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1 INTRODUCTION 

Various codes are available for the interpretation of both mechanical (CPTm) and piezocone (CPTU) 

data (i.e. Geostru, 2017; Geologismiki, 2009). 

The main peculiarities of this program can be summarised as follows: 

 

- a huge database was used to check the correctness of various interpretation methods. The 

inferred parameters were compared against those obtained (in the same sites) from laboratory 

tests. Consequently, the program does not contain all possible approaches but only those that 

were positively verified; 

- as for the liquefaction risk, there is a proliferation of methods. The main problem, is the 

potential mixing of these methods by the users. This would introduce an additional 

undesirable bias. This program utilises two methods in their integral and original form. 

Moreover, the LPI is computed according to its original formulation; 

- there is a general disagreement about the use of mechanical CPT (CPTm) for liquefaction risk 

analysis. Anyway, in many countries, like Italy, huge database exists of CPTm. Therefore, a 

method is proposed to correct CPTm data so that it is possible to obtain similar safety factors 

as from CPTU. The method was verified by comparing pairs of CPTm and CPTU carried at 

close distance from each other; 

- interpretation of CPTm is restricted to soil profile and liquefaction risk analysis; 

- as for the seismic measurements, the small strain damping ratio is evaluated by means of the 

Spectral Slope method. S wave velocities are obtained by applying the cross – correlation 

method. P wave velocities are obtained by considering the peak to peak time delay; 

- for those deposits (above the water table), whose effective stress state is controlled by suction, 

the program gives the possibility of empirically determining the soil suction. The method 

applies only to homogeneous layers of fine-grained soils. 
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2 INTERPRETATION OF CONTINUOUS MEASUREMENTS 

 

Pagani Piezocone, gives, as usually, measurements of the tip resistance (qc), sleeve friction (fs), 

dynamic pore pressure (u2 – measured behind the tip) and deviation from the verticality (tilt angle) 

every two cm of penetration. The actual penetration rate is also available. As for CPTm, only qc and 

fs are available. The above measurements are called “raw data”. The first step is to upload and plot 

raw data. 

As for CPTu the input file is a comma-separated values (.csv) file. Such a file consists of four 

columns: 

 

column 1: Depth [cm] 

column 2: Tip resistance [MPa] 

column 3: Sleeve friction [kPa] 

column 4: Pore water pressure [kPa] 

 

You can find an example of a .csv file required to perform a CPTu interpretation in the “Example” 

folder. 

As for CPTm the input file is a comma-separated values (.csv) file. Such a file consists of three 

columns: 

 

column 1: Depth [cm] 

column 2: Tip resistance [MPa] 

column 3: Sleeve friction [kPa] 

You can find an example of a .csv file of a CPTm in the “Example” folder. CPTm data can be used 

only to perform a liquefaction risk analysis as described in sections 4.1 and 5.3. Interpretation of 

CPTm for soil profile and parameter is not included. 

The program can read only numerical data. Therefore, before uploading the data - file, it is necessary 

to specify the number of rows containing alphanumeric characters in order to skip these rows. The 

Nkt Bearing Capacity factor, the water table depth, the Tip net area ratio (an) and the Sleeve net ratio 

(bn) of the cone are given in the main Tab ‘Data Profiles’. The default values of Nkt, an and bn are 14, 

0.80 and 0.008 respectively. 

Then upload the raw data selecting ‘Input CSV’ in the menu bar and clicking on the ‘Load CPTu 

DATA’ button.  

Once loaded the input file you can press the button “Verify Input” in the main Tab “Data Profiles”. 

The command “Verify Input” controls that input data are written correctly. To plot the raw data, press 

the “Plot Input Data Profiles” button (Figure 1). 

As a first elaboration the total tip resistance and total sleeve friction are computed according to the 

following equations: 

 

21 u)a(qq nct −+=
 

2ubff nst −=
 

 

where: an = tip net area ratio; bn = sleeve net ratio. These parameters are obtained, for each piezocone, 

by calibration in a triaxial cell (Pagani 2017). By default, the following values are used: an = 0.80 bn 

= 0.008. Anyway, used correlations mainly refer to fs than to ft. 

