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Experimental multi-layered water-saturated soils consolidation with the help of 
vertical drains

Compaction experimentale des couches de sol saturees avec draines verticaux

P.A.Konovalov & F.F.Zekhniev
Research Institute of Bases and Underground  Structures, NIIOSP, Moscow, Russia

ABSTRACT
A program was implemented in practice to investigate heterogeneous soil beds stabilization by draining that enabled evaluation of the
effect of various types of vertical drains in stratified beds with pockets and peat-containing clay loam seams that changed the conven-
tional concept about impossibility of stabilizing such soil bases with drains.

RÉSUMÉ
Une programme de recherché de stabilization des sols heterogenes par drainage a ete realisee pour etablir l’effet d’application des
draines verticaux des types diffirentes dans les sols avec couches de tourbe et de limon argileux tourbee que a changee le conception
d’impossibilite courante de stabilizer ses bases de sols par draines.

1 INTRODUCTION

In some cases, pre-construction soil compaction by temporary
surcharge and vertical drains instead of piles largely reduces the
cost of footings and the consumption of concrete.  This tech-
nique is applicable for relatively lightweight large structures. 
Vertical drains accelerate consolidation of water-saturated soils
and improve soil strength and stiffness. However, the practical
application of this method is hampered distrust in effectiveness
of draining heterogeneous soils (mostly occurred in situ), lack
of available up-to-date technology for drains installation and 
absence of a trustworthy method to analyze consolidation with
the account of all diverse factors.

Experiments to identify the effectiveness of draining have
mostly been conducted in homogeneous soft water-saturated
soils in order to exclude the influence of any heterogeneity on
the test results. So acted both Russian and international re-
searchers (Abelev, 1983; Magnan, 1983). Moreover, there is a 
widely spread view that any soft soil layer includes horizontal
sand and other permeable seams, and it is not feasible to im-
plement vertical drains, because the contribution of such drains
in overall draining process is negligible as compared to the 
draining effect of the laterally permeable layers and seams. One
could agree with this statement, but one should bear in mind
that these seams could be confined pockets, and, therefore, their
role as water channels is negligible,

2 EXPERIMENTS PROCEDURE ON THE TEST SITE

We selected the test site in compliance with the following con-
ditions. Firstly, the chosen geological profile was typical for the
region, and then the effect of its draining was determined. Be-
cause all test drains in the experiment were in identical condi-
tions, their individual contribution could easily be determined
from the results of the investigation.

The investigation was performed on the test site in township
Olgino near St. Petersburg. The site features heterogeneous soil 
stratification with soft soil inclusions i.e., peat, pockets on the
surface and in depth. Physical and mechanical properties of
these soils vary strongly along depth.

Notably, this heterogeneous soil formation with three peat
layers at various depths with soft water-saturated clay loam

seams was never investigated. There was a hypothesis that the
lateral peat layers could facilitate water evacuation from the
compressed formation. But the chance that the peat layers might
lose their lateral draining capacity due to consolidation could
hardly be discarded. If peat decomposition impact on perme-
ability were taken into account then the seams would  become a
sort of a barrier on the way of vertical water migration to the
permeable sand surcharge. In such  conditions the vertical
drains could be very effective for pore water outcome.

Figure.1. Layout of plots and soil test points 
Locations of soil core samples before and after consolidation re-
spectively
Idem by Finish specialists 
Cone penetration test 

 Probing
Soil rotary shear test
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3 OBJECTIVES AND CONSTITUTION OF THE FIELD 
EXPERIMENTS

At the plots, deep and surface benchmarks were installed to
measure settlements during soil consolidation. Deep bench-
marks were, as a rule, installed on the top of the drained layer to
measure layerwise soil deformations in the consolidated soil
bed. Displacements of the benchmarks were registered by level-
ing in accordance with the surcharge application layout (fill),
daily after the surcharge was applied during intensive soil con-
solidation and thereafter in 3, 7, 10, 14, 30 days. The typical soil
profile with drains locations and the instrumentation layout,
both lateral and vertical, arranged for investigation of stress and
strain behavior of the tested soil beds is shown on Fig. 2.

The main objective of the large-scale field investigation was
verification of a feasible method to stabilize and to identify the
results of various vertical drains application for accelerating the
soft water-saturated layered soils stabilization process.  This
was done within the framework of scientific and technical pro-
gram for cooperation with Finland in civil engineering (Kono-
valov et al., 1993).

Fig. 1 shows the layout of plots at Olgino test site and the
points, where soils were investigated. Soil properties were in-
vestigated in situ and in laboratory by domestic and Finish spe-
cialists. It was planned to conduct soil investigation in two
stages: before stabilization for preliminary evaluation of soil
properties at test plots, and after consolidation in order to de-
termine soil parameters change rate.

Also flexible plastic pipes (hoses) were placed under the
sand fill at all plots (�1…6) for passing a tiltmeter through
them to monitor surface settlements.

In order to measure excessive pore pressure at characteristic
points of the consolidating bed pore piezometers (sensors) were 
installed after drains installation.

