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ABSTRACT 

During the construction of digester for treatment of Zagreb city wastewaters, monitoring system of structure 
and foundation soil was established. Digester is a huge rounded structure founded on reinforced concrete slab
with average contact pressure over 600 kPa. Monitoring system, consisting of inclinometer and deformeter in-
stallations, tiltmeters, pressure cell and geodetic measurements, provided information of structure movement 
during the construction and filling phases. Obtained results indicate larger settlement in the area of foundation
where geotechnical investigations registered layer of lower geotechnical characteristics. Most interesting
measurements were inclinometer measurements under the foundation slab that indicated the radial spreading 
of weaker material. That phenomenon indicates the plastic flow of soil and was the main reason for detailed
analysis of slab settlement. In the analysis very stiff foundation slab was considered as a rigid footing. In the 
practice, it is a common routine to calculate the settlement of rigid footing according to the analytical solution 
for linear-elastic half space. Today new numerical methods are developed solving the same problem using the 
finite elements. They can use constitutive equations of material that include plastic behavior. In this article, 
comparison of footing settlement is made for elastic soil by Boussinesq solution and by finite element 
method, and additional analysis was made for elastoplastic material with the same stiffness and corresponding
strength parameters. Numerical results are also compared with measurements at the same position. 
 
 

 
 

1 INTRODUCTION 

Within the central system for treatment of Zagreb 
city wastewater four digesters with the central tower 
are built. The main purpose of digester is collecting 
the wastewater for biologically decomposition. After 
decomposition the clean water is poured into river 
Sava and the waste material is collected and regu-
larly damped. 

Digesters are huge rounded ‘’egg-like’’ structures 
with height of 35 m, with external diameter of 24 m 
and with total volume near 9000 m2. Foundation slab 
is round, 2 meter thick plate with 16 meter in diame-
ter, made of reinforced concrete. 

Figure 1 shows the two digesters during the con-
struction, the left one near the end of the construc-
tion and the right one at the beginning of the first 
construction stage. Figure 2 shows the foundation 
slab of second digester. We can see the dimensions 
and shape of the foundation slab and also the posi-
tions of investigation boreholes beneath the slab 
with inclinometer and deformeter installations in-
side. 

    
 

 
 

Figure 1. Digesters during construction. Right digester no. 2. is 
analyzed in this paper. 



 
 

Figure 2. Foundation slab of digester no. 2. and positions of in-
vestigation boreholes with inclinometer and deformeter instal-
lations inside. 

 
 

2 FOUNDATION SOIL 

Within the investigation works of foundation soil 
thirteen boreholes were made with core sampling 
and performing of SPT in situ tests. In combination 
with laboratory tests that gave the geological view of 
soil strata and position of underground water level 
with corresponding geomechanical parameters. The 
soil layers are mainly horizontal but in some areas 
under the digester no. 2. the layers with weak me-
chanical characteristics were found. For that reason 
the additional soil investigation works were per-
formed with light dynamic probe DPL.  

Figure 3. shows the results of light dynamic 
probe tests that were made near the positions of 
boreholes B-2 and B-3. The results indicate the de-
crease of blow numbers in first two meters which 
corresponds to artificial fill compacted only at the 
top. Also the lower number of blow appears in lay-
ers with weaker mechanical characteristics. 

Within the soil profile investigated down to final 
depth of 28 m, three characteristic soil layers appear: 
two gravel layers and one layer of clay in-between. 
In the upper gravel layer a lance of silty/clay mate-
rial of variable thickness was found. 

Upper soil layer consists of well to poor gradu-
ated gravel with small content of sand. (GW, 
GW/GFs, GP/GFs, GFs). The material is brown to 
gray, mostly medium compacted with average SPT 
values of 10-16 blows/feet. Somewhere the rela-
tively well compacted areas were found with aver-
age SPT values of 20-30 blows/feet but rarely well 
compacted areas with average SPP values over 30 
blow/feet. 

The layer of high plasticity clay (CH) is situated 
beneath the upper gravel layer. The gray clay layer 
over consolidated with firm to stiff consistency. The 
upper boundary of the layer starts app. 16 meter be-

low the ground level. It is 9 meter thick and ends 
with 2 meters thin area of sand mostly silty with 
some clay content.  

