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Vacuum preloading of a vertically drained ground at the Helsinki test field

Le prechargement par le vide combine avec des drains verticaux sur I’aire d’exp6rimentation 

d’Helsinki

N. Puumalainen & P. Vepsalainen -  Helsinki University ot Technology, Finland

ABSTRACT: This paper deals with the speeding up consolidation by vertical band-shaped drains and the vacuum preloading. The 

behavior of the ground was studied both empirically in the field and by analyzing the problem with observational and numerical methods. 

The aim of the analyzing was to find a reliable method to predict the behavior of vertically drained ground during vacuum pumping and 

after that. The numerical modeling was made by the Swiss FEM-program Z_Soil V 3.1. The possibility to extend the classical equal- 

strain solution of Kjellman for under pressure loading was investigated. The histories of embankment and under pressure loading were 

included in calculations as they were measured in test field. Finally, the calculated results were compared with those obtained from the 

test field.

RESUME: Cet article se traite avec le prechargement par le vide combine avec des drains verticaux prefabriques. La conduit du sol a 

ete etudiee empiriquement sur le site et en utilisant les methodes observationales et les methodes numeriques. L'objectif d'analyze etait 

de trouve une methode digne de confiance pour definir la conduit du sol pendant et apres le preconsolidation par le vide. Les analyses 

numeriques sont faits avec un programme de calcul par elements finis, Z_Soil V 3.1. La possibilite d'etendre la solution classique de 

Kjellman pour la pression atmospherique a ete examinee. Les histoires du remplai et du prechargement atmospherique ont ete adoptees 

dans les calculs ainsi qu'ils ont mesur£es sur le site. Finalement, les d6placements calcules et mesures sont com pares.

1 INTRODUCTION

In 1995 a vacuum consolidation test was carried out in 

Torpparinmaki, Finland in order to gain practical experience of 

the designing and execution of vacuum preloading. An 

instrumented test field was constructed on a soft, 10-12 m thick 

clay layer. Soil parameters used in the calculations were defined 

by several oedometer and triaxial tests. The soil profile was 

characterized by seven layers. The ground water was 1.5-2 m 

below the soil surface. Figure 1 presents the soil properties 

determined before soil improvement.

The total size of the test field was 750 m2 and the vertically 

drained area was 300 m2. The desired preconsolidation time and 

hence the vacuum pumping time was three months with the under 

pressure of 50-80 kPa. Such under pressure equals a surcharge of

2.5 m to 4 m height. The vertical drain length was 10 m and the 

drain spacing in a square grid 0.85 m. The smear effect was

not taken into consideration when determining the drain distance. 

The structure of the Torpparinmaki vacuum field is presented in 

Figure 2.

The instrumentation contained 13 settlement plates, two auger 

type bits to measure the settlements at the depths of 4 m and 8 

m, two pore pressure transducers at the depths of 4 m and 6 m, 

one under pressure gauge to measure the pressure underneath the 

membrane and two standpipes.

The vacuum pumping started 28* August 1995 and finished 

23rd November 1995. The under pressure was first adjusted to 50 

kPa and later on it was risen to 75 kPa to stabilize the pumping 

process and water discharge. The settlement time curves in 

conjunction with under pressure load and pore pressure are shown 

in Figure 3. According to in situ and laboratory investigations 

the water content had decreased and the shear strength increased 

significantly (Puumalainen and Slunga 1996).
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Figure 1. Soil properties determined before soil improvement.
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Figure 2. The Torpparinmaki test field.

Time [days]

c  -30 0 30 60 90 120
3

z = - 4 m
s “  * \

z

c
h

oII

-30 0 30 60 90 120

Figure 3. Field observations.

2 UNDER PRESSURE VERSUS SURCHARGE

Following the international experience (Ye et al. 1991, Technique 

Geosystems / Cofra JV 1995) the vacuum settlement can be 

predicted by the Terzaghi's, Taylor's and Biot's consolidation 

models. The under pressure is replaced with a corresponding 

surcharge load and the problem is solved as a traditional vertical 

drains-embankment consolidation process.

The two soil improvement methods may seem very similar but 

there are some important differences that should be considered. 

During vacuum consolidation the total stress remains the same, 

the effective stress increases as the pore pressure in the soil 

decreases due to under pressure suction. If the ground is treated 

with surcharge the total stress will increase. In vacuum 

consolidation the under pressure decreases with depth, the suction 

is greatest near the soil surface. Also the stress caused by the 

surcharge decreases with depth but the rate is significantly 

slowlier. The vacuum consolidation doesn't cause deformations 

below and outside the vertically drained area.

For rough estimations it is acceptable to predict the settlement 

behavior of the vacuum field by using surcharge load instead of 

suction. Many FEM-programs offer tools to simulate the pore 

pressure and water flow. These programs are very useful for more 

accurate and detailed modeling of the vacuum pumping process.

