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ABSTRACT: During our research, field and laboratory tests were compared at three tunnels of the M100 motorway. In 
addition to the geotechnical drilling used for the three tunnels (T181, T200, T232), 3-2-2 CPT probes were made, which 
were used for the calculation of shear wave propagation velocity. In total five different calculation methodes were taken 
into account. Geophysical measurements were performed along the tunnels, so we were able to compare the vs values 
calculated from the CPT with the vs profile generated from seismic measurements. The current article exlusively deals 
with the evaluation of the T181 tunnel. 
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1. Geology 

The investigated area is located in the north-eastern 
part of the Dorog basin in northern Hungary, about 1.0km 
N-E of Úny. 

In the area of the Dorogi-Tokodi Basin, lignite mining 
began in the first half of the 1800s. Since then, hundreds 
of wells have been drilled in the area. These are intended 
to provide insight into the Oligocene formations, but 
many wells have also revealed the bedrock. 

The main rock of the base mountain range is the 
Dachstein Limestone of the Upper Triassic. The Eocene 
formations were decayed, followed by the formation of 
sandy, clayey sediments and brown coal. Oligocene 
formations are widespread in the basin. 

In the vicinity of the tunnel, mainly Upper Pleistocene 
and Lower Upper Oligocene formations can be found. 
[1], [2], [3] 

 
Figure 1. The location of tunnel T181 

The surface is covered by 0-60 cm thick root zone / 
humus soil, below which, with the exception of one drill, 
a ~1.4-11.5m thick Pleistocene-age loess layers occur. 

The layer is varied in color, typically light brown, silt, 
sandy silt, clayey slilt, sandy clay silt, with occasional 
yellowish, greyish, dark brown, light gray, light gray, 
gray, yellow, brown and greyish sand, clayey silt, 
settlements of clay, low plasticity clay appeared. 

This layer will be referred to as A layer (loess). Most 
of the soils found in this excavation belonging to this 
layer are rust, rust, calcareous, limestone. 

Below the Pleistocene loess there are oligocene 
formations, of which ~ 7.00-20.00m below the loess are 
yellowish-gray, tan-gray, light-gray, gray, dark-gray, 
light-brown, dark-brown, yellow, whitish-yellow, tan-
brown, greyish-brown high plasticity clay, sludge clay, 
medium clay layer was named as B layer. 

Most of the layer contains ‘rust vains’, pitted, 
sometimes strongly calcareous settlements, lime 
deposits, lime grains, lime concretions. Between the silt 
and clay layers, sandstones with a thickness of ~ 10 cm 
are sometimes wedged. In some places in the layer, the 
high plasticity clay appeared in crumbly form in our 
excavations, suggesting an accumulation caused by 
earlier movements. Based on drilling and seismic 
measurements, the layer thickens in the middle of the 
tunnel and then thins towards the portals. 

Below layers A and B, each of our excavations has a 
heterogeneous composition of high thickness oligocene 
clay layer (layer D), in which a coherent low-thickness 
granular layer E (which can be followed along the 
section) appeared on several levels. 

Layer D is a typically gray, sometimes light yellowish 
gray, greyish brown, tan, light gray, bluish-gray, green-
gray clay layer in which, sandy clay, silty clay, sandy 
silty clay, composed of medium and high plasticity clays, 
which are rusty. 

The calcareous, limestone-specific, sometimes rock-
crumbling zones can also be found in this layer. Clayey 
silt, sandy loamy granular settlements are present in the 
layer. In the clay layer accumulated zones are presented. 
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Layer D contains an impression similar to Layer B 
resulting from the aforementioned assumed erosion 
processes. Based on our findings and the seismic profiles, 
the layer thickens at the center of the tunnel, which results 
in the tunnel section passing through this layer. 

2. Description of field exploration 

A total of three tunnels were investigated along the 
M100 motorway, T181, T200 and T232, respectively. 

Geotechnical exploration and geophysical methods 
have been used to understand soil and groundwater 
conditions around tunnels. The following field 
investigations were performed: continuous core drilling 
(Geobor) and geotechnical probing (CPTu) and 
geophysical methods (multielectrode measurement, 
seismics, geophysical CPT). 

CPT probes at the T200 and T232 tunnels have been 
stucked at shallow depths, so this article describes only 
the examination of the T181 tunnel. 