Lower gravel layer is well compacted aquifer 
with sub artesian pressure. 

 
 

      
 

Figure 3. Dynamic probe light (DPL) results near investigation 
boreholes B-2 and B-3. 

 
 
Characteristic soil profile which goes through po-

sitions of boreholes B-1, B-2 and B-3 is shown by 
figure 4. We can see that material with weaker me-
chanical characteristic is somewhere spread up to fi-
nal 4 meter depths and the layer 1 to 3 meter thick. 
At the position of borehole B-1 the layer is not indi-
cated. 
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Figure 4. Characteristic soil profile with dominant soil layers 



3 MONITORING OF DIGESTER 

The site investigation located the layers of soil with 
weaker mechanical characteristics where absolute 
and differential settlements were expected. To have 
permanent information over the movement of di-
gester and foundation soil the monitoring system 
was installed. Measurements were performed during 
the construction and in critical phase of trial filling 
of digester. The monitoring system consists of the 
following five types of instruments and installations. 
- Five inclinometer installations with three of them 

beneath and two beside the digester. They are 
used for measuring of horizontal movement of 
foundation soil. 

- Five Deformeter installations at the same posi-
tion, two of INCREX type and one magnetic 
type. They are used for monitoring of vertical 
movement of foundation slab. 

- One pressure cell 400x400 mm with «VW» 
reader situated beneath digester foundation slab 
for measuring of contact pressure under the slab. 

- Three tiltmeters at the edge of digester for meas-
uring the tilt (rotation). 

- Four geodetic points situated at the edge of di-
gester for measuring the settlement. 
Monitoring system is shown by figure 5. 
  
 

 
 
Figure 5. Monitoring system 

 

3.1 Deformeter measurements 

Deformeter measurement results for Increx type in-
struments are shown by figure 6. for positions B-2 
and B-3. The magnetic instrument measures only the 
absolute values. 

If we compare the measured results of relative 
displacement of soil we can see that the majority of 
the digester settlements are realized to do depth of 
only 6 meters. They are realized at the larger amount 
at the position B-2 then on the B-3. Also three addi-
tional zones of local settlements clearly appear at the 
depth of 9 m, 16m and 14 meters. At the figure 4 we 
find that those relative displacement zones corre-
spond to layers of soil with weaker mechanical char-
acteristics. The local settlement at 9 m corresponds 
to layer of gravel with some clay components. The 
two others correspond to bottom and the top bound-
ary of the clay layer. 

Measured values of settlement per depth are 
given on figure 17. for all deformeter installations. 
The results indicate the settlement of ∼9.5 cm at po-
sition B-1 (magnetic installation), only 6.0 cm at po-
sition B-2 and 2.0 cm at position B-3 (both deforme-
ter type Increx). The result are missing to the depth 
of 3 m, for the deformeter type Increx, because rela-
tive deformation in that area is over 2 cm/m’ which 
is maximum value for that type of instrument. 
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Figure 6. Deformeter measurements of relative vertical defor-
mation at the position B-2 and B-3 

 

3.2 Inclinometer measurements 

Inclinometer installations are oriented radial from 
the center of the slab and the measured results also 
give the maximum horizontal displacement in that 
direction. The results are shown by figure 7. for 
three installations beneath the digester slab at posi-
tions B-1, B-2 and B-3. The top of the installation is 
situated at the upper side of foundation slab so the 
foundation ground level is located at the level -2 me-
ters. 

The measured results show that there is a large 
horizontal movement of the soil within first four me-
ters below the foundation slab which correspond to 
layer of material with weaker mechanical character-
istics. Maximum displacement at the position B-2 is 
higher than the maximum at position B-3 that also 
equals the position of the soft layers. The directions 



of those movements are radial towards the outer 
edge of foundation slab to the final value of ∼ 2 mm 
on all installations. 

 

 
 

Figure 7. Inclinometer measurements of horizontal soil dis-
placement per depth, positions B-1, B-2 and B-3 

 
 

4 GEODETIC SURVEY 

Settlement of digester during the construction is also 
measured with four geodetic points situated at the 
edge of digester. Measured results define the dis-
placement plane of foundation slab. Knowing the 
equation of that plane the settlements of digester at 
the borehole top can be calculated. Calculated set-
tlements are 8.2 cm at position B-1, 14.7 cm at posi-
tion B-2 and 13.7 cm at position B-3. 

