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ABSTRACT: The postglacial soils of Salzburg are characterized by fine sands and silts. The case histories show 

that these soils have a certain microstructure and a different soilmechanic behavior then ideal soils. Traditional methods 

like sampling and laboratory testing do not give representative soilmechanic parameters. In this study the constrained 

modulus M was determined by a combination of CPT and downhole seismic (SCPT). Post construction measurements 

confirmed the reliability of the values. 
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1. Introduction 

1.1. Location 

The City of Salzburg is based in the middle of 

Austria and represents a glacial deep eroded basin 

which was postglacially refilled with fine sediments up 

to the flat valley surface which is surrounded by 

mountains. The sediments, called Salzburger Seeton, are 

mainly stratified fine sand-silts (upper layer) and 

sensitive silts (lower layer). Even if the soil is described 

as “Seeton”, which means lacustrine clay, there is only a 

very low or slightly no clay content; the name refers to 

the kind of sedimentation of the fine sediments in lakes 

during the melting of the glaciers after the ice age. The 

depth of these sediments was prospected up to 

300 m [7].

 
Figure 1. Map of Europe, Austria in red 

 
Figure 2. Map of Austria, arrow showing Salzburg 

 
Figure 3. Aerial view of Salzburg 

1.2. Geotechnical problems 

The evaluation of the stiffness modulus M is still an 

unsolved problem, because all “traditional” methods 

show too low values, so that settlement calculations lead 

to too big settlements, which do not occur in reality [1, 

2]. Therefore, often deep foundations are recommended, 

even if shallow foundations would be possible. 

As „traditional“ methods drilling, sampling and 

laboratory tests, certain insitu tests and in recent times 

also CPT are used. Even CPT with qt-values of about 

1 MPa give a constrained modulus M of about 1 MPa, 

whereas from further analysis we know that this value is 

about 30 MPa [6]. Also, DMT gives generally too low 

values [4, 5]. 



 

 
Figure 4. Typical CPT profile from Salzburg 

 
Figure 5. Analysis of the same Profile (yellow: silty fine sand; green: 

silt)  

 
Figure 6. Analysis of the same Profile (yellow: silty fine sand; green: 

silt)  

Figure 4 to 6 show a typical CPT-profile from 

Salzburg. Under the gravel form the surface to 4 m 

depth follows the “upper Seeton” down to 18 m; a 

layered sequence of silty fine sands and fine sandy silts. 

From 18 m to 30 m, above the bedrock, the “lower 

Seeton” consists of silts. 

2. Seismic CPT (downhole seismic) 

As part of a research project, seismic CPT was tested 

for the determination of the stiffness modulus M [3]. 

Mostly for the fine sediments, wave velocities from 

200 m/s up to 250 m/s were measured, that gives a shear 

modulus Go from 80 MPa to 120 MPa and a stiffness 

modulus M from 20 MPa to 35 MPa. The small strain 

shear modulus G0 is calculated via the equation  

𝐺0 =  𝜌𝑉𝑆
2 (1) 

The constrained modulus M is then 25 % of the small 

strain shear modulus G0 [8]. 
Only in some small areas the wave velocity is much 

lower. The total range of the shear wave velocity 

readings varies from 100 m/s to 350 m/s. 

 
Figure 7. Calculations from the CPT Figure 4 (grey: calculated, red: 

measured) 

Figure 7 shows in detail that in the sand layers, the 

calculated shear wave velocity vs and the measured 

values are nearly fitting, whereas in the silt layers the 

measured values are much higher. Corresponding 

thereto the shear modulus G0 and the constrained 

Modulus M vary in the same way. 

3. Settlement – prognosis and measurement 

In order to evaluate the stiffness modulus M, values 

derived from downhole seismic, the calculated 

settlement and the measured settlement from different 

buildings have been compared. The following table 

shows an overview of the 8 cases which have been 

investigated thereinafter. The first 3 examples are 

documented in detail. 

