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ABSTRACT: The paper presents the very first steps made to automatically evaluate the total stress dissipation test with 

a mathematically precise model and inverse solver. Being the DMT and CPT PSL (piezo-lateral stress cell) total stress 

dissipation tests similar, both PSL test and DMTA total stress data were evaluated. The results indicated that the model 

error due to the stress release is less for the DMTA data than for CPT PSL data. A new coupled consolidation model 

family (with oedometric, cylindrical, spherical models) with constant displacement domain is started to be used. The 

time dependent constitutive law is ensured such that the consolidation model is superimposed with a relaxation model. 

Keywords: coupled consolidation, point-symmetric, pore water dissipation, total stress dissipation.  

 

1. Introduction  

The total stress dissipation tests have been devel-

oped for the assessment of the in situ permeability/c of 

the soils and the value/time variation of the radial ef-

fective stress which is important eg., in pile design and 

eg., in offshore well constuction. The dissipation tests 

can not be evaluated at present in a mathematically 

precise way.  

The broader research work is focused on the model-

ling and evaluation of the following similar tests: (1) 

oedometric relaxation test, (2) total stress, pore water 

pressure and effective stress dissipation tests, (3) cone 

resistance and shaft friction dissipation tests.  

For this aim coupled consolidation models were 

elaborated. These tests are made after partly drained or 

undrained load imposition. In the oedometer case the 

displacement domain is the sample, in the penetrometer 

case the displacement domain is related to the un-

drained penetration theory of Baligh, initial condition 

is identified in both cases.  Inverse solver was suggest-

ed and evaluation method for MRT was validated.  

In this paper the results of the first part of the re-

search are applied for the evaluation of the total stress 

dissipation tests of the CPT and DMT. 

1.1. The dissipation tests considered  

The laboratory and the in situ (CPTu involved) dis-

sipation tests are shown in Tables 1, 2. In the oedomet-

ric relaxation test, the total stress and the pore water 

pressure are measured, the effective stress is computed. 

In the DMTA dissipation test the radial total stress is 

measured immediately after penetration is stopped in 

the function of the time (A data). 

In the DMTC test the measurement is made after an 

inflation and a deflation of the membrane, a kind of 

pore water pressure is measured if the borehole is not 

moving inwards [1].  
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Figure 1. Comparing DMT with the piezo-lateral stress cell test data. 

(a) and (b) piezo-lateral stress cell test and DMTA data in BBC.  

During a CPT piezo-lateral stress PSL cell test, the 

radial total stress and the pore water pressure are meas-

ured, the effective stress is computed. Some important 

features in a measurement in Boston Blue Clay [2] are 

(i) the radial total stress at the shaft decreases by 73% of 

its value valid immediately after penetration, (ii) the ra-

dial effective stress is less than the horizontal effective 

stress 'at rest' immediately after penetration and it further 

decreases in the first minutes, (iii) the monotonously in-
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creases up to the horizontal effective stress 'at rest' be-

fore penetration (Fig. 1). 

According to strain path models [3,4] the piIe diam-

eter has no influence on the stress at the pile-soil inter-

face at the time of installation. Experimental results [3] 

show that, in lightly OC Boston Blue Clay, the shape 

of the penetrating object has minor influence on the da-

ta (Fig. 1). The very similar values of the ratios (σr-u0) 

/σ'v0 support this idea, for a circular cross section 

Baligh et al (1985) [2] found for the BBC 2.3 and 2.4, 

in dilatometer blade the range is 1.8 to 2.5. 

1.2. The dissipation test evaluation 

No validated model is available, at present, for in-

terpreting the DMTA/CPT total stress or effective 

stress dissipation curve although the total stress dissi-

pation curves are considerably simpler to obtain than 

dissipation curves involving the measurement of pore 

water pressure. Approximate methods are used.  

Table 1. Oedometric dissipation tests, constant boundary condition 

(Multistage) relaxation test (MRT) 

(Multistage) compression test (MCT) 

Table 2. Types dissipation tests made with penetrometers. 

Measured variable dissipation test made by  

Pore water pressure dissipation 

test, sensor on the shaft and/or on 

the tip 

CPTu (static cone penetrometer) 

Total stress dissipation test, sensor 

on the shaft and/or on the tip 
CPTus, piezo-lateral stress cell  

DMTA 

CPTqc  

Effective stress dissipation test, 

sensor on the shaft  

CPTfs  

Table 3. Point-symmetric uncoupled consolidation model-family 

  uncoupled 

1-dimensional  Terzaghi (1923 ) [8] 

2-dimensional Soderberg (1962) [11] 

3-dimensional Torstensson (1975) [14] 

Table 4. Point-symmetric coupled 2 consolidation model-family 

  boundary condition v-  (coupled 2) 

no (uncoupled) Biot (1941) [10] 

v-v (coupled 1) Randolph at al (1979) [13] 

v-  (coupled 2) Imre & Rózsa (2005) [15] 

 

Table 5. Point-symmetric coupled 1 consolidation model-family 

v  boundary condition  v-v (coupled 1) 

no (uncoupled) Imre ( 1997-1999) [9] 

v-v (coupled 1) Imre & Rózsa (1998) [6] 

v-  (coupled 2) Imre & Rózsa (2002) [7] 

Note: uncoupled-like coupled model, the pore water pressure so-

lution agrees with the uncoupled one ([19], Sills 1975).  
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Figure 2. The displacement domain bounded by a (a) 0 dimensional 

sphere (oedometer model), (b) 1 dimensional sphere (cylindrical 

model), (c) 2 dimensional sphere (spherical model). 

 
(a) 

(b)  

Figure 3. (a) Total stress model with time independent constitutive. 

(b) Matching of identified c values determined by the Flex 

method and by the pore water pressure evaluation software 

from generated u data. 
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Figure 4. Total stress model-versions. The joined model constructed 

by the superimposement of a relaxation and a consolidation 

term (continuous line), coupled 1 consolidation model with time 

independent constitutive law (dashed line).  

1.2.1. The Flex evaluation method 

The coefficient of consolidation c is determined with 

the following one-point fitting equation:  

 /cm 50

2 tFc =
 (1) 

where F is between 7 and 12, and the t50 or tF is re-

lated to the inflexion point of the total stress – time 

curve. This method does not provide any reliability in-

formation and fails if no inflexion point can be separat-

ed from the measured total stress data.  

The assessment of the inflexion point is generally 

mathematically not trivial, it is tried to be separated by 

curve fitting with 3-order parabola in this work (with 

limited success). 