For the T181 tunnel, 8 drills were made for a total 
length of ~ 306 running meters. 

To investigate the in-situ condition of the soils, a total 
of ~ 64 m probe probes were made for the tunnel.The 
static pressure probes did not reach the planned depths of 
36.0m-42.0m-51.5m, and were stuck at about half of the 
projected depths of 19.2m-20.0m-25.1m. Geophysical 
measurements were made over the entire length of the 
tunnel, including seismic measurements along the 
longitudinal axis of the tunnel, while the two multi-
electrode sections were along the tunnel along the 
excavation line. 

 
Figure 2. The measuring seismic trolley in operation 

3. Soil physics parameters derived from 

field investigations 

3.1. Shear wave propagation velocity (vs) 

In the last decade, besides laboratory testing, a wide 
range of on-site measurement technologies have been 
developed to measure the velocity of shear wave 
propagation. Numerous references have been published 
in the literature for estimating shear wave propagation 
from CPT probing results. 

CPT probing is an indispensable tool in today's design 
practice, providing an opportunity to analyze and develop 

CPT-vs correlations, including in domestic soil 
conditions. The vs values determined from refractive 
seismic measurements provide a perfect basis for 
comparing with vs values calculated from CPT probing. 

CPT evaluation methods have been chosen so that 
they are not limited to soil types (cohessive and/or 
granular) but are applicable to all soil types. 

In total, five methods were investigated: Andrus et al 
(2007), Robertson (2009), Hegazy & Mayne (1995), 
Mayne (2006), Piratheepan (2002). [4], [5] 

3.1.1. Andrus et al (2007) 

Andrus et al (2007) according to his research, the 
geological age has important effects. According to their 
studies, shear-wave propagation velocities of the 
Pleistocene layers are 22% higher and those of the 
tertiary period layers 130% higher than those of the 
Holocene layers. The soil behavior index (Ic) was 
introduced into their correlation relationships, as soil 
samples are not usually taken during conical testing. The 
Ic according to Robertson and Wride (1998) can be cal-
culated with the following equation (Eq.(1)): 𝑰𝒄 = [(𝟑, 𝟒𝟕 − 𝒍𝒐𝒈𝑸)𝟐 + (𝒍𝒐𝒈𝑭 + 𝟏, 𝟐𝟐)𝟐]𝟎,𝟓 

where: Q the normalized CPT peak resistance and F 
the normalized peripheral resistance:  

Eq.(2)  𝑸 = (𝒒𝒕 − 𝝈𝒗𝟎)/𝝈𝒗𝟎′
 

Eq.(3)  𝑭 = 𝒇𝒔/(𝒒𝒕 − 𝝈𝒗𝟎) × 𝟏𝟎𝟎 

Where: 𝑞𝑡 és 𝑓𝑠 peak value corrected for pore water 
pressure and perimeter resistance value, 𝜎𝑣0 and 𝜎𝑣0′  the 
total and the effective vertical stresses. 
Andrus et al (2007) for the Holocene and Pleistocene 
soils suggested the following correlation: 

Eq.(4) 𝒗𝒔 = 𝟐, 𝟔𝟐 × 𝒒𝒕𝟎,𝟑𝟗𝟓 × 𝑰𝒄𝟎,𝟗𝟏𝟐 × 𝑫𝟎,𝟏𝟐𝟒 × 𝑺𝑭 

where: in addition to the notations previously 
discussed, D [m] represents the subsurface depth, which 
in fact represents the vertical stress. The SF ratio takes 
into account the difference between the Holocene and 
Pleistocene ages, with a value of 0.92 for younger 
sediments and 1.12 for older sediments. [4], [5] 

3.1.2. Robertson (2009) 

Robertson (2009) in his research, he modified the 
previously recommended normalized peak resistance as 
follows: 

Eq.(5)  𝑸𝒕𝒏 = (𝒒𝒕 − 𝝈𝒗𝟎)/𝒑𝒂 × ( 𝒑𝒂𝝈𝒗𝟎′ )𝒏 

where: the variables are the same as defined above, 
while the exponent n can be calculated as a function of 
soil behavior: 