Total and effective vertical stresses are computed according to the following equations: 

itiVO z= 
 

oVOVO u−=  '
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where:  t (total unit weight of the soil) is obtained by means of the correlation shown later on; w = 

10 kN/m3 (unit weight of water) by default. The water table depth (from ground level) is given by zw. 

 
Figure 1. “Input Data Profiles Tab” 

In the next Tabs “SBT” (Figure 2), “SBTn” (Figure 3), “Physical CPT” (Figure 4), “Resistance CPT” 

(Figure 5), “Stiffness CPT” (Figure 6) the user can plot the results of the CPTu interpretation pressing 

the “Plot …” button in each tab. The soil classification methods and the set of correlations used to 

obtain the parameters in these Tabs are fully described in the following two sections (2.1 Soil Profile 

and 2.2 Soil parameters). 

 

  

 
Figure 2. “SBT (Robertson 1986 – Updated by Robertson 2010) Classification Tab” 
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Figure 3. “SBTn (Robertson, 1990) Classification Tab” 

 
Figure 4. “Physical Properties Tab” 

 
Figure 5. “Resistance parameters Tab” 
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Figure 6. “Stiffness parameters Tab” 

2.1 Soil Profile 

 

Soil profile is inferred by using the Robertson et al. (1986) approach as modified by Robertson (2010). 

The normalized Robertson (1990) approach is also used. Figure 7 and Figure 8 show the classification 

charts. The most popular classification system, based on total tip resistance qt and Friction Ratio, has 

been proposed by Robertson et al. in 1986 (SBT). Friction ratio is evaluated as follows:  

 

𝑅𝑓(%) =
𝑓𝑠
𝑞𝑡

∙ 100 

 

The advantage of this method is the chance of evaluating soil types immediately during the test, since 

it does not require the evaluation of normalised parameters. The classification chart by Robertson et 

al. (1986) includes 12 soil types. The following table shows the Soil Behaviour Type classes as 

defined by Robertson (1986). 

 

Zone Soil Behaviour Type 

1 Sensitive fine grained 

2 Organic material 

3 Clay 

4 Silty clay to clay 

5 Clayey silt to silty clay 

6 Sandy silt to clayey silt 

7 Silty sand to sandy silt 

8 Sand to silty sand 

9 Sand 

10 Gravelly sand to sand 

11 Very stiff fine grained (Overconsolidated or cemented) 

12 Sand to clayey sand (Overconsolidated or cemented) 

 
Table 1: Soil Behaviour Type classes proposed by Robertson et al. 1986. 
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The SBTn classification is made through the use of the classification charts proposed by Robertson 

(1990). The following normalised quantities have to be evaluated (Figure 7): 

 

𝑄 =
𝑞𝑡 − 𝜎𝑣0

𝜎𝑣0
′  ;                  𝐹 =

𝑓𝑠
𝑞𝑡 − 𝜎𝑣0

∙ 100;                𝐵𝑞 =
u2 − 𝑢0

𝑞𝑡 − 𝜎𝑣0
 

 

 
Figure 7: SBTn classification chart proposed by Robertson (1990). 

The classification charts by Robertson (1990) include 9 soil types. The class numbers in Figure 7 

correspond to: 

 

- 1: sensitive, fine grained 

- 2: organic soil-peat 

- 3: clays-clays to silty clay 

- 4: silt mixtures-clayey silt to silty clay 

- 5: sand mixtures-silty sand to sandy silt 

- 6: sands- clean sand to silty sand 

- 7: gravelly sand to sand 

- 8: very stiff sand to clayey sand (heavily overconsolidated or cemented) 

- 9: very stiff, fine grained (heavily overconsolidated or cemented) 

 

The evaluation of the Soil Behaviour Type (SBTn) Index 𝐼𝑐  is made with the iterative method 

proposed by Robertson and Wride (1998): 

 

𝐼𝑐 = √(3.47 − log𝑄𝑡𝑛)2 + (log 𝐹 + 1.22)2 
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𝑄𝑡𝑛 = (
𝑞𝑡 − 𝜎𝑣0

𝜎𝑎𝑡𝑚
)(

𝜎𝑎𝑡𝑚

𝜎𝑣0
′ )

𝑛

 

𝑛 = 0.381 ∙ 𝐼𝑐 + 0.05 ∙ (
𝜎𝑣0

′

𝜎𝑎𝑡𝑚
) − 0.15 

 

The following table shows the correspondence between 𝐼𝑐  values and SBTn classes defined by 

Robertson (1990). 
 