1.2.2. The “matching” evaluation method  

In the suggested approximate total stress pile dissi-

pation evaluation method, the total stress and some de-

rived pore water pressure functions are evaluated sepa-

rately. Repeating the following algorithm for the 



 

3 

measured data set (i=1..N), the final total stress param-

eter sr
s(r0)i and two values for c are determined. The fi-

nal total stress parameter sr
s(r0)i - c relations computed 

for each measuring time value ti in two ways are 

matched (Fig 3). 

For the first relation, the final stress is computed for 

each given measuring time value ti:  

sr
s(r0)i =2s(ti)- sr (t =0, r0),  (2) 
assuming that the total stress value at ti is the aver-

age of the initial and the final total stress, and ti is the 

inflexion point. The related c(ti) is determined by Eq 

(2) for each ti (see Fig.3), the sr
s(r0)i – c flex (ti) is de-

termined. 

For the second relation, the mean pore water pres-

sure function is deduced by subtracting the sr
s(r0)i from 

the measured total stress data and it is approximately 

transformed into a pore water function (see App.2) 

which is used to identify a c value, and the c value is 

represented in terms of the final total stress parameter 

sr
s(r0)i. By determining the c for these u data, the re-

sulting c is given in terms of sr
s(r0)i and is compared 

with the flex method sr
s(r0)i – c flex (ti) function. 

1.3. The content of the paper 

1.3.1. The models tested here  

The linear, point-symmetric coupled consolidation 

models, for every space dimension m (1: oedometer 

tests, 2: cylindrical and 3: spherical tests) were ana-

lyzed in the first part of the research (App 1, [1 to 11]. 

Three model families are presented in Table 3 to 5. 

These differ in the boundary condition at r1, the outer, 

unknown boundary within the soil, at the zero-pore wa-

ter pressure line.  

For the total stress dissipation modelling, the cou-

pled 1 model family with only displacement type 

boundary conditions (Table 5) may prognosticate total 

stress drop only, and a relaxation part-model is needed 

to be superimposed.  Moreover, using the model law, 

any space dimensional coupled 1 model can be applied.  

The coupled 2 models and the uncoupled prognosticate 

constant total stress at the inner boundary (pile shaft). 

1.3.2. The aim and content of paper  

The aim of this paper to start to model the total 

stress dissipation after pile penetration. The simplest 

model-versions were validated (odeometric consolida-

tion and joined model-versions and cylindrical consoli-

dation model-versions) using PSL and DMTA data.  

It can be noted that the so defined oedometric mod-

el-family was previously validated using oedometer re-

laxation test data and an automatic the inverse solver 

with reliability testing methods (also elaborated during 

the research).  

The fitting error was less for the joined model-

versions including the relaxation part-model than for 

the consolidation models alone. The merit function for 

the joined model was characterized by two minima, on-

ly one initial condition (with the larger c value) was 

physically admissible. 
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Figure 5. If PSL stress cell test or DMTA data are evaluated with 

oedometric model with H 2cm, then the identified c is trans-

formed by a multiplier k depending on r1-r0.  
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Figure 6. If PSL stress cell test or DMTA data are evaluated with cy-

lindrical model with r1-r0=63cm (un- drained penetration), then 

the identified c is transformed by a multiplier k depending on 

r1-r0. if the penetration is partly drained and, therefore, r1 <37r0   

The previously validated oedometer model-versions 

were used such that the identified c values were trans-

formed using a model law concerning the size of the 

displacement domains of the two problems. The model 

law is following from an approximate time factor con-

cept derived in the first part of the research. 

The displacement domain of the penetration prob-

lem was assessed from strain path solution assuming 

that the penetration is undrained. The cylindrical mod-

els were used with this assumption, using a displace-

ment domain of r1-r0=63cm (undrained penetration), 

where r1= radius of the zero pore water pressure line, 

r0= radius of penetrometer.  

The transformation for a different displacement do-

main is also possible in this case with the same model 

law, for a smaller r1-r0 in case of partly drained pene-

tration.  

No correction function was used to compensate the 

model error due to spring back stress release, this effect 

is built in the identified initial condition. The approxi-

mate evaluation methods were also used, and the re-

sults were compared. 

2. Methods 

2.1. Models  

2.1.1. The consolidation models  

For the total stress dissipation modelling, only the 

coupled 1 models with a new, displacement type 

boundary condition are acceptable. The reason of this 

that a considerable total stress drop is encountered dur-

ing the tests and the coupled 2 models prognosticate 

constant total stress at the shaft. 
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The structure of the solution was determined using 

the concept of linear ordinary differential equations [5]. 

The solution is to a sum for each stress variable: 

•+•+•+•=• wtLp rtrrrt ),()()(),(
 (3) 

where the superscripts p or L indicate the steady-

state, drained continuum-mechanical or seepage prob-

lems resp., t indicates transient, w concerns the self-

weight component.  

The solutions of the point-symmetric, linear, cou-

pled 1 consolidation model family were suggested for 

the evaluation of the total stress dissipation tests which 

have the following features (Fig. 4). 

(i) The volume of the displacement domain is un-

changed (that follows from the geometric boundary 

conditions), if the solution is undrained, the final stress 

state is the same as the initial before penetration.  

(ii) Being the volume (and, the mean of the first in-

variant of the effective stress tensor) constant, the mean 

of the first invariant of the total stress decreases is in 

direct proportion with mean pore water pressure.  

The key parameter of the models is the initial mean 

pore water pressure, which equals to the total stress 

drop due to consolidation and controls the rate of the 

pore water pressure dissipation. 

(iii) The analytical solutions of the coupled 1 con-

solidation models for m= 1, 2 and 3 are very similar, 

can approximately be interchanged using the approxi-

mate time factor concept. The transformation is de-

pending on the r1= radius of the zero pore water pres-

sure line after penetration.  

2.1.2. The joined models 

It is assumed that the total normal stress at the meas-

uring interface can be described by a joined model con-

sisting of a linear coupled consolidation part-model and 

a relaxation part-model which are superimposed:  

)()()( ttt rc sss +=  (4) 

where superscripts c and r indicate the consolidation 

and, the relaxation part-models, respectively. The re-

laxation term in here is negative causing stress de-

crease.  Since no relaxation equation is known for the 

oedometer test/DMT or CPT total stress dissipation 

test, the following relaxation part-model in case of par-

tial unloading before the dissipation [21] is suggested: 

tt>t ; 
t+t

t+t

b s-1

1
  s= t 3

31

1r +







− 1log)0()( ss  (5) 

where s is the coefficient of relaxation, t1 the delay 

time, t3 is the pause of relaxation, b=log((t1+t3)/t1). 