Eq.(6) 𝒏 = 𝟎, 𝟑𝟖𝟏 ∗ 𝑰𝒄 + 𝟎, 𝟎𝟓 ∗ (𝝈𝒗𝟎′𝒑𝒂 ) − 𝟎, 𝟏𝟓 ≤ 𝟏, 𝟎 

Derived from the above equation the value of 𝑣𝑠: 
Eq.(7) 𝒗𝒔 = 𝟏𝟎𝟎,𝟑𝟏∗𝑰𝒄+𝟏,𝟔𝟖 ∗ (𝒒𝒕−𝝈𝒗𝟎𝒑𝒂 )𝟎,𝟓     [4], [5] 

Calculations have shown that Robertson (2009) 
principle significantly overestimated calculated and 
measured vs values. However, it is important to note that 
this method of calculation is sensitive to layer changes, 
which is illustrative. During the evaluation it was found 
that the method resulted in exaggerated vs values, so the 
values calculated by this method were no longer taken 
into account in the final comparison. Hegazy & Mayne 



(1995) According to the research, the propagation 
velocity of the shear wave can be calculated as follows 
with the peak resistance (qc) and shear friction (fs) 
(Eq.(8)):  𝒗𝒔 = (𝟏𝟎, 𝟏 ∗ 𝐥𝐨𝐠(𝒒𝒄) − 𝟏𝟏, 𝟒)𝟏,𝟔𝟕 ∗ (𝟏𝟎𝟎 ∗ 𝒇𝒔𝒒𝒄)𝟎,𝟑 

 [4], [5] 

3.1.3. Mayne (2006) 

Mayne (2006) gave the following relationship in 
relation to the sleeve friction (fs): 

Eq.(9) 𝒗𝒔 = 𝟏𝟏𝟖, 𝟖 ∗ 𝒍𝒐𝒈(𝒇𝒔) + 𝟏𝟖, 𝟓 [4], [5] 

3.1.4. Piratheepan (2002) 

Piratheepan defined the following relationship, for 
which he mainly processed probing results in the US, 
Canada, and Japan: 
Eq.(10) 𝒗𝒔 = 𝟑𝟐, 𝟐 ∗ 𝒒𝒄𝟎,𝟎𝟖𝟗 ∗ 𝒇𝒔𝟎,𝟏𝟐𝟏 ∗ 𝑫𝟎,𝟏𝟐𝟕 [4], [5] 

The shear wave propagation rates determined based on 
the above were used to generate the maximum shear 
modulus value (G0) for modeling the tunnel in Plaxis. 

4. The shear wave velocity determination 

from the results of CPT probing 

Using the methods summarized in Chapter 3, we 
approximated the shear wave propagation rate by 
weighted averaging according to Eurocode 7. On the next 
page, Table 1. summarizes the weighted vs average of the 
investigated methods, which also contains the 
geophysical measurement results. 

To sum it up, Piratheepan (2002) and Andrus et al 
(2007) methods are a bit under estimate the shear wave 
propagetion velocity in case of all three CPT probing. 

The weighted average of the geophysical 
measurement is clearly visible Mayne (2006) methods 
provides the best estimation. 

 
Average values of calculated shear wave 

propagation from CPT tests in [m/s] 

Tunnel T181 
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C/T181/1 296 261 188 199 270 
C/T181/2 311 269 201 199 266 

C/T181/3 365 298 209 200 230 
Table 1. Calculated and measured values of shear wave 

propagation velocity for tunnel T181 

4.1.1. C/T181/1 sign CPT 

However, it is also worth examining, in layers, how 
the shear wave propagation rates develop. Green 
indicates the Quaternary, blue indicates the Tertiary 
layers: 

Comparison of shear wave propagation based on 

C/T181/1 

The upper 20 m was examined, values in [m/s] 
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0-1,0 3,54 92 134 226 250 256 176 

1,0-1,7 3,62 118 163 234 250 248 191 
1,7-2,6 2,94 125 164 222 233 243 186 

2,6-5,6 2,81 156 161 261 293 244 218 

5,6-10,8 4,93 194 208 271 310 271 246 

10,8-13,4 2,72 188 193 241 261 288 221 

13,4-15,9 2,82 196 201 241 261 287 225 

15,9-20,0 5,51 247 246 295 358 279 287 

Upper 20 m  

vs average: 
188 199 261 296 270 

  
Table 2. Comparison of shear wave propagation based 

on C/T181/1, the upper 20 m was examined 

Piratheepan (2002) and Andrus et al (2007) also 
underestimated geophysical measurement. Only the last 
layer of depths from 15.9 to 20.0 m approached the 
seismic survey vs, although this layer also had a 
difference of approximately 12%. 