3 FEM CALCULATIONS

3.1 Element net and calculation parameters

The numerical modeling was made by the Swiss FEM-program 

Z_Soil V 3.1 (Z_Soil.PC. 1995). The calculations were made in 

axisymmetric state to model the influence of a single drain at a 

constant pressure field. Displacement, pore water pressure and 

velocity boundary conditions were used according to the 

geometry. The element net with boundary conditions and material 

layers is presented in Figure 4a. The height of the net was 10 m 

and the widh 0.48 m. Since the vacuum doesn't affect the soil 

below the drains, the layers deeper in the soil weren't included in 

the model.

The constitutive material parameters used in the calculations 

were from interpreted laboratory test results. The primary 

consolidation was calculated with the linear-elastic model and

Biot's consolidation theory. The water permeability of the vertical 

drain both in horizontal and vertical directions was 100 m2/day. 

The permeability remained constant during the consolidation 

process. The deformation properties of the drain elements were 

identical to soil properties at the same depth. The calculation 

parameters are presented in Table 1.

Vacuum suction was simulated with pore pressure boundary 

conditions. A negative pore pressure was added on top of the 

element net (Figure 4a).

3.2 The calculation results

The first calculations were done with an estimate under pressure. 

The results became more accurate as the actual measured history 

of the under pressure was included in the pore pressure load 

function. Only the under pressure level was changed after each 

estimating, the soil parameters and the element mesh remained 

the same.

Figures 4b and 4c show the calculated pore pressure 

distribution in the ground after 5 days and after 90 days pumping. 

The vacuum effect is greatest in the dry crust and the thin sill 

lens, where the permeabilities are largest.

Table 1. Calculation parameters.

No z

m
Y

kN/m3
Ed

kPa

U eo K
m/d

ky
m/d

1 0.2-

1.7

(16) 3000 0.2 1 2.76e-5 1.38e-5

2 1.7-

3.7

(16) 604 0.2 1.79 4.08e-5 2.04e-5

3 3.7-

5.7

(14) 291 0.2 3.30 5.68e-5 2.84e-5

4 5.7-

6.7

(18) 608 0.2 1.28 1.62e-4 8.10e-5

5 6.7-

10

14 326 0.2 2.25 3.16e-5 1.58e-5
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Figure 4. a) Element net, materials and boundary conditions. The 

mesh is presented in scale ratio x/y = 6. b) Over pressure 

distribution at t = 5 d and c) at t = 90 d.The scale ratio of the

mesh is 8.

Figure 5. Comparison of Z-Soil data and measured 

settlements.

The comparison of the computed and measured solution with the 

corresponding loading histories is presented in Figure 5. Before 

the under pressure dropped temporarily due to the leakage, the 

difference between the actual and the calculated settlements was 

only a few centimeters. The leakage wasn't included in the 

numerical solution.

5ulI. So the end of primary settlement 5ull can be given by 

equation (2):

P o  

1 “ P .

(2)

3.3 The ultimate primary settlement

To predict the ultimate value of the primary consolidation 

sellement the calculations were continued until t = 1000 days. 

The analysis was done by assuming that the under pressure would 

remain constant (u = 75 kPa) between the time moments 90 and 

1000 days. The calculated final value of the primary 

consolidation is 1.5 m. According to this the obtained degree of 

consolidation is 40 %. Consolidation stage 70 % is reached after

5 months pumping and stage 95 % after 12 months pumping.

The in situ coefficient for horizontal drainage ch can be estimated 

by equation (3) (Hansbo 1981):

P y i n ( P )

8 Ar

\i = ln(n) - 0.75 = ln ( - ) - 0 .7 5  
d

(3)

(4)

4 OBSERVATIONAL METHODS

4.1 The Asaoka method

In Asaoka method (Asaoka 1978) the early settlement data can be 

used to predict the ultimate primary settlement and in situ 

coefficient of consolidation. The method is rather simple and 

doesn't require detailed sampling and laboratory testing. The 

method is based on the fact that one dimensional consolidation 

settlements 80, 8 ,, 82, etc. at times 0, At, 2At, etc., can be 

expressed as a first order approximation by equation ( 1):

(1)

which represents a straight line in a 6„., vs. 8„ known as the 

Asaoka's plot, where (30 is the intercept and p, is the slope of the 

line. The ultimate primary settlement is reached when 8n = 8n. =

D is the diameter of an equivalent soil cylinder influenced by 

each drain and d is the equivalent diameter of the prefabricated 

drain.

In Torpparinmaki test field the settlements were measured once 

a week, so the natural choice for time increment was 7 days. The 

settlements used in the analysis were those measured from the 

center of the drained area. The Asaoka estimate for the primary 

consolidation settlement predicted from the 3 months settlement 

data was 0.9 m. The maximum settlement after pumping gives 

therefore a consolidation degree of 65 %. The predicted in situ 

consolidation coefficient ch is 1.56 m, which is much bigger than 

the values determined in the laboratory before pumping.

4.2 The hyperbolic method

The ultimate settlement was also predicted with an other 

observational method. The hyperbolic time function can be 

represented by the equation (5) (Korhonen 1977):
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where 8 is the settlement at time t, v0 is the settlement rate 

parameter and 8f is the ultimate consolidation settlement. The 

equations (5) can also be written in the linear form (6):

The settlement rate and the ultimate consolidation can be 

determined by using the equations (6) and (7) from the observed 

in situ settlements.