Finish researchers backed up pore pressure measurements by
installing their own piezometers at all test plots. In order to
monitor ground water table fluctuations at the centers of the test
plots there were placed asbestos 160 mm dia pipes, whose lower
end reached the top of the consolidated bed. Excessive pore
pressure was determined as the difference between the total and
the hydrostatic pressure at the measurement point.  Surcharge
sand fills were erected by stages: 0.8 … 1.0 m first stage, 2 m
second stage (only on Finish plots) and 3 m the third one. 
Thereby, 54 kPa pressure on the consolidated soil bed was ap-
plied. The filling process was not longer than 3…5 days in or-
der to create conditions of instantaneous surcharge application

Soil rotary shear and field soil probing tests, carried out
by Finish specialists, supported the authors' conclusions that the
bed is formed up by heterogeneous soft water-saturated clay
soils with peat seams and peat-containing clay loam, underlain
by high density moraine at  8.6… 9.0 m depth. In view of such
stratification, vertical drains at three Finish (�1, 2, 5) and two
authors' plots (�2, 4) were sunk to maximum depth of  9…10
m.

.

4 RESULTS OF THE FIELD EXPERIMENTS AND ITS 
ANALYSIS

Consider the consolidated soil base behavior monitoring data
i.e., displacements of surface and of deep benchmarks. Almost 
all test plots had differential settlements of the soil surface un-
der the fill, a small deflection at the centers of the plots was due
to flexible load behavior on compressible bed and the drainage
process; but it is not so for plot �6 (with no drains), where
there was no smooth deflection of the contact interface, but 
rather an expressed depression at the center was observed.
Maximum settlements (after 1180 days of monitoring) of sur-
face benchmarks in the center of the plot were:  770  mm on 
plot �2,  810 mm on plot �4 and 590 mm on plot �6.

Layerwise soil displacements data at various depths showed
the contributions of the layers to the total settlement. This data
demonstrated that the compressible thickness of the layered
peat-containing bed, within which soil displacements were ob-
served due to surcharge action, was equal to 0.7…0.9 of the
surcharge fill top width. Total displacement of the soil base un-
der the surcharge was mainly due to water evacuation and soil
compaction in upper layers.

It should be stressed that the deformation rates of different
soil layers depend on porosity and permeability of each individ-
ual layer. Besides, peat decomposition rate also contributes to
the deformation rates. E.g., the result of the draining process
could be assessed by layerwise deformation rates. High defor-
mation rate pertains to drained beds, especially at the site with
flat drains. Notably, irrespective of the compacted soil type
(peat or clay loam) the rate profile is similar for each plot. Dra-
matic rate change takes place during the first months, while in 
the end of the second and at the beginning of the third month
the rate almost flattens on all plots and becomes constant.Figure. 2. Layout of drains, pore piezometers, deep and surface bench-

marks
 Plot �4 with vertical drains
 Pore piezometer
 Flat drain
 Deep benchmark
 Surface benchmark
Pipe for measuring ground water table
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6 SUMMARY5 PREDICTED PARAMETERS AND DATA 
COMPARISON

Hence, a program was implemented in practice to investigate
heterogeneous soil beds stabilization by draining that enabled
evaluation of the effect of various types of vertical drains in
stratified beds with pockets and peat-containing clay loam
seams that changed the conventional concept about impossibil-
ity of stabilizing such soil bases with drains.

In order to evaluate the predicted consolidation parameters,
comparison of experimental long-term data of layerwise dis-
placements and pore pressure monitoring data was compared
with analytical results, obtained with the help of CONSO-1 
software ( Fig. 3).

Earlier in (Konovalov et al., 2001) the authors defined
the non-linear consolidation process system of equations  for
water-saturated soil bed in the case of one-dimensional com-
pression and axisymmetrical drainage, the solution of the re-
spective consolidation problem was developed by means of the
finite differences method (FDM), and the analysis technique
was published in (Konovalov et al., 2000).
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Figure. 3. Comparison of experimental data with analytical results
a – excessive pore pressure dissipation versus time curves in the middle
of the second layer
b -  settlements versus time curves for clay loam 3 and 5 (see Fig. 2)

• and �  - readings of piezometers and deep benchmarks
solid line – CONSO analysis 
dotted line – idem linear analysis

Parametric analysis with the help of the above software con-
firmed the importance of the integrated (joint) account of all in-
fluencing factors (creep, geometrical non-linearity, stratifica-
tion, surcharge growth rate), especially analysis of non-linear
filtration and viscous soil resistance shall be analyzed jointly. If
filtration and viscosity factor is neglected then the prediction of
excessive pore pressure and the description of secondary soil
consolidation are impossible. The joint analysis alone enables
accurate prediction of the time of transition from primary to
secondary consolidation. Also, loosely bound water volume 
change during consolidation renders a minimum impact on con-
solidation behavior.

For linear analysis the consolidation factor was determined,
using mean void ratio, mean compressibility and mean filtration
coefficient, averaged over the respective consolidation period.
Deviations of numerical results, computed with the help of the
above software, from experimental data do not exceed 15%,
meanwhile the error of excessive pore pressure, computed on
the basis of linear theory, was up to 30% (Konovalov and Bez-
volev, 1991). 
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