Soil classification (SBTn) 
Zone number 

(Robertson SBT 1990) 
SBT Index values 

Organic soils: peats 2 𝐼𝑐> 3.60 

Clays: silty clay to clay 3 2.95 <𝐼𝑐< 3.60 

Silt Mixtures: clayey silt to silty clay 4 2.60 <𝐼𝑐< 2.95 

Sand Mixtures: silty sand to sandy silt 5 2.05 <𝐼𝑐< 2.60 

Sands: clean sand to silty sand 6 1.31 <𝐼𝑐< 2.05 

Gravelly sand to dense sand 7 𝐼𝑐< 1.31 

Table 2: SBTn classes defined by Robertson (1990) and respective Ic range values (Robertson and Wride 1998). 

The chart proposed by Robertson (2010) is an update of the previous Robertson (1986). The number 

of classes was reduced to match Robertson (1990) SBTn zones. The classification is made in terms 

of dimensionless cone resistance, (qt/pa with pa = atmospheric pressure) and Rf. In this case a log scale 

is used for both axes. 

 

 
Figure 8: SBT Classification chart proposed by Robertson (2010). 
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Common SBT description 

SBT zone 

Robertson et 

al. 1986 

SBTn zone 

Robertson 

1990 

 

Sensitive fine grained 1 1  

Clay - Organic soil 2 2  

Clays: clay to silty clay 3 3  

Silt mixtures: Clayey silt and silty clay 4 & 5 4  

Sand mixtures: Silty sand to sandy silt 6 &7 5  

Sands: clean sands to silty sands 8 6  

Dense sand to gravelly sand 9 & 10 7  

Stiff sand to clayey sand - Overconsolidated or cemented 12 8  

Stiff fine grained - Overconsolidated or cemented 11 9  

Table 3: Robertson (1986) SBT classes and respective Robertson (1990) SBTn classes, as proposed by Robertson (2010). 

The SBT index has been evaluated as follows (Robertson, 2010):  

 

𝐼𝑆𝐵𝑇 = √(3.47 − log (
𝑞𝑡

𝑝𝑎
))

2

+ (log𝑅𝑓 + 1.22)
2
 

 

where: 

qt = CPT cone resistance (or corrected cone resistance, qt) 

Rf = friction ratio 

fs = CPT sleeve friction 

The non-normalized SBT index (ISBT) is essentially the same as the normalized SBTn index (Ic) but 

only uses the basic CPT measurements. 

 

 

2.2 Soil Parameters 

 

The following soil parameters are computed according to the empirical or semi-empirical correlations 

reported below. 

 

The unit weight is evaluated with the following expression (Mayne, 2012): 

 

𝛾𝑡 = 26 −
14

1 + [0.5 ∙ log(𝑓𝑠 + 1)]2
 

 

where 𝑓𝑠 is in kPa and 𝛾𝑡 is in kN/m3. 

 

The relative density is evaluated for SBTn classes 5,6,7 and 8 using the expression proposed by 

Lancellotta (1983): 

 

𝐷𝑅 = 68 [log (
𝑞𝑡

√𝜎𝑎𝑡𝑚𝜎𝑣0
′

) − 1] 

 

where 𝜎𝑎𝑡𝑚 is the atmospheric pressure expressed with the same unit as 𝜎𝑣0
′  and 𝑞𝑡.  
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The overconsolidation ratio is evaluated as follows: 

𝑂𝐶𝑅 =
𝜎𝑃

′

𝜎𝑣0
′  

where 𝜎𝑃
′  is the preconsolidation pressure. The estimation of 𝜎𝑃

′  is made according to the expression 

proposed by Mayne (2007), applicable for all kind of materials: 

 

𝜎𝑝
′ = 0.101 𝑝𝑎𝑡𝑚

0.102 𝐺0
0.478 𝜎𝑣0

′ 0.420
 

 

Where G0 is (Robertson P.K.,2009a): 

 
𝐺0 = (𝑞𝑡 − 𝜎𝑣0) ∙ 0.0188 ∙ 100.55𝐼𝑐+1.68 

 

  

In Appendix A1, the verification of this method is shown. 