In Torpparinmaki the settlement rate v0 estimated from the 

settlement values of the first 30 days is 11.8 mm/day and the 

corresponding final settlement is 1.30 m. If the prediction is done 

by using the settlement values of the last two months when the 

under pressure was higher, the settlement rate v0 is 11.11 mm/day 

and the final settlement is 1.72 m. Such values of the ultimate 

settlement mean that the reached consolidation degree at the test 

field would have been only 34-45 %.

4.3 Reliability o f observational methods

Observational methods are widely used throughout the world. 

However, in Torpparinmaki the reached values aren't very 

reliable. The difference between the ultimate settlement values is 

significant. The accuracy of the methods is decreased mainly by 

two aspects: first the vacuum load in Torpparinmaki wasn't 

constant during the pumping process and secondly the ground on 

the test site wasn't homogeneous (Tiel 1994). Asaoka method is 

also strongly dependent on the chosen time increment. According 

to Tan et Chew (1996) the methods require settlement data 

beyond the 60 % consolidation stage to provide accurate 

estimates of the ultimate primary consolidation settlement and the 

in situ consolidation coefficient.

5 SURCHARGE AND VERTICAL DRAINS

Some other areas near the vacuum site had been earlier treated 

with a traditional surcharge(~30 kPa) and vertical drains. 

Unfortunately the settlement results of these fields couldn't be 

directly compared to the vacuum data as the thicknesses of the 

clay layers and the vertical drain distances were different. An 

other Z_Soil calculation was needed to estimate the effects of 

surcharge loading with vertical drains.

The stability analysis showed that embankments higher than

1.5 m (30 kPa) would cause stability problems at the test site. 

Therefore, the maximum load used in the consolidation analysis 

was 30 kPa. The element net and soil parameters were the same 

as in the vacuum analysis (Figure 4 and Table 1). The surcharge 

was simulated by adding a distributed load with a constant load 

function on top of the element mesh.

To obtain a settlement of 0.59 m the treatment time needed 

was about 600 days, i.e., 20 months. The maximum primary 

settlement is approximately 0.62 m so a 0.59 m settlement means 

consolidation stage 95 %. In reality the settlements would 

probably be larger since the surcharge load causes deformations 

also in the silt layers below the vertical drains.

The behavior of the Torpparinmaki test field was studied with 

one FEM-program and with two observationall methods.

The accuracy of the Asaoka and Hyperbolic method is poor. 

The main reasons for this are: 1) the settlement data most 

probably doesn't exceed the 60 % consolidation stage, 2) the 

vacuum load isn't constant and 3) the soil is layered.

Good correspondence was found between the actual measured 

settlements and the Z-Soil results. During the vacuum pumping 

process the program was very useful since it allowed the use of 

a layered structure and the variations of the under pressure load. 

The suction was simulated by negative pore pressure.

The program was also used to estimate the ultimate value of 

the primary consolidation for vacuum pumping and for surcharge 

loading. If the observed maximum settlement is compared to the 

ultimate settlement of the vacuum load of 75 kPa the 

consolidation state is small. Comparison to the surcharge 

settlement (30 kPa) however shows the effectiveness of the 

method. The 0.59 m settlement exceeds the consolidation state 90 

%. The pumping time is almost seven times shorter than the 

traditional loading time.

6 CONCLUSIONS

REFERENCES

Asaoka, A. 1978. Observational procedure of settlement 

predictions. Soils and Foundations Vol. 18 No. 4: 87-101.

Hansbo, S. 1981. Consolidation of fine-grained soils by 

prefabricated drains. Proc. 10th ICSMFE: 677-682. Rotterdam: 

Balkema.

Korhonen, K-H. 1977. Heikosti kantavan maapohjan 

konsolidoituminen. RIL 157-1 Geomekaniikka 1. Helsinki :RIL.

Puumalainen, N., Slunga, E. 1996. An experimental study and 

application of vacuum loading in Helsinki. Proc. XII NGM-96 

Reykjavik: 419-424. Icelandic Geotechnical Society.

Tan, S-A., Chew, S-H. 1996. Comparison of the hyperbolic and 

Asaoka observational method of monitoring consolidation with 

vertical drains. Soil and Foundations Vol. 36, No. 3: 31-42.

Technique Geosystems / Cofra JV. 1995. Design and proposal 

fo r  the execution of: Vacuum Consolidation Shah Alam 

Expressway Package A, Selangor, Malaysia. Amsterdam.

TIEL. 1994. Vertical drainage (In Finnish), Publication on 

geotechnical information, Report 42 /  1994. Helsinki: Finnish 

National Road Administration.

Ye, B. R., Shang, S. Z., Ding, G. Q. 1991. Consolidation of Sofl 

Soil by Means of Combined Vacuum Surcharge Preloading. 

Proc. Geo-Coast ’91: 277-280. Yokohama.

Z_Soil.PC. 1995. Z_Soil V 3.1 User's guide. Zace services Ltd. 

Lausanne.

1772


