, ainsi qu’aux nouveaux produits préfabri
qués actuellement disponibles sur le marché.

1 INTRODUCTION

Drainage is one attractive option for liquefaction remediation, 
especially when used in conjunction with densification tech
niques. The fundamental principle o f  vertical drains is to allow 
for fast pore pressure dissipation during earthquake loading, thus 
preventing the development o f large excess pore pressures lead
ing to liquefaction (Seed et al. 1975, Baez & Martin 1992). In 
addition, vertical drains have also been used to reduce post
earthquake settlement resulting from soil recompression due to 
excess pore pressure dissipation (Lee & Albaisa, 1974). They 
can also be used to reduce the liquefaction potential o f surface 
layers due to upward seepage resulting from dissipation o f ex
cess pore pressures in deep soil deposits after the main event.

Prefabricated geocomposite drains have been introduced as 
an alternative to gravel drains or stone columns for liquefaction 
remediation work. In particular, a prefabricated composite drain 
consisting o f a corrugated perforated plastic pipe ranging in size 
from 1.5 to 10 inches in diameter has been used in practice. Fil
ter fabric may be placed around the pipe to prevent the migration 
of fines into the pipe (cf. Figure 1). These drains may be in
stalled with conventional drilling equipment carried within a 
steel casing which is driven into the soil, either statically or with 
vibration, to the desired depth o f treatment. At this point the 
casing is removed, leaving the drain in place. Since no mixing 
has taken place, this drain can reliably provide a large discharge 
capacity with minimal head loss. In contrast to gravel drains and 
stone column techniques, these drains can be installed with 
smaller drilling equipment in areas with low headroom and with 
no vibration, which makes it particularly attractive for sites with 
existing structures. In some cases, the use o f vibration can en
hance the process by densifying the soil around the vertical drain 
thus further decreasing the liquefaction potential. The next sec
tions will illustrate some o f the key elements to be considered in 
the use o f prefabricated drains for liquefaction remediation.

Figure 1: Cross-section of prefabricated drain for liquefaction mitigation

2 DESIGN METHODOLOGY

Two o f the most widely used analytical tools for designing re
mediation schemes using vertical drains assume, primarily, ra
dial drainage with no drain resistance (Seed and Booker 1976, 
Seed et al. 1975a, Booker et al. 1976), or constant drain resis
tance (e.g., Iai and Koizumi, 1986; Onoue, 1988). Both o f these 
approaches have been used to develop simplified design charts 
(e.g., PHRI, 1997) and were intended to analyze the effect o f 
granular drains (e.g., gravel drains or stone columns) on a lique- 
fiable soil system. These analyses assume homogeneous soil pro
files with initial water table at ground surface. In most practical 
applications, however, the water level is at some depth below 
ground surface. During an earthquake, excess pore water pres
sure is dissipated by water discharge into the vertical drains, 
causing a rise in the water level within the drains. This rise in 
water level results in an increased “static” excess pore pressure 
(or backpressure) inside the drain elements, which in tum in
creases the excess pore pressure in the soil deposit. Pestana et al.
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(1997) developed a finite element computer code, referred to as 
FEQDrain, to analyze the development o f  excess pore pressure 
in a layered soil profile accounting for vertical and horizontal 
drainage as well as nonlinear discharge capacity for the new pre
fabricated drains. A new version o f the code, FEQDrain v3.0, 
allows for the analyses o f  partially penetrating vertical drains 
and more complex geometries and discharge configurations.

For a uniform soil layer with initial water level at the surface 
and under the assumptions o f purely radial flow, the pore pres
sure ratio, ru, depends on the following dimensionless parame
ters:

D rain Spacing R atio, d ^ d ,: Describing the geometry o f the 
drainage scheme as the ratio o f  the diameter o f the drain (dw) to 
the diameter o f  the area o f  soil drained (d*).

Cyclic R atio, rN = N „/N |: Defining the severity o f the earth
quake shaking (N«,) in relation to the liquefaction characteristics 
o f the soil (N|) (e.g., DeAlba et al. 1976).

T im e Factor, Td: A factor relating the duration o f the earth
quake (td) with the drainage and compression properties o f the 
sand and is given by:

d _  ^ '( c v)a d 

Yw'mv ‘dw dw
( 1)

where (k,)h is the horizontal hydraulic conductivity for the 
soil, yw is the unit weight o f  water, mv is the coefficient o f  volu
metric compressibility and (Cv>, is the coefficient o f consolida
tion in the horizontal direction. Alternatively, the use o f  a modi
fied time factor, T|, which incorporates the cyclic ratio, rN is used 
(e.g., Pestana et al., 1999):

T| = Td . Na/N, (2 )

L = ^ -w 7
n

f k  '

„

(3).

where H is the thickness o f the potentially liquefiable soil de
posit. Since most drain applications for liquefaction remediation 
have values o f  H/dw within a "relative” narrow range, it is also 
common to assess the drain resistance factor in terms o f  the ratio 
o f hydraulic conductivities o f  the soil and drain only (e.g., k /k w).