However, Hegazy & Mayne (1995) methodes show a 
good agreement. When narrowed to layers, the greatest 
difference is between 15.9 and 20.0 m, which is 
approximately 22%.  

Based on Mayne (2006) principles, the upper 20 m 
layer average only differes 9 m/s from the geophysical 
method, which is negligible. Also broken down into 
layers gave very positive results. The greatest difference, 
~ 16%, occurred in the 10.8 - 13.4 m layer. 

A picturesque, graphical presentation is shown in Fig 
3. 



 

 
Figure 2. The C/T181/1 sign, calculated vs values from 

CPT 

 
 

Difference between the results of the methods and 

the geophysical measurements in [%] 
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1,0-1,7 -52,4 -34,3 -5,6 0,8 100 
1,7-2,6 -48,6 -32,5 -8,6 -4,1 100 
2,6-5,6 -36,1 -34,0 7,0 20,1 100 

5,6-10,8 -28,4 -23,2 0,0 14,4 100 

10,8-13,4 -34,7 -33,0 -16,3 -9,4 100 

13,4-15,9 -31,7 -30,0 -16,0 -9,1 100 
15,9-20,0 -11,5 -11,8 5,7 28,3 100 

Table 3. Difference between the results of the methods 
and the geophysical measurements 

Mayne's (2006) method showed good agreement with 
geophysical measurements for both the Quaternary and 
Tertiary layers. Hegazy & Mayne (1995) also found 
reliable values for the overall geological stratification. 

4.1.2. C/T181/2 sign CPT 

Green indicates the Quaternary, blue indicates the 
Tertiary layers: 

Comparison of shear wave propagation based on 

C/T181/2 

The upper 25 m was examined, values in [m/s 
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6,6-10,9 4,02 194 194 272 313 251 243 
10,9-13,2 3,03 198 192 260 291 268 235 
13,2-15,3 3,51 207 209 258 288 277 240 
15,3-19,9 4,03 234 221 285 338 291 270 
19,9-25,0 6,11 267 257 305 376 308 301 

The average  

vs of  

the upper 25 m: 

201 199 269 311 266 

Table 4. Comparison of shear wave propagation based 
on C/T181/2, the upper 25 m was examined 

Piratheepan (2002) and Andrus et al (2007) 
underestimated the geophysical measurement. The 
methode by Hegazy & Mayne (1995) also provided good 
estimations in this case as well. Based on Mayne (2006) 
principles, the upper 25 m thick layer veighted average, 
only differed with 3 m/s compared to the geophysical 
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measurements, which is negliable. Even broken down 
into layers, the results were very good. The largest 
difference, 21%, occurred in the 2.2 - 3.1 m layer. 

 
Figure 4. The C/T181/2 sign, calculated vs values            
from CPT 
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19,9-25,0 -13,2 -16,5 -1,1 22,0 100 

Table 5. Difference between the results of the methods 
and the geophysical measurements 

The Quaternary stratum also showed larger 
differences compared to CPT C/T181 /1 based on Mayne 
(2006) and Hegazy & Mayne (1995). 

However, with the exception of a thin layer, the 
difference is less than 15% relative to geophysical 
measurement. The Tertiary stratum yielded even more 
favorable results with this method, with the largest 
difference being only 7%. 

4.1.3. C/T181/3 sign CPT 

The shear wave propagation rates calculated by the 
method of Hegazy & Mayne (1995) and Robertson 
(2009) are well above geophysical measurement. Here 
again, Mayne's (2006) method yielded acceptable values, 
although this probe showed significantly greater 
differences than the previous two CPT probes. The 
average of Piratheepan (2002) and Andrus et al (2007) 
gave good results for the whole ~ 19 m thick layer. The 
biggest differences between the two methods occurred in 
the same layer. 

