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Soil improvement by precharge and prefabricated vertical drains at Tank Group No. 3 

site, at the ‘TOTAL Oil Storage Plant’ at Valencia Harbour

Amelioration des sols de fondation par precompression et drains verticaux prefabriques au groupe 

de reservoirs no 3, ‘Produits Petroliers TOTAL’ au port de Valencia

P. A .C a ld e ro n  -  G e ote chnica l D epartment, Arquite ctos-lnge nie rosC onsultore s, S .L., Burjassot, Valencia, Spain 

M . R o m a n a -  G e ote chnica l E ngineering D epartment, U nive rsidad PolitGcnica de  Valencia, Spain

ABSTRACT: The “TOTAL Oil Storage Plant” lies over 16 to 18 m of soft hydraulic fill in a 62,000 m2 site at the Harbour of Valencia. 

For its construction a precharge aided by prefabricated vertical drains was used under Tank Groups no. 2, 3 and 4. For the design of the 

improvement,conventional bore hole and laboratory tests, a trial embankment and piezocones were carried out. The coefficients of 

consolidation obtained in the trial embankment and piezocones were 10 to 1000 times greater than the ones obtained in the laboratory 

tests.However, the c(1 back-calculated by the precharge gave values between 1 and 50 times smaller than the ones obtained by he 

piezocones. The reason for this result seems to be the disturbance and smear caused by the installation of the drains.

RESUME: La “Plante des Produits Petroliers TOTAL” au Port de Valencia a ete construite sur 16-18 metres de remplis hydraulique mous. 

Pour la construction des Gorups des Reservoirs 2, 3 et 4 il falait ameliorer les sols par Precompression accelere par Drains Verticaux. 

Pour le projet de l’amelioration on a utilize le resultats des essais conventionelles de laboratoire, un remblais d’essais et des piezocones. 

Les valeurs des coefficients de consolidation obtenus au remblais d’essais et aux piezocones etaient 10 a 1000 fois ces obtenus aux essais 

edometriques. Mais les ch calculees avec les resultats des precharges etaient entre 1 et 50 fois moins que ces des piezocones. Le “smear” 

pouvait etre la raison pour ce resultat.

1.- INTRODUCTION

The “TOTAL Oil Storage Plant” project involved the construction 

of 22 tanks in a 62,000 m2 site at the Harbour of Valencia 

(Spain). The initial site investigation revealed different kinds of 

soft, compressible, hydraulic fill, between 16 and 18 meters thick. 

The tank’s heights ranged from 14.6 to 15.2 m and their 

diameters from 15 to 45 in. Under these loads, the calculated 

settlements below the center of the tanks ranged from 32 cm to 

more than 1 meter. To reduce these settlements and prevent 

bearing capacity failures, different soil improvement techniques 

were designed.

The tanks were divided into four groups, each of them included 

into a basin made with concrete walls, for fire protection reasons 

(see figure 1).

At Tank Group it 1, the underlying fill was a mix of demolition 

rubble (coarse sizes) and Valencia’s typical silty clay soil. This 

soil was improved by gravel columns installed by vibroflotation.
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Figure 1.- Site Plan

At Tank Groups §2, 3 and 4 the fill came from the dredging of 

the Valencia Harbour and was identified mainly as a sandy-clayey 

silt. For these Tank Groups a Precompression aided by 

Prefabricated Vertical Drains was designed. The precompression 

was carried out using a 80,000 m \ 9.0 m high earth fill that was 

moved from one Tank Group to another once the improvement 

was completed.

The initial calculations and design were done using the first site 

investigations, consisting in conventional bore holes and 

laboratory tests. To check the validity of these results, new site 

investigations, including piezocones and a trial embankment were 

carried out while the improvement of Tank Group ttl was under 

construction. Their results were used in a new design of the 

improvement for Tank Groups #3 and 4.

The precharges were monitored by piezometers, settlement 

points, extensometers and penetration tests.The observed behavior 

was compared to the one predicted using the results of the 

different site investigations. The paper presents the results of this 

comparison for Tank Group no. 3.