 
The geostatic lateral stress is inferred from the well-known expression (Mayne and Kulhawy, 1982)  

𝜎ℎ0
′

𝜎𝑣0
′ = 𝐾0 = (1 − sin𝜑′) 𝑂𝐶𝑅sin𝜑′ 

 

for SBTn classes 1,2,3,4 and 9. On the other hand, for sands the aforementioned expression is used, 

but the possible maximum value for K0 is 1.5. 

 

The effective stress friction angle for SBTn classes 5,6,7 and 8 is obtained using the equation 

proposed by Kulhawy and Mayne (1990): 

 

𝜑′(°) = 17.60° + 11° log (
𝑞𝑡

√𝜎𝑣0
′ ∙ 𝜎𝑎𝑡𝑚

) 

 

For fine grained soils (SBTn 1,2,3,4,9) the effective stress friction angle is (Mayne and Campanella, 

2005): 

 

𝜑′ = 29.5° 𝐵𝑞
0.121(0.256 + 0.336 𝐵𝑞 + log 𝑄) 

 

this expression is applicable for 0.10 < 𝐵𝑞 < 1.00 and 20° < 𝜑′ < 45°. For the same kind of 

materials, the effective cohesion intercept is evaluated as follows: 

 

𝑐′ ≈ 0.02 𝜎𝑃
′  

 

While, as far as the undrained friction angle is concerned, the following expression is applicable 

(SBTn classes 1,2,3,4,9): 

 

𝑠𝑢 =
(𝑞𝑡 − 𝜎𝑣0)

𝑁𝑘𝑡
 

 

where 𝑁𝑘𝑡 is a Bearing Capacity factor and can be defined by the user. The default value is 14.  

 

The small strain shear modulus is computed from the estimation of the shear wave velocity, Vs, and 

the unit weight. The expression proposed by Mayne (2006) is considered for Vs: 



12 

 

 

𝑉𝑠 = 118.8 log(𝑓𝑠) + 18.5 

Therefore, G0 is: 

 

𝐺0 = 𝜌𝑡𝑉𝑠
2 

 

𝜌𝑡 =
𝛾𝑡

𝑔
 

where 𝑔 = 9.81 𝑚 𝑠2⁄  is the gravitational acceleration constant. 

In addition, the small strain shear modulus G0 can be evaluated using the following expression: 

 

𝐺0 = (𝑞𝑡 − 𝜎𝑣0) ∙ 0.0188 ∙ 100.55𝐼𝑐+1.68 

 

 

The shear modulus G is computed according to the Fahey and Carter model (1993): 

 
- SBTn classes 3 and 4 8 (NC or lightly OC fine grained soils): 𝐺 = 𝐺0[1 − 𝑓0.3] 

- SBTn classes 5,6,7,8 and 9 (overconsolidated clay and sands): 𝐺 = 𝐺0[1 − 𝑓0.9] 

 

where 𝑓 = 𝑞 𝑞𝑚𝑎𝑥⁄   is the mobilization factor and can be defined by the user. The assumed default 

value is 0.33 (i.e. considering a global safety factor of 3.0). The R parameter is considered equal to 

0.9. 

 
 

The Young’s modulus E0 is then obtained with the following expression: 

 

𝐸0 = 2 G0(1 + ν) 

where: 

ν′ = 0.2 for drained conditions and all material classes 

νu = 0.5 for undrained conditions and fine-grained soils. 
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The constrained modulus D’ is evaluated as follows (Robertson P.K., 2009a): 

 

 𝐼𝑐 > 2.20 𝐷′ = 𝛼 (𝑞𝑡 − 𝜎𝑣0) 

𝛼 = 𝑄𝑡𝑛 𝑖𝑓 𝑄𝑡𝑛 ≤ 14 

𝛼 = 14 𝑖𝑓 𝑄𝑡𝑛 > 14 

𝐼𝑐 ≤ 2.20 𝐷′ = (𝑞𝑡 − 𝜎𝑣0) ∙ 0.03 ∙ 100.55 𝐼𝑐+1.68 

 

 

2.3 Output files 

 

The results of computations are saved as CSV files in a user-defined folder, using from the main bar 

Save CSV → Save CPTu results. 