Value of t3 and b are zero if no partial unloading takes 

place, the relaxation term is zero if tt3. 

The effective stress solutions of the joined model 

family have the following common feature. The change 

in the effective stress due to relaxation is negative, due 

to consolidation is positive. The permeability, the ini-

tial mean pore water pressure and the coefficient of re-

laxation may influence the net time variation of the ef-

fective stress significantly. The net interface effective 

stress variation is different for large and small permea-

bility soils at small and large values of elapsed time. 

2.2. Measured data  

The evolution of the total stress with respect to time 

is relatively independent from dimensions and (accord-

ing to preliminary evidence) shape of the penetrating 

object. For the model validation, partly PSL cell test 

data, partly DMT dissipation test data are used from 

earlier works which are reevaluated. Sometimes total 

stress and pore water pressure data are evaluated to-

gether, sometimes separately, these cases are indicated.  

2.3. Model fitting, model-versions  

Both the oedometric relaxation test model and the 

cylindrical evaluation model – consisting of a point-

symmetric, linear, coupled 1 consolidation model and 

an empirical relaxation part-model in the most complex 

case – was used for the evaluation of DMT and CPTu 

total stress dissipation tests.  

In the algorithm (App 3), the implicit function theo-

rem was used to split the parameter vector (1st group: 

linearly dependent parameters, 2nd group: non-linearly 

dependent parameters) and the minimization was split 

into two, lower-dimensional steps, a linear one and a 

nonlinear one.  

The linearly dependent parameters were identified 

separately for fixed values of the non-linearly depend-

ent parameters, situated in the points of a parameter 

grid.  In the nonlinear minimization, the solution was 

bracketed by computing the merit function in the points 

of the foregoing non-linear parameter grid, assuming 

convex level lines. 

Using the computation, the deepest 1d sensitivity 

sections (‘clever sections’) of the merit function for the 
2nd type parameters were determined and used for relia-

bility testing. Since the computer time depends expo-

nentially on the number of the 2nd group parameters, 

reduced model-versions were made as follows. 

2.3.1. Oedometer model-versions  

The analytical solution of coupled consolidation 

model for the total stress σ and the pore water pressure 

u (see App 1): 

)()( t -  + e  - = t r T 2 i2-
i

1=i
sss   


 (6) 

e  H iy  - = yt,u T 2 i2-
i

1=i

 ]1)/([cos()( −


 (7) 

where σ is the asymptotic total stress, t is time, y is 

distance, T= ct/H2 is the time factor, c is the coefficient 

of consolidation, i are Fourier coefficients related to 

the initial condition shape function: 

y  C +y   B + y  A = y)(0,u 3 2
 (8) 

A, B and C are initial condition parameters. The 

analytical solution of joined model for total stress: 

)()( t -  + e  - = t r T 2 i2-
i

1=i
sss   


 (9) 

The solution contains 7 parameters, 3 out them are 

with non-linear dependence (Tables 6, 7).  In model-

version HCRT parameter t1 is specified, and, a minor 
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change is made in the relaxation parameter modelling. 

The product of s and σ(0) denoted by sk  

(0)   s= sk s
 (10) 

is identified. The term σ(0) can be expressed as the 

linear combination of other parameters:  

D +  = (0) ss   (11) 

where D is the mean initial pore water pressure. The 

solution depends linearly on sk. The number of the non-

linearly dependent parameters was decreased to 2 and, 

the computational work was less by two orders of 

magnitude than the one for model H (Table 6).  In 

model-version HCR only one parameter of the relaxa-

tion part-model is identified (sk), t3 is zero. No relaxa-

tion is modeled in model-version HC. The number of 

the non-linearly dependent parameters is 1 for these. 

It can be noted that parameters σ and c have differ-

ent meaning if relaxation is modelled or is not. For 

model-versions H, HCRT, HCR the compression curve 

constructed from the identified σ is time independent, 

while the identified σ is time dependent, depending on 

the stage duration for model-version HC.  

2.3.2. Oedometer solution for piles 

The model law applies if the pile problem is solved 

with the oedometric relaxation test model, the solution 

is transfomed using the the time factor as follows: 

 

( )2
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2

2

1

rr

c

H

c

−
=  , ( ) 12

12
12 kc

H

c
rrc o =−=  (12) 

( )21 orr

ct
T

−
=  (13) 

Assuming that T1= T2, t1= t2, sample height H=2cm, 

to a domain r1 =37r0 , r0= 1,75 cm, r1-r0=63cm (un- 

drained penetration), a multiplier k=63*63/4 can be de-

rived for the c values. For partly drained penetration, the 

position of the zero pore water pressure line is r1 <37r0 

and constant multiplier can be computed with eq 12. 

2.3.3. Cylindrical model-versions 

The solution of the coupled 1 cylindrical consolida-

tion model for the pore water pressure (u) and radial to-

tal stress in the cylindrical case has the same terms as 

in eq 6,7, only the form is changing from sin and co-

sine to the Bessel functions: 




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   (14) 

 )]r(Y)r(I[e C = 1k0k1k0
tc-

k k
0=k

t h
2
k +−s 


 (15) 

where Jp and Yp are the Bessel functions of the first 

and second kind, of order p, λk, μk are the roots of the 

boundary condition equations (depending on r1 and r0); 

Ck (k=1.) are the Bessel coefficients determinable 

from the initial condition, and c is coefficient of con-

solidation (c= k Eoed /v).  

The identified parameters of the various model-

versions were as follows.  In pore water pressure and 

total stress models 1a the linearly dependent initial 

condition parameters Ck (k=1.n) were directly identi-

fied during the inverse problem solution. The numeri-

cal work was the same as for model HC, the related 

evaluation method is called as fast (Table 7).  

In the analytical solution of total stress there is a 

constant for the steady-state part of the solution and a 

log part of the solution for the relaxation term (eq 6). It 

means that this is a function 1 and log t in the linear 

part of which we are looking for coefficients. Three 

codes were made, with and without the constant term 

(the latter solution was numerically more stable) and 

one with two additional terms. Since the functions 1 

and log t are linearly independent, slightly different re-

sults are encountered. In this work the codes with con-

solidation modelling were used only.   