2.- ASSESMENT OF GROUND CONDITIONS

The properties of the soils were assessed by three different types 

of site investigations. The initial site investigations involved 

conventional bore holes and laboratory tests. Later, a trial 

embankment and piezocones were carried out.

2.1. - Bore holes and laboratory tests

The initial site investigation was carried out between June and 

November 1994. This investigation involved 22 bore holes to a 

maximum depth of 35 meters. Figure 2 summarizes the resulting 

soil profile under Tank Groups 2 & 3.

The soil consisted mainly in 16 to 18 m of soft, compressible 

hydraulic fill, underlain by a natural soil with layers of lightly 

cemented gravel, stiff, preconsolidated clay and dense sand. The 

natural soil was considered as a rigid stratum for the design.

The fill had two different origins. Under Tank Group #1 it was 

mainly a terrestrial fill, coming from demolitions and excavations 

from the cicy of Valencia.lt consisted in demolition rubble (coarse
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Figure 2 .- Section A -A ’. Soil profile

sizes) mixed with Valencia's typical silty clay of low plasticity.

Under the rest of the site, the soil came from dredgings of 

Valencia Harbour and was identified as layers of sandy silt, sandy 

clay and silty sand. Figure 2 shows that the layering of the soil 

was very heterogeneous. Moreover, into each layer there were a 

lot of lenses of sand and clay, of very variable thickness and 

position.

2.1 .a.-Consolidation tests

Consolidation tests were made over 75 mm dia. samples. Their 

results showed that the fill was normally or even under 

consolidated.

Figure 3 shows the coefficients of consolidation of the soils, cv, 

obtained from the laboratory tests, plotted against the liquid limit. 

The figure shows that the ct, values are very small compared to 

the usual values for this kind of soils.

In order to check the consolidation parameters, two new site 

investigations were carried out between January and March 1995.

Figure 3 .- (U .S . Navy, 1971) cv versus wL at the site.

2.2.- Experimental precharge

An experimental precharge was designed close to Tank Group ft 1, 

placed over the terrestrial fill. It was 3,0 meters high and had a 

square plant of 10*10 m at its top. For its monitoring 4 

piezometers (2 under the center and 2 at a far distance of the 

embankment), 5 settlement points and an extensometer were 

placed. The trial embankment was carried out between January 

and March 1995.

During the precharge, almost no change was observed in the 

pore pressures under the embankment, probably due to a very 

rapid dissipation.

The settlements took place very rapidly. The total settlements 

could be adjusted very closely using the laboratory parameters. 

But the time-settlement curves were very different from those 

observed.

In order to check the difference between the laboratory and the 

real c j s, the time-settlement curves were calculated multiplying 

the laboratory c,,’s by a factor between 100 and 2000. A very 

good adjustment was obtained for the curve using coefficients of 

consolidation equal to 1000*c„(lll,.

This great disagreement between the laboratory and the real 

parameters is thought to be due to the great heterogeneity of the 

soil under the trial embankment. In that place the soil was mainly 

composed by terrestrial fill, with many permeable layers and 

lenses of demolition rubble that made the interpretation of the 

consolidation process very difficult.

2.3.- Piezocones

The results of the trial embankment made advisable to perform 

new site investigations in Tank Groups #3 and 4 (the precharge 

of Tank Group ttl  was then under construction) to check and 

correct the design of the precharges. Therefore, four piezocone 

penetration tests (CPTU) were carried out distributed between 

Tank Groups #3 and 4 at the end of February 1995.

The CPTU’s showed that there were two main types of soil : 

a fairly homogeneous layer of soil, composed by clayey silt-silty 

clay, and another soil with a very marked macrofabric, composed 

by layers between 5 and 10 cm thick of silt, sand and clay.

The soils were classified by the results of the CPTU test using 

Campanella et al. (1988) method.

The coefficients of consolidation of the soil, c,,, were
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calculated using the results of the dissipation tests and two 

different methods: Levadoux and Baligh (1986) and Teh and 

Houlsby (1991). Both methods gave maximum and minimum 

values of ch. To take into account the macrofabric, the 

consolidation properties of the layer as a whole were calculated 

using McGown et al. (1980) method. Figure 5 shows the ch 

obtained, compared to the ones obtained by the oedometer tests.