 
 

5 ANALYSIS OF DIGESTER SETTLEMENTS  

Calculation of settlements are performed routinely in 
geotechnical practice using the analytical solutions 
defined by Joseph Boussinesque, from 1878. It gives 
the stress and strain distribution in linear-elastic half 
space. By this, deformational characteristics of the 
materials are defined with two parameters, Young 
elasticity modulus E and Poisson coefficient 
ν. Settlements of the ground surface are obtained by 
integration of relative vertical displacements on the 
vertical line underneath the observed point for the 
given soil profile.  

This analysis is widely used in the dimensioning 
of the foundations. Since the additional stress is dis-
tinctly lower than the material strength value, result-
ing deformations are mostly in the linear elastic 
range. 

 However, in case of the load on the soil under-
neath the monitored digester, larger contact stresses 
occur going from cca 600 kN/m2 and at very small 
depths lances of materials of weaker mechanical 

characteristics are to be found. These conditions im-
ply a possibility of material displacing horizontally 
in such zones which additionally contributes to di-
gester settlements. Measured data on inclinometer 
installation recorded such an effect shown by the Fig 
7, and also significant vertical deformation of soil 
was recorded by deformeter installation.  

During the load release of the soil while discharg-
ing the digester only slight heave was recorded. This 
confirms that realized settlements at full load corre-
spond to the plastic deformation of the soil. A ques-
tion is in what proportion they are the result of verti-
cal soil compression and in what proportion are they 
resulting from horizontal displacing. In order to 
evaluate this effect, settlements calculation were per-
formed  by computer program PLAXIS 3D.  

Program uses the finite elements method and as a 
result displays stress and strain distribution in a 3D 
model of the chosen soil formation. Additional ad-
vantage of the model is that it enables choice of ma-
terial constitutive equations that include the stiffness 
characteristics and material strengths. In the ob-
served case Mohr-Coulomb model was used where 
soil strength is defined by the strength parameters 
ϕ (internal friction angle) and c (cohesion). With 
such model it is possible to calculate plastic soil de-
formations that occur in the zones where stresses ex-
ceed material strength.  

Numerical solving of 3D models is a very de-
manding considering the amount of data that the 
computer processes and therefore there is always a 
real risk that errors might be collected during the 
calculation. Also, significant effects of the chosen 
mesh onto the final results are very possible. For this 
reason, it is necessary to control obtained data in 
some way. For this purpose, settlement calculation 
beneath foundation for the case of linear elastic ma-
terial was conducted in two ways: in computer pro-
gram SETTLE, which solves the problem analyti-
cally and in Plaxis 3D, which solves the problem 
using finite element method. Respectively, same 
stiffness parameters of material E and ν   were used 
as well as the same soil formation at the observed 
points in the places of investigation boreholes. 

According to the possibilities of each program, 
foundation loads were modeled in order to corre-
spond to the real loads in the layout as much as pos-
sible. Loads of 600 kN/m2 in Settle program was 
modeled using the combination of rectangles whose 
area is the same as the area of the circular founda-
tion, while in Plaxis, it was modeled within the 
polygon with 16 sides inscribed in the given circular 
foundation. Layout plan of the foundation used in 
the settlements analysis in the early mentioned pro-
grams is given by the Figure 8.  
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Figure 8.  Layout plan of the foundation used for settlement 
analyses in computer programs Settle and Plaxis 

 
 
The calculation results of the foundation soil set-

tlements analysis and vertical stress distribution in 
the places of investigation boreholes are presented 
for three types of calculations:  

 
S - analytical calculation for linear elastic half   

space according to Boussinesque equation (in 
a computer program SETTLE).  

LE - numerical calculation using the finite elements 
mesh method for linear elastic soil model (in 
a computer program PLAXIS 3D) 

MC - numerical calculation using the finite elements 
mesh method for ideal elastoplastic MC soil 
model (in a computer program PLAXIS 3D) 

 
Results are shown graphically and also compared 

with corresponding results measured on the field. 
Table 9 shows soil layer formation while Figure 10 
gives corresponding stiffness and strength used for 
calculations. Parameters that were used for prelimi-
nary calculation were chosen based on correlations 
to DPL investigation works for soft layers and based 
on SPT values for deeper layers.   