In the pore water pressure model 1b the Ck 

(k=1.250) were determined beforehand for various 

monotonic or non-monotonic shape functions, with 

three additional non-linearly dependent parameters, 

giving a more precise solution. The numerical work is 

the same as in the case of model H (Table 7), the eval-

uation method is slow. (The shape functions may con-

tain a negative part due to the interface shear in a thin 

zone along the shaft and a positive part due to the pene-

tration normal stresses. Hence, 350 shape functions 

(and to negative scaling, 350 mirror image shape func-

tions) are used.) 

Table 6. Parameters of the most general oedometric model-version H 

Parameter Symbol Dependence 

initial condition A, B , C linear 

Coeff. of consolidation 

asymptotic total stress 

c 
σ 

nonlinear 

linear 

coefficient of relaxation 

pause of relaxation 

delay time 

s 
t3 
t1 

nonlinear 

nonlinear 

nonlinear 

Table 7.   Computational effort for the versions of model H 

Model-

version 

Identified parameters Function value 

evaluations 

H A, B, C, c*, σ, s*, t3* ~10E4 

HCRT A, B, C, c*, σ, sk, t3* ~10E3 

HCR A, B, C, c*, σ, sk ~10E2 

HC A, B, C, c*, σ ~10E2 

• nonlinearly dependent 

Table 8. Evaluation of the PSL test. The identified parameters for the 

total stress: c, final total stress σ   and coefficient of relaxation 

s, for pore water pressure: c. (c multiplier k=63*63/4) 

Model-version 
c 

[cm2/s] 

s 
[-] 

σ 

[-] 

HC consolidation model s,u 1,98E-02  0.28 

HCR joined model s,u 2,48E-02 0.04 0.37 

HCRT joined model s,u 2,48E-02 0,04 0.4 

Cylindrical consolidation a, s  2.00E-02   

Cylindrical consolidation 1a, u 2.00E-02   

Cylindrical consolidation 1b, u 9.00E-03   
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Figure 7. Evaluation of the PSL cell test data with the HC model.  
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Figure 8. Evaluation of the PSL cell test data with the HCR model.  
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Figure 9. The deepest sensitivity sections of the merit function con-

cerning parameter c. Evaluation of the PSL test total stress and 

pore water pressure data with the HC model. The solution de-

termined from total stress data only is shown in dashed line. 

The c value is uncorrected, the corrected c is indicated in the 

Tables. 
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Figure 10. The deepest sensitivity sections of the merit function con-

cerning parameter c.  Evaluation of the PSL total stress and pore 

water pressure data with the HCRT model. The solution deter-

mined from total stress data only shown in dashed line. The c 

value is uncorrected, the corrected c is indicated in the Tables. 
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Figure 11. Evaluation of the PSL cell test data test data. Identified 

initial condition 1:HCR, 2:HC, 3: HCRT, the mean pore water 

pressure is larger  than expected. 
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Figure 12. Expected initial condition (solution of undrained penetra-

tion problem, Baligh 1986[4]) 

(r)
0.0

0.4

0.8

(u
 )

 

1E+1 1E+2 1E+3 1E+4 1E+5

t  (s)

0.00

0.40

0.80

1.20

...
/(u

(0
,r 

)-u
  )

0
0

 
Figure 13. The piezo-lateral stress cell, pore water pressure data 

evaluation with cylindrical model 1a, ’fast method’ (a) identi-
fied initial condition, (b) fitted and measured data.  
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Figure 14.   The PSL cell total stress data evaluation with cylindrical 

model 1a, ’fast method’ (a) identified initial condition, (b) fitted 

and measured data, (c) unique solution and error range.  
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Figure 15.  Fucino DMTA and DMTB data measured at 5m. 10m, 

15m (from Totani et al, 1998).  
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Figure 16. Fucino DMTA data evaluated together with u data gener-

ated with match method and Model HCRT, a to c: fitted and 

measured data at 5m. 10m, 15m, resp. [1]. 
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Figure 17. Fucino DMTA data evaluated together with u data gener-

ated with match method and Model HCRT, initial condition 

identified, a to c: at 5m. 10m, 15m, resp. [1].  

3. Results – PLS data 

3.1. Oedometer models  

When the measured data used were total stress (pore 

water pressure and, therefore, effective stress), the re-

sults (identified parameters and initial conditions, fitted 

and measured data) are shown in Table 8, Figs 5 to 10. 

According to the results, the solution of the inverse 

problem was reliable if pore water pressure data were 

simultaneously fitted, but the initial condition identi-

fied was differing from the shape expected.   

Evaluating total stress only with the oedometer 

model, the results showed that the inverse problem be-

came ill-conditioned. The deepest sensitivity section, in 

Figures 7 and 8 (without and with relaxation model-

ling) indicates non-well-defined global minimum.  

The HC simulated effective stress (thin) is monoton-

ically increasing with time since no relaxation is mod-

eled. The HCR simulated effective stress (thin) is non-

monotonic with relaxation modeling. 

3.2. Cylindrical models 

The cylindrical models 1a and 1b, gave coefficient of 

consolidation of 2 E-02 cm2/s 9 E-03 cm2/s resp for 

pore water pressure. The identified initial condition is 

realistic (Table 8, Figs 13, 14). Similar results were 

found for the total stress data with model 1a. 

4. Results – DMT data 

4.1. Oedometer models  

Evaluating DMTA and pore water pressure data to-

gether, the results are shown in Figures 15 to 18, Table 

9, 10. (The pore water pressure data were generated 

with the matching method (see App.2)).  

The inverse problem was well conditioned.  Using 

consolidation model HC, due to the double model dif-

ferences (m=1<2 model, no relaxation), the identified c 

values were smaller with a factor of about 5 than the 

values for the HCRT model. These values were trans-

formed (c multiplier k=63*63/4). 

Evaluating DMTA total stress alone, results are 

shown in Tables 11 to 15, Figs. 17 to 23. Using the oe-

dometric model HC, HCR, the inverse problem solu-

tion was reliable. The inverse problem solution was 

with less error for HC than HCR. 
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The identified c values for models HCR or HC were 

smaller by one or half order of magnitude than the ones 

of the HCRT model using total stress and generated 

pore water pressure data. 

The oedometer models gave larger initial mean pore 

water pressure than expected due to total stress release 

of the equipment. The identified initial conditions for 

the two types total stress data differed, reflecting larger 

stress release for the piezo-lateral stress cell test data 

than for DMT data.  