3.- PRECHARGE OF TANK GROUP No. 3

Due to a very tight schedule, Tank Group #2 was designed using 

the coefficients of consolidation obtained at the oedometer tests, 

assuming that q, (coeff. of consolidation with horizontal drainage) 

was 10 times c,, (Rixner et al., 1986). It was thought that the 

samples used in the laboratory tests were disturbed, partially 

lowering the value of c„, so no smear effect was considered. In a 

parametric study, the effect of drain resistance to flow, 

considered by the parameter Fr (see equation 2), was between 1 

and 4% the value of F(n) (factor considering the effect of drain 

spacing), so the effect of drain resistance was neglected. With 

these parameters, a triangular pattern with drain spacings of 1.5m 

was designed to achieve 90% consolidation in six months.

The load was induced by a 80,000 m3, 9 meters high earth fill. 

The fill covered the whole Tank Group.

Once the desired settlement was achieved, the earth was moved 

to Tank Group #3. For this Group, the parameters of the CPTU 

tests were used for the design, including the smear effect with the 

following values: s= djd„= 2,5  (Calderon, 1992) and T|= k jk ,= 3  

(Jamiolkwski et al. 1984). With these parameters, the drain 

spacing was increased to 2.0m to achieve 90% consolidation in 

three months (including the placement of the earth' fill). The 

precharge was monitored by 38 settlement points, 12 

piezometers, and one extensometer installed prior to the fill.

4.- MONITORING RESULTS AND INTERPRETATION

4.1.- Settlement and piezometer readings

Very little changes were observed in the pore pressures, probably 

due to a very rapid dissipation, so no interpretation was possible 

using the piezometer readings.

Figure 4 shows the observed and back-calculated settlements 

at a representative point of Tank Group no.3. The total 

settlements were calculated by the Skempton-Bjerrum method 

(1957), using the Cc's obtained by the oedometer tests. The time- 

settlement curves were adjusted discretizing the load increase into 

several instantaneous load steps. For the consolidation process, 

the well known Carrillo’s (1942) equation (1) was used to 

combine the effects of vertical and horizontal drainage.

U,n, -  1-(1 - t / , ) ( l - U )  (1)

The vertical degree of consolidation ( Uv) was obtained using a

1-D Finite Element program. The horizontal degree of 

consolidation was calculated by Hansbo’s (1979) equation (2) :

X-t'Ch/D2

I I  1 (2)Uh = 1-exp

where t is the time required to achieve a certain degree of 

consolidation, D  the diameter of the cilinder drained by one 

drain, and F(n), Fr, Fs factors considering the effects of drain 

spacing, drain resistance to flow and smear respectively.

The back-calculation was performed to look for an overall 

coefficient of horizontal consolidation, c(, (i.e., the effects of 

smear and drain resistance to flow were already included in it). 

The best fit was obtained for a c,,=0,0081 cn r/s  in Tank Group 

no.2 and a c,,=0,0173 cn r/s  in no.3. The theoretical curves 

obtained with these values matched very well the observed curves 

(see figure 5).

S E T T L E M E N T S  A T  P O IN T  3 .3 .1 .

Tank Group No. 3

Time (days)

—*—  Load carve (real) ■ -o  Load curve (acjusted)

Time (days)

—• -  Adjusted settlem ent (Ch-0,1 5m 2/day) — *—  Observed settlem ent

Figure 4.- Observed setllement and best fit under the center of 

Tank 33

Figure 5 shows the different coefficients of consolidation 

obtained. The back-calculated values are between 10 and 100 

times bigger than the ones obtained by the oedometer tests, but 

between 1 and 50 times smaller than the ones obtained by the 

CPTU tests.

C O E F F I C I E N T S  O F  C O N S O L I D A T I O N

Tank Groups No. 2 & 3

1.0E-04 1 .0E-03 1.0E-02 1.0E-01 1 0 E + 0 0  1.0E+01

C v , C h  (c m 2 /s )

-■ Chptaz(Tetietal) -  Ch p**j (BaHgh al al) w Cv adorn m*x a • Cy adorn min.