A list of saved files and their contents and structure is reported in the following: 

 

• filename_CPTu_data.csv – such a file consists of 18 columns: 

- column 1: z, depth [m] 

- column 2: qc, tip resistance [MPa] 

- column 3: fs, sleeve friction [kPa] 

- column 4: u2, pore water pressure [kPa] 

- column 5: qt, total tip resistance [MPa] 

- column 6: u0, hydrostatic water pressure [kPa] 

- column 7: Total geostatic vertical stress [kPa] 

- column 8: Effective geostatic vertical stress [kPa] 

- column 9: Qtn, normalized tip resistance [-] 

- column 10: F, normalized friction ratio [%] 

- column 11: Bq, normalized pore pressure parameter [-] 

- column 12: SBTn (Robertson, 1990) 

- column 13: Ic, classification index (Robertson, 1990) 

- column 14: qt/pa, cone resistance [-] 

- column 15: fs/qt, friction ratio [%] 

- column 16: SBT (Robertson, 1986 – Updated in 2010) 

- column 17: Ic, classification index (Robertson, 1986 – Updated in 2010) 

- column 18: Effective vertical stress corrected [kPa] 

 

• filename_CPTu_physical.csv – such a file consists of 6 columns: 

- column 1: z, depth [m] 

- column 2: soil unit weight [kN/m3] 

- column 3: Dr, relative density [%] 

- column 4: OCR, overconsolidation ratio [-] 

- column 5: K0 [-] 

- column 6: St, sensitivity [-] 

 

• filename_CPTu_resistance.csv – such a file consists of 5 columns: 

- column 1: z, depth [m] 

- column 2: effective peak friction angle for coarse soils [deg] 
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- column 3: effective peak friction angle for fine-grained soils [deg] 

- column 4: effective cohesion for fine-grained soils [kPa] 

- column 5: undrained shear strength [kPa] 

 

• filename_CPTu_stiffness.csv – such a file consists of 6 columns: 

- column 1: z, depth [m] 

- column 2: Vs, shear wave velocity [m/s] 

- column 3: G0, shear modulus at small strain level [MPa] 

- column 4: Gs, shear modulus [MPa] 

- column 5: E0, Young modulus at small strain level [MPa] 

- column 6: Ed, constrained modulus [MPa] 
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3 INTERPRETATION OF DISCONTINUOUS MEASUREMENTS 

 

3.1 Dissipation tests 

The dissipation test is an important instrument to characterise soil consolidation parameters and it 

consists of measuring pore water pressure over time once the tip is halted at a certain depth during a 

penetration test. The interpretation of piezocone tests is made using the theoretical solution proposed 

by Teh and Houlsby (1991). They analysed cone penetration test in clay considering the soil as a 

homogeneous elastic perfectly plastic material obeying the von Mises yield criterion. Their solution 

is properly adopted when the test is conducted under undrained conditions and the shape of the 

dissipation curve overlaps the theoretical one (Figure 9, curve C). The data in Figure 9 are shown as 

normalized excess pore water pressure over time: 

 
∆𝑢𝑡

∆𝑢𝑖
=

(𝑢2 − 𝑢0)𝑡

(𝑢2 − 𝑢0)𝑖
 

 

Where t stands for the generic time and i stands for the initial value. 

 

 
Figure 9: Theoretical dissipation curves at different locations of a 60° cone penetrometer (Teh and Houlsby, 1991) 

 
Figure 10: Normalized penetration curves, at u2 position, plotted against the time factor T*, for different values of the 

Rigidity Index. 
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The solution proposed by Teh and Houlsby is also illustrated in Figure 10, for different values of the 

rigidity index, with respect to the time factor T* defined as: 

 

𝑇∗ =
𝑐ℎ𝑡

𝑎𝑐
2√𝐼𝑟

 

 

Where 𝑐ℎ is the coefficient of consolidation, t is the elapsed time, 𝑎𝑐 is the probe radius, 𝐼𝑟 =
𝐺

𝑠𝑢
 is 

the rigidity index of the soil. 