Table 9. Model HC results for the coefficient of consolidation c 

[cm2/s], with confidence interval, using Fucino DMTA data and 

generated matching method u data at 5m. 10m, 15m. 

 c cmin cmax 

Fucino 5 3,0E-06 1.0E-06 1,0E-05 

Fucino 10 6,0E-06 3,0E-06 1,0E-05 

Fucino 15 6,0E-06 2,0E-06 1,5E-05 

Table 10. Fucino site, model HCRT, 2 ”measured data” (“DMTA 
and generated u), identified c with confidence interval. (c multi-

plier k=63*63/4) 

 c cmin cmax 
Fucino 5m 4,47E-02 2,48E-02 7,44E-02 

Fucino 10m 2,98E-02 1,49E-02 4,47E-02 

Fucino 15m 2,98E-02 1,49E-02 4,96E-02 
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Figure 18. Minimal section, model HC, Fucino DMT dat Totani et 

al, 1998 [1]). The solution is determined from total stress data. 

The c value is uncorrected, the corrected c is indicated in the 

Tables. 

Table 11. Model HC, DMTA total stress data (Fucino, Newcastle 

and Ballina sites), c [cm2/s] with confidence interval. (c multi-

plier k=63*63/4) 

 c cmax cmin 
Fucino 5 7,94E-03 9,92E-03 5,95E-03 

Fucino 10 4,96E-03 9,92E-03 5,95E-03 

Fucino 15 4,96E-03 6,95E-03 3,97E-03 

1,5 m 3,97E-01 4,56E-01 3,57E-01 

2,5 m 7,94E-01 9,92E-01 6,55E-01 

Ballina 9,53E-02 9,92E-02 5,56E-02 

Table 12. Model HCR, DMTA total stress data (Fucino, Newcastle 

and Ballina sites), c [cm2/s] with confidence interval. (c multi-

plier k=63*63/4) 

 c cmin cmax 
Fucino 5 1,49E-02 9,92E-03 5,95E-03 

Fucino 10 4,96E-03 9,92E-03 5,95E-03 

Fucino 15 8,93E-02 6,95E-03 5,95E-03 

1,5 m 4,47E-01 4,56E-01 3,57E-01 

2,5 m 9,92E-01 9,92E-01 6,55E-01 

Ballina 1,98E-01 9,92E-02 5,56E-02 

Table 13. Cylindrical model DMTA total stress data (Fucino, New-

castle and Ballina sites), identified c [cm2/s] 

 c cmin cmax 
Fucino 5 8,0E-3 1,0E-3 6,0E-4 

Fucino 10 8,0E-3 1,0E-3 6,0E-4 

Fucino 15 9,0E-3 2,0E-3 6,0E-4 

1,5 m 4,0E-1 2,60E-1 5,60E-2 

2,5 m 6,0E-1 6,0E-1 1,60E-2 

Ballina 7,0E-2 9,0E-3 1,60E-3 
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Figure 19. Newcastle DMTA data and fitted 3-order parabola, in-

flexion point indicated (a) 1.5 m. (b) 2.5 m. 
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Figure 20. Minimal section, model HC, evaluation of the Newcastle 

DMT data (a) 1.5 m. (b) 2.5 m. The solution is determined from 

total stress data, the c value is uncorrected, the precise c indi-

cated in Tables 11, 12 and 14. 
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Figure 21. Ballina DMTA data and fitted 3-order parabola, inflexion 

point indicated. 
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Figure 22. Model HCR, identified initial condition for using Ballina 

DMTA data.  
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Figure 23. Merit function minimal section, Model HC and HCR, 

resp., Ballina DMTA data. The c value is uncorrected, the pre-

cise c indicated in Tables 11, 12 and 14. 
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Figure 24.  DMT Fucino 3 total stress data evaluation with cylindri-

cal model 1a, ’fast method’ (a) identified initial condition, (b) 
deepest section of merit function. 

 
Figure 25. Geometry of DMT. 

  

Figure 26. Geometry of the piezo-lateral stress cell. 

 
Figure 27. The DMT tip. 

4.2. Cylindrical models  

Using cylindrical model, the identified c was larger 

than the previous values and the lab test results, being 

in agreement with the earlier DMTA evaluation. 

4.3. Identified initial condition 

In the lack of a correction factor function for the to-

tal stress release of the equipment, the oedometer mod-

els gave larger initial mean pore water pressure than 

expected (see Figs. 9, 10, 16). 

Moreover, the identified initial conditions for the 

two types total stress data differed, reflecting larger 
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stress release for the piezo-lateral stress cell test data 

than for DMT data.  

The initial conditions identified from PSL pore wa-

ter pressure data with the cylindrical model 1b using 

shape functions was physically acceptable. The initial 

condition identified from exclusively total stress with 

the fast cylindrical model-versions 1a are approximate 

but were basically correct (Figs. 14, 24). 

4 Discussion 

4.1 Rigidity of equipment, stress release 

During the dissipation test, stress release due to dis-

sipation takes place, the penetrometers springs back, 

the spring back displacement is increasing with in-

creasing distance above the tip. 

The DMT measurement is made on the tip, on a thin 

and rigid element, the rd diameter above it of 1.2 cm 

(Figs. 25, 27).  

A fundamental aspect in the design of the PLS cell 

is the rigidity (Fig. 26). In the case of the pore pressure 

measuring device, the fact that a finite amount of water 

is exchanged between the soil and the sensing element 

constitutes interference. Such interference can be re-

duced if the flexibility, or amount of required water ex-

change, is reduced to a minimum. Similarly, in measur-

ing the total horizontal stress, it is important that the 

deformation of the measuring system be negligible. Ri-

gidity is ensured by having a solid steel core and only a 

thin internal water film to which the externally applied 

pressure is transmitted. The resolution of the CPT in 

delineating layers is related to the size of the cone tip, 

with typical cone tips having a cross sectional area of 

10 cm², corresponding to diameter of 3.6 cm (>1.2 cm).  

Being both equipments rigid, the controlling param-

eter is the distance of the sensor above the tip in the 

spring back period. The DMT measurement is made on 

the tip, on a thin and rigid element. the CPT measure-

ment is made well above the tip on the rod where there 

is a more pronounced effect of the stress release (Fig. 

26). The stress release is therefore more important for 

the PSL measurement. 