The evaluation o f performance o f  vertical drains for liquefac
tion mitigation is typically achieved by comparing the magnitude 
o f the excess pore pressure with respect to the initial vertical ef
fective stress. This magnitude is referred to as the pore pressure 
ratio, ru, and the design relies on the determination o f the drain 
spacing (for a given drain type and boundary conditions) such 
that the maximum value (i.e., rum„), or a representative average, 
Tg, does not exceed a given threshold. As a result, a series o f 
simplified charts have been proposed in the literature and is 
summarized by Pestana et al. (1999). Figure 2 shows an example 
o f a design chart for a constant drain resistance factor. For a 
given time factor, as the drain factor increases (closer spacing) 
the maximum pore pressure ratio decreases. Similarly for a given 
drain spacing, an increase in T| causes an increase in r^ ,* .

0.1 0.2 0.3 0.4 0.5 

Drain Spacing Ratio, d /d
w e

Figure 2: Example of design chart for constant drain resistance factor, 
L»=5 (after Pestana et al., 1999)

Depth to 

W ater Table

/K

D rain  Resistance F actor, L ,:  A factor defining the effect o f 
head loss inside a drain with constant hydraulic conductivity 

(k*):

5m

|Im pervious| 

Material

Figure 3: Schematic of Soil Profile for the "Perfect Drain" Analyses

recently, Pestana et al. (1999) presented results suggesting that 
large discharge capacity prefabricated drains can be reasonably 
well described by the “perfect drain” analyses.

3 PERFECT DRAIN ANALYSES

The solution to the pore pressure generation and dissipation 
for purely radial drainage o f  a homogeneous soil profile and no 
drain resistance was originally proposed by Seed & Booker 
(1977). These types o f  analyses will be referred to as “perfect 
drain” analyses. These analyses were originally believed to rep
resent the field conditions o f columnar gravel drains and stone 
columns installed in potentially liquefiable deposits where the 
contrast between the hydraulic conductivities o f the soil deposit 
and the drain was significant (i.e., ^ „ ¡„ /k ^ i > 200-400). More

3.1.1 Analyses with Initial Water Table at the Surface
For the purpose o f  illustrating the methodology, a hypotheti

cal soil profile consisting o f  5m o f  potentially liquefiable soil is 
underlying a lm  layer o f  significantly lower hydraulic conduc
tivity will be remediated by vertical drains (cf., Figure 3).

The water table is initially at the surface. Figure 4 shows the 
maximum pore pressure ratio, r9  averaged at the critical depth 
versus cycle ratio, rN (=Neo/N|) for several drain spacing ratios, 
d ^ d .. For the soil profile analyzed, the upper soil layer acts as a 
barrier to continuing vertical flow, therefore the maximum pore
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pressure ratio, rg, averaged at the critical depth occurred at the 
interface between the top and lower soil layers. For small drain 
spacings (i.e., d„/de = 0.16-0.25), the maximum average pore 
pressure ratio, rises steeply at first, but reaches a steady state. 
At higher drain spacings (d ^ d e =0.10- 0.14) the maximum aver
age pore pressures ratio, r^ increases with increasing cyclic ratio 
and the soil continues to generate excess pore pressure and the 
soil liquefies. Two important observations can be made:
1. In general, cases in which the maximum average pore pres

sure ratio, rg, is smaller than 0.4 the maximum pore pressure 
ratio, rumlx, in the soil deposit is less than one and liquefac
tion is avoided. For values o f rg between 0.4 - 0.6, the 
maximum pore pressure ratio, rurnax, could reach 1.0  in a 
limited (i.e., controlled) volume o f the treated soil profile. 
Even larger values o f rg are associated with very large rela
tive volumes o f  the treated soil deposit being liquefied and 
believed to lead to unacceptable performance o f the reme
diation system.

2. The transition between cases o f  acceptable and unaccept
able performance is relatively sharp denoted in our particu
lar example by the difference in predicted rg for spacing ra
tios between 0.14 and 0.16 at cyclic ratios, rN, larger than
1.0. This phenomenon is caused by two main factors: a) the 
curve describing the generation o f excess pore pressure is 
nonlinear as observed in laboratory testing (e.g., Lee and 
Albaisa 1974) and as the soil exceeds an excess pore pres
sure ratio o f  0 .6 , pore pressure is generated more quickly; 
b) the coefficient o f volumetric compressibility, mv, is ap
proximately constant for low pore pressure ratios < 0 .6 , but 
increases rapidly at higher pore pressure ratios (> 0 .6 ), thus 
increasing the soil storage capacity and leading to lower 
dissipation o f pore pressures (Seed et al., 1975b).