 
 

layer bottom depth [m] no. symbol 
B-1 B-2 B-3 

1 GW 1 1 3 
2 CH/MH - 4 4 
3 GW 16 16 16 
4 CH 25 25 25 
5 GW 35 35 35 

 
Figure 9. Soil layers in the boreholes underneath digester  

 

no. symbol E 
[ MN/m2] 

ν 
[ - ] 

c 
[kN/m2] 

ϕ 
[ o ] 

1 GW 42 0,25 1 35 
2 CH/MH 11 0,30 1 15 
3 GW 58 0,25 1 37 
4 CH 22 0,30 20 25 
5 GW 58 0,25 1 38 

 
Figure 10. Soil stiffness and strength parameters used in calcu-
lations.  
 
 
6 ANALYSIS OF THE CALCULATION 

RESULTS  

Analytical solution of the foundation settlings starts 
from the assumptions that the spreading of the addi-
tional stresses in the natural soil is independent of 
the material strength and difference in stiffness for 
each of the materials but it depends only on the ge-
ometry and load intensity. In order to evaluate this 
assumption, vertical stress conditions beneath three 
observed points obtained from three types of calcu-
lations was compared. Results are given by figures 
11. and 12. Vertical stresses for linear-elastic mate-
rial and elastoplastic material obtained with com-
puter program Plaxis are compared to the zone de-
fined with values obtained by calculations in Settle. 
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Figure 11. Comparison of the total vertical stresses results for 
‘S’ and ‘LE’. 

 
 
If we compare distribution of total vertical 

stresses for calculation in ‘S’ and ‘LE’ we can see 
that the results at larger depths than 8 m are almost 
identical, while at smaller depths they slightly differ 
but still go through the area defined by ‘S’ analysis 
results. 
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Figure 12. Comparison of the total vertical stresses results for 
‘S’ and ‘MC’. 

 
With ‘MC’ calculation we can observe that the 

data distribution is more spread but is important to 
mention that stresses are shown for all Gauss points 
of finite elements around a node on the observed 
vertical line so that the balance at the node is ful-
filled. 

Obtained results imply that the assumption of the 
independent spreading of the additional stresses are 
sufficiently correct for wider applications. However, 
there are certain deviations from the ideal line espe-
cially in the zones of materials with weaker me-
chanical characteristics which are more expressed 
for MC material than for LE material.  

Considering that soil deformations depend on the 
additional stress distribution, we expected that the 
settlements in the observed points will also differ. 
To evaluate this, comparison of settlements results 
for all three calculation types was performed and re-
sults are shown by Figures 13 and 14.  

Figure 13 shows comparison of settlement results 
along the depth of the soil profile ‘S’ and ‘LE’. We 
can observe that in spite of small differences in addi-
tional stresses distribution in shallower positioned 
layers, settlement results are almost identical. This 
confirms the validity of the assumptions that spread-
ing of the additional stresses in linear-elastic mate-
rial is independent of differences in material and 
layer stiffness. 

Figure 14. shows comparison of settlement re-
sults in ‘S’ and ‘MC’. We can see that in the upper 
zone at the place of weaker mechanical characteris-
tics larger settlements occur. This implies that mate-
rial strength affects settlements results. In that case 
local failure of soil at foundation edges happens 
where shear stress exceeds material strength values 
causing plastic deformations (figure 15). 
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Figure 13. Comparison of the total vertical displacements re-
sults for ‘S’ and ‘LE’. 
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Figure 14. Comparison of the total vertical displacements re-
sults for ‘S’ and ‘MC’. 
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Figure 15. Displacements of foundations for linear-elastic and 
elastoplastic soil model.  

 
Thus, displacing of material radial towards the 

edge of the foundation occurs (‘’squeezing effect’’). 
This can be shown graphically with diagrams of 
horizontal displacements of the soil. These results 
can easily be obtained by computer program Plaxis 
while program Settle only gives solutions along the 
vertical lines. For this reason, results of horizontal 
displacements are shown by figures 16 only for cal-
culations of  ‘LE’ and ‘MC’. 
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Figure 16. Comparison of the results of total horizontal dis-
placements of soil for ‘LE’ and ‘MC’. 