The effect of stress release is can be seen from the 

piezo-lateral stress cell test measurement (Fig. 1a) as 

follows: the measured and the computed total stress 

decrease using the theoretical initial condition are dif-

ferent. In detail, the consolidation stress drop is not 

larger than the initial mean pore water pressure approx-

imated from a linear function, 0.33u(0,r0) < 0.33σ(0,r0), 

the relaxation stress drop is less than around 0.25 

σ(0,r0), the sum is about 0.58 σ(0,r0), being less than 

the measured 0.75 σ(0,r0). 

4.4. Model validation results 

4.4.1. Inverse problem solution 

In this work, using CPTu PSL and DMT total stress 

dissipation test data, the merit function was generally 

characterized by one minimum. In case of total stress 

data evaluation only, the minimum was nearly degen-

erated for the PSL data, was nice for DMTA data. This 

can be interpreted such that (i) since the PSL data have 

possibly larger stress release effect than DMT data, 

they gave less reliable solution, and since the oedomet-

ric model are less precise than the better cylindrical 

model, they gave less reliable solution.   

4.4.2. Identified initial condition 

The effect of spring back release of the equipment is 

an additional total stress drop, which is increasing with 

the spring back displacement.  

Table 14. Summary of c results of DMTA total stress data [cm2/s] (c 

multiplier k=63*63/4) 

 HC HCR cflex 
Cylindri

cal 
Fucino 5 7,94E-03 1,49E-02 6,0E-5 1,0E-2 

Fucino 10 4,96E-03 4,96E-03 6,0E-5 8,0E-3 

Fucino 15 4,96E-03 8,93E-02 6,0E-5 9,0E-3 

1,5 m 3,97E-01 4,47E-01 2,0E-3 4,0E-1 
2,5 m 7,94E-01 9,92E-01 3,0E-3 6,0E-1 

Ballina 9,53E-02 1,98E-01 5,0E-4 7,0E-2 

Table 15. Fucino, summary of c results of DMTA total stress and 

generated u data (c multiplier k=63*63/4) made for Figure 28.  

model  HC HCR cylindrical HCRT with u 

5m 7,94E-03 1,49E-02 1,0E-2 4,47E-02 

10m 4,96E-03 4,96E-03 8,0E-3 2,98E-02 

15m 4,96E-03 8,93E-02 9,0E-3 2,98E-02 

 
 

Figure 28. Some identified c values from this work, Fucinon site. 

Note: after applying the model law ((c multiplier k=63*63/4)), 

the c values for all oedometer and cylindrical model-versions 

fell in the right blank strips, 1E-2>c>4E-3cm2/s, being the oe-

dometer values slightly smaller.  

In the initial condition identified by oedometer mod-

els from PSL data, the initial mean pore water pressure 

was much larger than expected one to give the addi-

tional total stress drop  (see Figs. 9, 10, 16). 

The identified initial conditions differed for the two 

types of data, reflecting larger stress drop in the case of 

the PSL cell test data than for DMT data. This follows 

from the measuring element position.  For the well-

above the tip position, the identified initial condition 

from the expected one is a measure of the goodness of 
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the test with respect to the model assumptions at the to-

tal stress evaluation. 

The initial conditions identified from exclusively 

pore water pressure data with the cylindrical models 

were physically acceptable and was more for the slow 

than the fast version since in the first case the initial 

shape functions were used (Fig. 11). 

4.1.1 Identified c 
Concerning the c identified with oedometer models, 

for the piezo-lateral stress cell test data, the c value was 

less dependent on the oedometer model-versions.  

For real DMTA data, the identified c value was 

more dependent on the type of the oedometer model-

version. This indicates also that the DMT data are bet-

ter than PSL data.  

All models gave surprisingly large but realistic c 

values (Fig. 28), in the order of magnitude of the pre-

vious DMT evaluations, being larger than the previous 

values.  

The identified c was slightly smaller for the oe-

dometer models since the drainage surface area is larg-

er for the cylindrical than for the oedometer model. 

5. Summary, conclusion 

In this paper some mathematically precise models 

were started to be used to evaluate the total stress (CPT 

and DMT) dissipation test data, a more approximate 

oedometer model family and a less approximate cylin-

drical model.  

5.1. The piezo-lateral stress cell test data 

1. The same identified c value was approximately 

encountered when the various oedometric relaxation 

test model-versions (m=1) were fitted on PSL total 

stress, effective stress and pore water pressure data, 

possibly due to the large error due to the stress release.  

2. The inverse problem was generally ill-conditioned 

when only PSL total stress data was evaluated with 

various versions of the oedometer model (the minimum 

became quasi-degenerated).  

3. When cylindrical consolidation model 1a was fit-

ted on pore water pressure or total stress dissipation da-

ta then the identified c was practically the same, in-

verse problem solution was reliable. After applying the 

model law (c multiplier), the oedoemeter c data were 

similar. 

5.2. The DMTA data 

The first result of six data sets (3 Fucino, 2 Newcas-

tle, 1 Ballina) evaluated with oedometer model or the 

simplest cylindrical model were as follows. 

a) Evaluating DMTA total stress and pore water 

pressure data together with oedometer models, the in-

verse problem was generally well conditioned, with 

unique solution and error range.  

b) Evaluating DMTA total stress with oedometer 

model or the simplest cylindrical model, the inverse 

problem solution was generally reliable. The identified 

c values differed in a factor of about 5 to 15 for the var-

ious oedometer models. 

c) Concerning the well-documented Fucino site and 

the various oedometer models, after applying the mod-

el law  (c multiplayer), all c data fell in the strips 1E-2> 

c>4E-3cm2/s, larger than the previous lab test and flex  

results, being possibly in agreement with the earlier 

DMTC evaluation and to the actual cylindrical model c 

value. It can be noted that all results depend on r1. 

d) Concerning the well-documented Fucino site and 

the approximate methods, the inflexion point and the 

result of the Flex method was not unique. By fitting a 

3rd order parabola, the inflexion point differed from the 

“eye” solution. The Flex method c was therefore in an 
interval of lab values c. The cylindrical model c value 

was slightly larger than match c value (see App 2). 

5.3. Conclusions  

The DMT or CPT total stress dissipation tests are 

not evaluated precisely at present, only approximate 

methods are known. In this work 3 kinds of oedometer 

models and some simplest possible cylindrical model-

versions were started to be tested with CPT PSL stress 

cell test data and with DMTA total stress dissipation 

and deduced pore water pressure data. The results were 

as follows. 