Shear wave propagation velocity comparison based on 

the C/T181/3, upper ~19 m thick layer, in [m/s] 
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16,1-17,5 5,04 253 222 315 399 282 297 
17,5-19,2 4,38 241 227 293 354 304 279 

The average  

vs of  

the upper 19 m: 

209 200 298 365 230  

Table 6. Comparison of shear wave propagation based 
on C/T181/2, the upper 19 m was examined 
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Figure 5. The C/T181/3 sign, calculated vs values from 

CPT 
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12,3-15,5 -0,1 -5,3 25,5 59,0 100 
15,5-16,1 4,4 -7,8 27,6 72,5 100 
16,1-17,5 -10,3 -21,3 11,6 41,4 100 
17,5-19,2 -20,6 -25,3 -3,6 16,6 100 

Table 7. Difference between the results of the methods 
and the geophysical measurements 

This CPT probing already had a fairly large standard 
deviation. In the Pleistocene and Oligocene layers, 
Piratheepan (2002) and Andrus et al (2007) were the 
closest to geophysical measurement. The former method 
of the Oligocene layer gave excellent results, with only a 
slight difference in the last layer. 

 
Figure 6. Results of the geophysical measurements 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

0 200 400 600 800

d
ep

th
 [

m
] vs [m/s]

C/T181/3 sign calculated vs values based 

on CPT results

Hegazy &
Mayne
(1995)

Andrus et al
(2007)

Robertson
(2009)

Mayne
(2006)

Piratheepan
(2002)

Geofizikai
mérés



5. Summary of the experiences 

The determination of soil dynamics parameters is also 
very important for earthquake response analysis, 
Eurocode 8 soil classification and for advanced soil 
models such as the hardening soil modell (Plaxis HSS). 
The classification of the upper 30 m thick soil zone is 
based on average shear wave propagation velocity (vs, 
30), soil undrained shear strength (cu) or SPT probing, or 
a typical layer description. In domestic design practice, 
on-site or laboratory measurements of shear wave 
propagation speeds are rarely performed on large projects 
due to their very high cost. 

Instead of SPT probing, the Hungarian geotechnical 
design practice relies primarily on CPT probing. This 
may be due to the groundwater level near the surface, due 
to which the hole stabilization makes SPT probing 
technically complex and costly. 

The purpose of this study is to estimate soil shear wave 
propagation rates based on CPT data in the hungarian soil 
environment, using existing international 
recommendations. 

The strata can be divided into two groups from the 
geological point of view: Quaternary, Pleistocene loess 
and Tertiary, Oligocene formations. 

Based on the comparison of the five literature 
references examined, we made the following findings in 
the present geological environment: 

a)  Robertson’s (2009) method overestimates 
measured vs values, but is sensitive to layer changes, so 
it is recommended for layer separation, 

b)  The recommendation of Piratheepan (2002) and 
Andrus et al (2007) showed solely good agreement on 
probing C/T181/3, significantly underestimated the other 
two probes, 

c)  According to the formula of Hegazy & Mayne 
(1995) the results of probing C/T181/1 and C/T181/2 
give a reasonable degree of differentiation (1-28%) in the 
Tertiary and Quaternary layers compared to the 
geophysical measurements. 

d)  Mayne (2006) recommendation gave a very good 
estimate, but there are differences between the probes: 

• probing C/T181/1 and C/T181/2 showed only 6-
21% differences in the Pleistocene layer 
• according to probes C/T181/1 and C/T181/2, 
this difference is only 1-16% in the Oligocene 
formations 
• C/T181/3 probing resulted in greater 
differences, probably due to the presence of 
higher specific peak resistivity layers 

e) According to the results of C/T181/1 and C/T181/2 
probing Mayne (2006), while according to C/T181/3 
probing Piratheepan (2002) and Andrus et al (2007) 
recomandations can be used to classify the soils 
according to EC-8, required vs values for G0 can be 
estimated. 

It is interesting to note that the methods used give a 
relatively high standard deviation, but the real values are 
somewhere around the mean of the results of the different 
methods. Therefore, in all cases, it is advisable to 
evaluate the results mathematically, to exclude extremely 
high or low values and to estimate expected vs near 
average. 

This finding also highlights the need for multiple 
methods in each case of CPT probes vs conversions, in 
order to determine the range of expected value and to 
exclude methods that do not work in the geological 
environment under study, thereby avoiding excessively 
low or excessively high values. 
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