In this application, the coefficient of consolidation is evaluated identifying the elapsed time 

corresponding to the 50% dissipation of the excess pore water pressure generated during penetration: 

 

𝑐ℎ =
𝑇50 ∙ 𝑎𝑐

2 ∙ √𝐼𝑟
𝑡50

 

 

where: 𝑎𝑐 is the probe radius, 𝐼𝑟 =
𝐺

𝑠𝑢
 is the rigidity index of the soil, 𝑡50 is the elapsed time 

corresponding to the 50% of excess pore water pressure dissipation and 𝑇50 = 0.245 is the time factor 

corresponding to the 50% of dissipation for u2 measurements. G is the small strain shear modulus and 

can be estimated from CPTu results or on the base of available seismic measurements. The undrained 

shear strength is estimated from CPTu results as illustrated previously. 

When the shape of the dissipation curve doesn’t follow the theoretical one, the solutions proposed by 

Sully et al. (1999) are adopted to interpret the test for overconsolidated fine grained soils.  They 

subdivided the various non-standard dissipation responses in main classes and proposing plot 

corrections. This application applies the so-called log-time correction. In particular it is possible to 

interpret no-standard curves that follow the trends showed in Figure 11. In these cases, the maximum 

value is taken as the initial value and the time at which this peak occurs is taken as the new zero time 

of the dissipation record. 

  

 
Figure 11: Non-standard dissipation curves (after Sully et al. 1999). 
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3.1.1 Input file, analysis process and results for the Dissipation Test Module 

 

It is firstly required that you load the CPT test data as described in section 2. Then move in the 

“Dissip. Test” Tab. 

The input files is a .csv files (CSV, comma-separated values file). Such files consist of 2 columns: 

 

column 1: Time [sec]; 

column 2: Pore water pressure (u2) [kPa]. 

 

You can find an example input file required to perform a Dissipation Test interpretation in the 

“Example” folder. 

Then upload the raw data selecting ‘Input CSV’ in the menu bar and clicking on the ‘Load Dissip’ 

button.  

The following input data is also required: 

 
- Depth Dissipation Test: specify here the dissipation test depth (below the ground surface) [meter]; 

 

Then you can press the button “Verify depth” in the “Dissip. Test” Tab. The command “Verify depth” 

controls that input data is written correctly. Finally, you can perform the dissipation test interpretation 

pressing the ‘Calculate’ button. 

The results are automatically shown in this Tab just close to the “Calculate” button, in terms of 

coefficient of consolidation, ch (in m/s2) and in terms of t50 (in sec) that corresponds to the elapsed 

time corresponding to the 50% of excess pore water pressure dissipation. After that you can press the 

“Plot Dissipation test” to display the test interpretation result (Figure 12). 

 

 
Figure 12. Dissipation test Tab. Interpretation results 
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3.2 Body wave velocity measurements 

 

The Pagani seismic module is equipped with a pair of triaxial accelerometers located at a relative 

distance from each other of 0.5 m. Therefore, two waveforms are recorded for each hit by the data 

acquisition system. Usually, a left and a right impulse are given. Therefore, each measurement 

consists of 4 records or waveforms. Test interpretation is carried out by means of the cross-correlation 

method, as for the S waves. In other words, the travel time between the two accelerometers is 

computed from the time delay which maximizes the cross – correlation function between the two 

recorded waveforms, for each impulse. How to take advantage of the left and right impulse is 

explained later on. The P wave velocities are computed by considering the peak to peak time delay 

between the two accelerometric records. In this case only two waveforms from a single impulse are 

used. 

 

Two different types of source are used for: 

 

- a drop hammer of 10 kg with a special anvil (drop height of about 1.8 m). This source is used 

for P waves. 

- a manual hammer of 5 kg. This hammer is used to hit the aluminum blocks from right or left. 