Figure 5.- Coefficients of consolidation. Tank Groups 2 & 3

Another interesting effect was observed with the extensometer 

results : the degree of consolidation was practically the same in 

all layers, notwithstanding the different types of soil and 

coefficients of consolidation.

The smear effect gives a probable explanation to this result. It 

is well known that the smear becomes more important with the 

difference between horizontal and vertical permeability.

If it is assumed that the c;, from the CPTU’s represent the 

undisturbed soil, a smear factor could be introduced into equation

2 to equal the behavior obtained with the global ch.

Then, it would be (equation 3 and 4):

8 global = 8*f*C),p,CTr„„P

F{n) F{n)*F( ( }
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operating

F  = ( Chpitloco"‘ -\)*F(ri) (4)

global

Using equation 4 with the results obtained in Tank Group 3 (no 

CPTU’s were available at no.2), the following values of Fs were 

obtained :

Homogenous soil Heterogeneous soil 

Minimum value 1.1 27.8

Maximum value 16.4 163.4

Each one of these values defines a relationship between s 

( = d / d j  and T| ( ,=  If / k ) .  According to Hansbo’s (1979) 

formulation (eq. 5) :

F  = ( t |- l )  In s (5)

being d, and ks the diameter and the permeability of the disturbed 

zone, kh the horizontal permeability of the undisturbed soil and d„. 

the equivalent diameter of the soil.

The resulting 5-r) relationships are plotted in figure 7. For the 

sake of comparison, the maximum and minimum values of the 

ratio between the coefficients of consolidation obtained by the 

CPTU’s and the oedometers are plotted. Looking at them it seems 

that the overall permeability in the smear zone is somewhat 

bigger than the permeability of a completely remolded soil 

(assuming cv„dome,!r represents this behavior).

Comparing curves a) and b) it can be seen that the effect of 

smear is far more important in a soil with a marked difference 

between vertical and horizontal permeability. This could be very 

significant for the design of this type of soil improvement.

5.- CONCLUSIONS

The consolidation properties of the soil at the “TOTAL Oil 

Storage Plant” at the Harbour of Valencia have been assessed 

using different techniques. From the comparison of the results of 

the site investigations the following points may be concluded

1. The conventional site investigations (bore-holes and 

laboratory tests) give accurate results of the indexes of 

compression. Total settlements can then be well adjusted.

2. The coefficients of consolidation obtained in conventional 

tests were between 10 and 1000 times smaller than the ones back- 

calculated. The main reasons for this behavior seem to be a very 

marked macrofabric and the disturbance of the samples tested.

3. Piezocone tests seem to be more appropriate for a good 

assessment of the soil macrofabric and its consolidation 

properties. In this project, it seems that the ch values obtained by 

Levadoux et al. (1986) are more accurate than the ones obtained 

by Teh et al. (1991) method.

4. The back-calculated “global” coefficient of consolidation in 

Tank Group no. 3 is between 1 and 50 times smaller than the ch's 

obtained by the CPTU’s. The behavior of the precharge can be 

accurately estimated with the CPTU results including the effect 

of smear.

5. The effect of the smear is much more important when 

there’s a great difference between horizontal and vertical 

permeability.

6. ACKNOWLEDGEMENTS

The authors want to express their gratitude to the company 

“TOTAL Espafia”, and specially to Mr. Jean Pucheu, for his help 

and support during the construction of the Plant.Thanks are also 

due to the staff of INGEOTEC and ARIN Consultores, who have 

carried out the work described in this Paper.

K h /K s  - S C U R V E S  F O R  T H E  A D J U S T E D  Fs 

(a) Homogeneous soil

S = rs/rw

F l  => 1,1 •  F t  = 16,14

(b) Heterogeneous soil

S=rs/rw

| •  Fs  = 27.3 F t  = 163,4

Figure 6.- k jk s - d jd„  relationships for the calculated smear 

factors (Fs). (a) Homogeneous soil, (b) Heterogeneous soil.
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