Table 1. Case Histories 

Number Building floors 

1 comercial building 20 

2 apartments 4 

3 apartments 7 

4 swimming pool 8 

5 business complex 5 

6 apartemnts 6 

7 residential building 4 

8 bridge 
 

UPPER SEETON 
layers of 

finesand/silt 

LOWER SEETON 

silt 



Number calculated 

settlement 

messured 

settlement 

difference 

 [cm] [cm] [cm] 

1 8,6 10 1,4 

2 4 3,8 0,2 

3 15 pile foundation 
 

4 1,7 1,5 0,2 

5 6,5 5,8 0,7 

6 1,5 2 0,5 

7 2,0 2,4 0,4 

8 0,8 1 0,2 

3.1. Commercial building (Number 1) 

Example 1 deals with the foundation stabilisation of 

a 20-floor commercial building with settlements of 

10 cm and too high differential settlements.  

The Building was founded in a depth of 5 m in the 

gravel overburdon. The upper Seeton (layers of fine 

sands and silts) ranges from 8 m to 19 m. Then the 

lower Seeton (Silt) follows till to the bedrock in 42 m 

depth. 

Back calculation resulted in a stiffness modulus M 

value of 30 MPa. In this case, seismic CPT gave a mean 

wave velocity vs of 250 m/s and a stiffness modulus M 

of 30 MPa was derived. 

 
Figure 8. SBT-Index and shear wave velocity (building number 1) 

3.2. Apartment house (Number 2) 

In example 2, the soil for a 4-floor apartment was 

investigated in the “traditional” way with drilling and 

laboratory testing. Due to the low values of the stiffness 

modulus M a pile foundation was recommended. 

The foundation depth is in 4 m, so the organic 

overburdon was removed till fine sand (upper Seeton) 

begins, which was detected down to 14 m. The lower 

Seeton with silts ranges to the bedrock in 44 m. 

Additional soil investigations using seismic CPT 

showed a medium wave velocitiy vs of 200 m/s and a 

stiffness modulus M of 20 MPa. The calculated 

settlements of 4 cm allowed to carry out a shallow 

foundation. Post construction measurements yielded a 

settlement of 3,8 cm. 

 
Figure 9. SBT-Index and shear wave velocity (building number 2) 

3.3. Residential building (Number 3) 

In the 3rd example the soil investigations for a 

residential building revealed organics and peat till a 

depth of 4 m. The organic overburden is underlayed by 

soft silts till to the bedrock in 17 m depth. In this case 

there exists only the silty lower layer of the Seeton, the 

upper layer is missing. 

The foundation depth is in 4 m on the silty 

Salzburger Seeton. For this silts a wave velocity of 

120 m/s was measured. The reason for the unusual low 

wave velocity and the corresponding low stiffness 

modulus M of 7 MPa is the higher clay content in the 

soil and the lower bonding. 

In this case a shallow foundation results in a too high 

settlement, therefore a pile foundation down to the 

badrock was carried out. 

 
Figure 10. SBT-Index and shear wave velocity (building number 3) 

4. Microstructure of the soil 

For investigation of the soil structure the small strain 

rigidity index K*G was calculated. Values of generally 

> 330 show that even these young fine sediments al-

ready have a certain bonding of the soil particles (mi-

crostructure). 



 

 
Figure 11. Calculations from the CPT Figure 4; Modified Schneider 

Plot and Qtn – IG chart 

 
Figure 12. Calculations from the CPT Figure 4; Modified Schneider 

Plot and Qtn – IG chart 

For the first time electron microscope pictures were 

made, which gave an impressive insight into the soil 

structure of the silts. The small soil particles are ar-

ranged in a flake-like structure and they are bonded as if 

they were glued together (significant microstructure). 

 
Figure 13. Electron microscope picture, silt in 20 m depth (CPT Fig-

ure 4) 

Obviously, probing, taking samples and laboratory 

testing destroy this structure and falsify the test resulting 

in a too low stiffness modulus M. In contrast, the shear 

waves are passing this bounded soil without destroying 

the microstructure. The small amount of energy of the 

shear waves is smooth enough to keep the bonding of 

the soil. Therefore, the calculated values of the stiffness 

modulus M fit to post construction measurements. 

5. Conclusion 

The cases given above show that for the determina-

tion of the stiffness modulus M the CPT-parameters qc 

and fr are not enough. For ideal soils it might be suffi-

cient, but for structured soils values are definitely too 

low. Using additional downhole seismic measurements 

and the calculation of the small strain rigidity index 

K*G, the presence of a microstructure can be evaluated.  

The shear wave velocity allows to calculate the small 

strain stiffness modulus G0 and the constrained modulus 

M can be derived. Case studies confirmed the resulting 

values. 
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