 
 

7 COMPARISSON OF CALCULATED AND 
MEASURED VALUES AND CALIBRATION 
OF INPUT PARAMETERS  

Based on the comparison of the results obtained by 
three different approaches to settlement calculation 
of the digester, insight into effect of the type of nu-
merical calculation computer programs use and what 
models they use was obtained. 

Nevertheless, results of the stress distribution and 
pertaining deformations for linear-elastic material in 
the computer program Settle and Plaxis are almost 
identical. However, by introducing soil strength pa-
rameters in ‘MC’ calculations, greater values of dis-
placements in the zones of materials with weaker 
mechanical characteristics were obtained for the rea-
son that such calculation take into account material 
failure and characteristic plastic deformations. This 
calculation is judged to be more appropriate settle-
ment analysis for this particular case 

Figures 17 and 18 show measured values of set-
tlement and horizontal displacements of soil regard-
ing three monitored positions. If these results are 
compared to calculations ‘MC’, we can see that 
there are significant deviations. Measured values in 
the soil zones below 6 m are slightly different com-
pared to calculated values in both settlements as well 
as in horizontal displacements. This implies to a 
greater stiffness of  materials in that zone which can 
be explained taking into account the fact that the ma-
terial stiffness at small deformations is significantly 
larger than at larger deformations. For this reason, 
we conducted settlements analysis in ‘MC’ calcula-
tions in a way that in the materials under the layer of 
weaker characteristics, elastic module were in-
creased ten times. These values correspond to the ra-

tio of measured and calculated relative deformations 
in the layer of clay and second gravel layer. The 
comparison of results obtained by calculations for 
calibrated stiffness parameters with measured values 
is given in figures 19 and 20. 

From the diagram in the figure 19 and 20 we can 
see that this increase of stiffness fits the results in 
the layers of clay and lower gravel layer, while un-
changed parameters in the upper soil layer cause soil 
yielding effect and its radial displacing. 
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Figure 17. Comparison of total settlements results for ‘MC’ 
and results of measurements with deformeters.  
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Figure 18. Comparison of total soil horizontal displacements 
results in the X direction for calculations ‘MC’ and results of 
inclinometer measurements.  
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Figure 19. Comparison of the settlement results obtained by 
calculations ‘MC’ using calibrated parameters with measured 
values. 
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Figure 20. Comparison of total horizontal displacements of the 
soil ‘MC’ using corrected/calibrated parameters with measured 
values (inclinometer) 

 
 
 

8 CONCLUSION 

According to performed analyses as well as the 
comparison of calculation results with measured 
values in situ, we can conclude following: 

Settlement analysis of linear-elastic material is 
almost identical while calculating in a computer 
program Settle and in a computer program Plaxis 
3D. 

By introducing strength parameters of materials 
in the computer program Plaxis 3D, it is possible to 

simulate local soil failure underneath the foundation 
and in that manner include plastic deformations 
which in this particular case cause radial displacing 
of material under foundations followed by increased 
foundation settling. 

Soil stiffness usually evaluated by the common 
correlations for cohesive as well as for cohesionless 
soils has a greater value in the zones which has       
smaller deformations are realized. 

Correct monitoring system that enables measure-
ments of soil deformations beneath and around the 
observed construction is the only data source that, 
combined with modern computer program, in a con-
sistent way can provide back analysis of the specific 
geotechnical intervention. 

This paper presents only the first step of parame-
ters calibration that leads towards measured data. 
However, possible is also further and more detail 
calibration remaining of other parameters of stiff-
ness and strength of materials so that the calculated 
and measured values would correspond better. 

Corrected parameters obtained in this manner on 
the certain location and for a specific problem en-
able better prediction of behavior of other structures 
constructed in the near by area in the materials of 
similar or same characteristics.   

Presented approach of soil investigation as a very 
complex material enables expansion of knowledge 
of the real behavior of soil and it's interaction with 
construction which is being founded. One should be 
aware that special care should be taken on validity 
and quality of in situ measurements since they are 
very complex and sensitive. Also, various numerical 
problems can be found in the modern computer pro-
grams. 
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