1) Concerning the PSL cell test data, the identified c 

was not too sensitive to the differences in the various 

oedometric model-versions while concerning the DMT 

data,  the identified c was sensitive to the differences in 

the various oedometric model-versions 

2) Using DMTA total stress data and joined 

oedemeter model-versions, the inverse problem 

solution was generally well-conditioned while this  was 

not true when PSL total stress data was used with 

joined oedometer model-versions. The PSL solution 

was reliable with joined oedometer model-version 

when both total stress and u data were used.  

3) The inverse problem solution was reliable for the 

simple cylindrical models, irrespective of the type of 

the data. 

4) The identified initial conditions differed for the 

CPT and DMT data, reflecting larger stress release and 

spring back effect for the piezo-lateral stress cell test 

data than for DMTA data, in accordance with the alti-

tude of the sensor element. In other words, the constant 

displacement load boundary condition is more approx-

imate for the CPT PSL than for the DMT total stress 

dissipation test data, the model error is larger for the 

CPT PSL cell test. The pore water pressure data are not 

sensitive to this effect. 

5)The identified c can be characterized as follows 

for the well-documented Fucino site. After applying 

the model law (c multiplier), all oedometer c data fell in 

the strip 1E-2> c>4E-3cm2/s, larger than the previous 

lab test and flex results, being basically in agreement 

with the earlier DMTC evaluation and with the actual 

cylindrical model c values. It can be noted that all re-

sults depend on r1. 

 

It can be concluded that all models gave surprisingly 

large but realistic c values, in the order of magnitude of 

the previous DMT evaluations, being larger than the 

previous values. 



 12 

(The identified c is slightly smaller for the oedome-

ter models since the drainage surface area is larger for 

the cylindrical than for the oedometer model). 

The simplest possible cylindrical model (time inde-

pendent constitutive law, “fast” evaluation method, 

model 1a) can automatically be used for the evaluation 

of the DMTA dissipation test data.  

In further research, the m=2 (cylindrical) total stress 

models with initial condition shape functions (“slow” 
evaluation method) and with time dependent constitu-

tive law will be tested on DMTA total stress data.  

In addition, truncated measured data series will be 

tested to decide whether it is worthy to be used simul-

taneously with the measurement. 
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Appendix 1 Consolidation model-versions 

Solution in terms of m 

The general solution of the models, subject to the 

specified boundary conditions, is the sum of two parts: 

one transient and one steady-state. The steady-state part 

of the displacement (vp) is given by the solution of the 

following equation (part of the modified Equilibrium 

Equation): 

0=  
r

 Eoed 
  (16) 

This is the cavity expansion model for n=2 and 3, and 

the Ko compression model for n=1. The solution has 

the following general form: 

r 
r

 v
n

p 
+=

−1
 (17) 

where the parameters α and β can be determined from the 

non-homogeneous boundary conditions. 

The steady-state pore water pressure solution is the 

solution of the Laplacian Equation (part of the modi-

fied Continuity Equation) which is equal to zero here. 

The transient solution parts for the volumetric strain 

(εt), the displacement (vt) and the pore water pressure 

(u), respectively(see App 2): 

 e Cr r)(t,v ct
k

=k

)n(
t k)]r(Y)r(J[ k/nkk/n

2

22
1

2

2
 −

−−
+=

 (18) 

   e r r)(t, ct
kk

=k

)n(
t k)]r(Y)r(J[ C k/)n(kk/)n(

2

2222
1

2

2
 −

−−
−− +=

 (19) 
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where Jp and Yp are the Bessel functions of the first 

and second kind, of order p, n is the space dimension; 

λk, μk are the roots of the boundary condition equations 

(composed from the homogeneous form of the bounda-

ry conditions); Ck (k=1...) are the Bessel coefficients 

determinable from the initial condition, and c is coeffi-

cient of consolidation (c= k Eoed /v). Around 250 roots 

for constants λk, μk were determined for the models (see 

[8]). 

The pore water pressure is determined from vt by in-

tegrating the equilibrium Modified Equilibrium Equa-

tion with respect to r including boundary condition Nr. 
1: 

 )( 1

1

rE  
r

 Eu tt
oed

r

r

t

oed
t  −=




= 
 (20) 

The radial effective stress at the shaft-soil interface 

 )t(u)r,t(u|)r,t( meanrr
t'
r −−== 00

s  (21) 

The total stress at the shaft-soil interface: 

)t(u|)r,t( meanrr
t
r == 0

s  (22) 

Solution for m=1 

The total stress and, the effective stress using the 

constitutive equation: 

y

v
 E- = oed 


s  (23) 

and, the effective stress equality: 

.u +  = ss   (24) 

The total stress can be expressed with the pore water 

pressure and the steady-state term (underlined): 

H

v
E  tu  = t) ( oedmean

0)( +s  (25) 

It follows that for a realistic u the radial total stress 

at decreases with time by the value of the initial mean 

pore water pressure. The effective stress is given as: 

H

v
Ey)t, u( - tu 

y

y)(t,v
E y)t, ( 0

oedmeanoed +=



−= )('s

 (26) 
and, the mean effecive stress is equal to: 

.'
H

v
E t) ( 0

oedmean =s
 (27) 

The steady-state displacement vp: 







 −=

H

y
1vyv 0

p )(

 (28) 
The transient displacement vt for the oedometric re-

laxation test model: 

e)y
H

πk
( sin a = y)(t,v tc

H

 k
-

k
1=k

t v2

22










 (29) 

where ak (k=1.) are the Fourier coefficients of an 

odd initial displacement function. 

Function u is derived from solution vt: 

e1]y)
H

πk
[cos( α = y)u(t, tcv

H 2

2 k2
-

k
1=k




−





 (30) 
where 

.;
H 2

k
b= β

H

k
a= kkkk

 −
 (31) 

Only one initial condition function is to be specified 

(either u0(y) or v0(y)), the other can be computed as fol-

lows: 

,|
y

(y)v
E-

y

(y)v
E = (y)u 0=y

t
0

oed

t
0

oed0 





 (32) 

,, 









 uy - dx (x)u

E

1
 = (y)v mean00

y

0oed

t
0

 (33) 
The pore water pressure solution has the following 

form at t=0: 

])([ 1y
H

kπ
cos = y),0u( k

1=k
−


  (34) 

and, the Fourier series for u0(y) has a different form: 

).( y
H

kπ
cos = (y)u k

0=k
0 



 (35) 
This problem can be eliminated, if a boundary con-

dition is included into the initial condition: 

 k
1

0 = −


 (36) 
then the Fourier series for u0(y) has the same form as 

the solution at t=0: 

])([ 1y
H

kπ
cos = y),0u( k

1=k
−




 (37) 
and, in this case: 