3.1.2 Analyses with Initial Water Table at Depth
When the water table in the system is not at the ground sur

face, water discharge causes a rise in the water level inside the 
drain (cf. Figure 3). This rise o f  water in the drain causes an in
crease in static head throughout the drain (i.e., "backpressure”), 
thus decreasing the effectiveness o f  the drain system. Figure 4 
compares the performance o f  a perfect drain for cases in which 
the initial water level is at the surface and a depth o f  lm . The 
performance o f the drain can be divided into three zones (for this 
particular scenario), depending on the drain spacing ratio o f the 
system:
1. At small drain spacings (i.e., high drain spacing ratio,

> 0 .20 ), the rise in the water level in the drain forces a 
steady rise in the pore pressure ratios. The curve does not

l.Or

reach a steady state condition until the water level in the 
drain reaches the surface, which in this case occurs for a cy
clic ratio, rn, greater than 6 . The water level in the drain 
rises throughout the duration o f  the earthquake, thus in
creasing the drain resistance continuously. In contrast, for 
the case with initial water table at the surface the max. aver
age pore pressure reaches steady state values for a cyclic 
ratio less than 1.0 .

2. For intermediate drain spacings = 0.14- 0.16), as
suming that the water table is at the surface leads to the pre
diction o f an acceptable value o f rg (i.e., < 0.4) for all val
ues o f the cyclic ratio. In contrast, when the initial water 
table at depth (lm ) is considered, the rise in the water level 
inside the drain increases the pore pressure ratio enough to 
push the curve into the nonlinear range which eventually 
led to full liquefaction for values o f  the cyclic ratios greater 
than 3.0.

3. Finally, at the high values o f drain spacings (or low drain 
spacing ratios, d„/de < 0.125), the increased resistance to 
flow does not have as much o f  an effect as the pore pressure 
ratio is already rising very quickly.

In all o f the previous cases including storage within the drain 
have considered an initial water level at a depth o f 1 meter. In 
some cases, the earthquake is o f  enough duration such that there 
is sufficient water being discharged to completely fill the drain 
up to ground surface, at which point the pore pressure ratio curve 
finds a steady state value. Similarly to previous analyses pre
sented in the literature, it is assumed that the water level dis
charged at the surface is completely removed from the system. 
Figure 4 illustrates the effect o f  the location o f initial water table 
for a drain spacing ratio o f = 0 .20  for different initial con
ditions. A lower depth to the initial water level has the effect o f 
reducing the amount o f water accumulated in the drain, thus put
ting a cap on the amount o f resistance the drain experiences due 
to the rise in the water level. The family o f  pore pressure curves 
generated is bracketed by the maximum values with water at I 
meter and the zero storage case with water at the ground surface. 
As the earthquake progresses, all o f  the curves with initial water 
levels below the surface follow the same curve. When the water 
level in any given case reaches the ground surface, there is no 
more increase in drain resistance and the pore pressure ratio 
curve levels to the steady state condition. Thus, the cases that 
have less room for water to rise to reach the ground surface yield 
a lower maximum pore pressure ratio.
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Figure 4: Comparison o f  system performance considering storage within the drains - Perfect Drain Analysis.
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Cyclic Ratio, r (= N /N)
n eq  1

Figure 5: Effect of Initial Water Level in Predicted Drain Performance for a drain spacing ratio of dw/d« = 0.20

4 CONCLUSIONS

Most analyses o f  vertical drain performance for remediation 
o f  earthquake induced liquefaction have used the assumption of 
initial water level at the surface and uniform soil profiles which 
are free draining at the surface. When the initial water level in 
the drain is below the surface, water discharge will cause the 
water level to rise, creating a backpressure that will retard subse
quent flow out o f the soil deposit. This phenomenon will in turn 
lead to higher pore pressures within the soil. Analyses that do 
not take this phenomenon into account may lead to unconserva
tive design o f  remediation systems.

Several researchers have presented simplified design charts 
for assessing drain performance (Seed and Booker, 1976; Onoue, 
1988). However, these analyses use relatively simple soil pro
files and other simplifying assumptions such as no drain resis
tance or initial water table at ground surface. With the additional 
effect o f storage capacity within the drain, the number o f pa
rameters involved precludes the creation o f useful generalized 
design charts. A series o f  representative figures were presented 
to serve as illustration for the potential issues arising while per
forming this type o f analysis. However, any comprehensive re
mediation scheme involving drainage should be analyzed on a 
site-specific basis.
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