.,.. 0k= kk 
 (38) 

The analytical solution for the effective stress and 

for the total stress are as follows. The effective stress: 

H

v
Eey

H

k
  = y)(t, 0

oed
tc

H

 k
-

k
1=k

v2

22

+


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 s cos'

 (39) 
 

The total stress s equals to the effective stress at 

y=0: 

H

v
Ee

2H

k
   = (t) 0

oed
tc

H

 k
-

k
1=k

v2

22

+−
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 (40) 

Solution m=2 

The function u (for the m=2, coupled 1 model): 

 )]()([)]()([ 101000

2
rYrIrYrIe C  = r)u(t, kkkkkk

tc-
k k

=0k

hk   +−+ 


 (41) 

Appendix 2 Approximate methods 

Matching sigma method 

The pore water pressure functions and matching data 

are shown in Figure 13, the measured data and the 

computational details are shown in Tables 14 to 17 The 

final total stress sr
s(r0)i and cflex(ti) function and the 

identified c - sr
s(r0)i functions intersect at c 2e-3 (the 

pore water pressure t50). It can be noted that for the 

sigma the t50 is greater than the u2 50 % dissipation 

time. The relation between the 50 % time for total 

stress and pore water pressure is not known. It can also 

be noted that the sr
s(r0) is negative for large ti values. 
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This limit can also be considered as an empirical cflex 

time. 

Flex method  

The Flex method by eye gave a coefficient of consol-

idation range instead of a single value due to the uncer-

tainty in the in the determination of the inflexion point. 

Therefore, a 3rd-order parabola was fitted, and the in-

flexion point was approximated where the derivative 

indicated a change. This method gave small c values 

and was not considered as successful. 

Table 16. The piezo-lateral stress cell test data in normalized form  

ti in s σ'r σr u 

0 0,041 1,000 0,963 

20 0,041 0,988 0,947 

90 0,045 0,951 0,906 

190 0,049 0,918 0,865 

290 0,053 0,890 0,837 

490 0,057 0,853 0,792 

790 0,065 0,808 0,747 

1990 0,073 0,706 0,633 

2990 0,078 0,653 0,571 

6990 0,094 0,531 0,437 

9990 0,110 0,482 0,371 

19990 0,163 0,388 0,224 

39990 0,233 0,314 0,086 

99990 0,269 0,273 0,004 

Table 17. Matching method, final stress – identified c relation  

sr
s(r0) slow c in cm2/s fast c in  cm2/s 

0.15 4,00E-04 1,00E-03 

0.25 8,00E-04   

0.3 1,00E-03 2,00E-03 

0.4 2,00E-03 3,00E-03 

0.5 7,00E-03 9,00E-03 

 

 
Figure 29. Matching method, generated pore water pressure func-

tions (Tables 21 and 22).  

 
Figure 30. Matching method, final stress – identified c relations (Ta-

ble 20) 

Table 18. Assuming that t=t50%, sr = sigmaflex, the computed 

sr
s(r0) and cflex 

ti in s sr
s(r0) sr  

10 1 1 0,7 

20 0,98 0,99 0,35 

30 0,96 0,98 0,2333333 

40 0,94 0,97 0,175 

80 0,94 0,97 0,0875 

100 0,89 0,95 0,07 

200 0,84 0,92 0,035 

300 0,81 0,91 0,0233333 

500 0,75 0,87 0,014 

800 0,64 0,82 0,00875 

1000 0,56 0,78 0,007 

2000 0,41 0,71 0,0035 

3000 0,29 0,64 0,0023333 

3500 0,26 0,63 0,002 

5000 0,14 0,57 0,0014 

7000 0,07 0,53 0,001 

10000 -0,04 0,48 0,0007 

20000 -0,25 0,38 0,00035 

40000 -0,36 0,32 0,000175 

100000 -0,42 0,29 0,00007 

300000 -0,48 0,26 2,333E-05 

Table 19.  The u computation (R=relaxation term, σrs(r0)=0,15) 

ti in s R term sr-0,15 sr-0,15-R=u0,15 u0,15mod 

10 0 0,85 0,85 *0,73 

20 0,06 0,84 0,78 0,72 

30 0,07 0,83 0,76 0,73 

40 0,07 0,82 0,75 0,73 

80 0,09 0,82 0,73 0,73 

100 0,09 0,8 0,71 0,7 

200 0,1 0,77 0,66 0,66 

300 0,11 0,76 0,64 0,64 

500 0,12 0,72 0,6 0,6 

800 0,13 0,67 0,54 0,53 

1000 0,14 0,63 0,49 0,49 

2000 0,15 0,56 0,41 0,4 

3000 0,16 0,49 0,34 0,34 

3500 0,16 0,48 0,32 0,31 

5000 0,17 0,42 0,25 0,25 

7000 0,17 0,38 0,21 0,2 

10000 0,18 0,33 0,15 0,15 

20000 0,19 0,23 0,03 0,02 

40000 0,21 0,17 -0,04 -0,04 

100000 0,23 0,14 -0,09 -0,1 

300000 0,25 0,11 -0,14 -0,14 

Table 20. The generated u functions for various σrs(r0) values (see 

Fig. 27) 

ti in s 0,15 0,3 0,25 0,4 0,5 

10 0,73 0,58 0,63 0,48 0,38 

20 0,72 0,57 0,62 0,5 0,35 

30 0,73 0,58 0,63 0,48 0,34 

40 0,73 0,58 0,63 0,5 0,3 

80 0,73 0,58 0,63 0,48 0,29 

100 0,7 0,52 0,57 0,46 0,24 

200 0,66 0,51 0,56 0,41 0,2 

300 0,64 0,46 0,51 0,39 0,16 

500 0,6 0,45 0,50 0,35 0,11 

800 0,53 0,36 0,41 0,29 0,05 

1000 0,49 0,34 0,39 0,24 0,02 

2000 0,4 0,24 0,29 0,16 0,11 

3000 0,73 0,58 0,63 0,48 0,38 

3500 0,72 0,57 0,62 0,5 0,35 

5000 0,73 0,58 0,63 0,48 0,34 

7000 0,73 0,58 0,63 0,5 0,3 

10000 0,73 0,58 0,63 0,48 0,29 

20000 0,7 0,52 0,57 0,46 0,24 

40000 0,66 0,51 0,56 0,41 0,2 

100000 0,64 0,46 0,51 0,39 0,16 

300000 0,6 0,45 0,5 0,35 0,11 

 