The blocks are kept well in contact onto the soil by the penetrometer – legs. 

 

In principle, the first type of source mainly produces PV and SV waves while the second type of 

source mainly produces PV and SH waves. In any case, the above is a simplification and the generated 

wave field is usually quite complex. 

Butterworth filters are applied only to the shear wave signals. 

 

3.2.1 Input files and analysis process for the S-Waves module 

 

The input files are 4 .txt files (ASCII). Such files consist of 1 column: 

 

column 1: Wave amplitude (the first wave amplitude data is at the row number 6). These 6 rows are 

automatically skipped by the code. 

 

You can find an example of 4 .txt (ASCII) files required to perform a S-wave interpretation in the 

“Example” folder. 

The time step of each record is 0.033 milliseconds and the standard duration of each record is 600 

milliseconds with a pre-trigger of 50 milliseconds.  

To perform an S-wave analysis load the “Left and Right” records of the two receivers, for a total of 

4 records (pressing the “Load Receiver …” buttons in the “Seismic S-Waves” Tab). The Receiver 1 

is the upper one, the Receiver 2 is located 0.50 m below the first one. 

 

The following input data are also required: 

 
- Depth Receiver 1: specify here the depth (below the ground surface) of the upper receiver (Receiver 

1) [meter]; 

-  Plate distance: specify here the horizontal distance between the vertical axis of the SCPT-rods and 

the plate used to generate the seismic waves [meter]. As default this distance is set equal to 0.50 m; 

- Remove data: here there are two options ([1] or [2]). If you use the value 1 means that you want to 

remove data (excluding them from the analysis process) starting from the time 0 and up to a time value 
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(in milliseconds) that you have to specify in the “Remove time up to” field. If you use the value 2, the 

entire length of the records will be used in the analysis process. As default this value is set equal to 2; 

- Signal duration: specify here the time duration of the records in milliseconds. As default this value is 

set equal to 600 milliseconds. 

 

The use of the fields “Freq 1” and “Freq2” and of the button “Calculate D at small strain level” is not 

required if you just want to estimate the shear wave velocity (Vs), while is required in the case you 

want to compute the Damping ratio at small strain levels with the Spectral Slope Method (see section 

5.1).  

 

 

Then press the button “Verify Input” to check and upload the input data, finally press the “Calculate 

Vs” button to perform the S-waves analysis and computation of S wave – propagation velocity.  

The computed Vs value is displayed. After that you can press the “Plot S-Waves Analysis” button 

and the following plots are shown (see Figure 13): 

 
- Plot n° 1: the filtered waveforms of the two receivers are shown. Please note: all the 4 records (2 for 

each receiver) have been uploaded. The filtered signal called “Rec 1” was obtained after: a) subtracting 

the Left record with the Right record of the first receiver, b) applying a Butterworth filter. The filtered 

signal called “Rec 2” was obtained after: a) subtracting the Left record with the Right record of the 

second receiver, b) applying a Butterworth filter. In the plot n°1 are displayed with the blue and red 

points the peaks of the “Rec 1” and “Rec 2” signals, that are useful to define the part of the signals 

that will be used to perform the cross-correlation; 

- Plot n°2: the same signals as in Plot n°1 are displayed again but the “Rec 2” has been shifted of a time 

interval equal to the time delay computed from the cross-correlation analysis;    

 

 
Figure 13. “Seismic S-Waves” Tab  
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- Plot n°3 and Plot n°4: these plots represent the Fourier Spectra (Fourier Amplitude vs Frequency) and 

the ‘Napierian Logarithm of the Spectral Ratio’ vs ‘Frequency’ relationship, respectively. These are 

necessary to estimate the Damping ratio at small strain level using the Spectral Slope Method. After 

pressing the “Calculate Vs” button, a Damping ratio value is displayed. Such a value was obtained 

using as “Freq1” the frequency value closer to 0 Hz and as “Freq2” the frequency value closer to 120% 

of the frequency at which the maximum Fourier Amplitude in plot n°3 is reached. The damping is 

computed with the following expression: 

 

𝐷 = −
ln

𝐴2(𝐹𝑟𝑒𝑞2)
𝐴1(𝐹𝑟𝑒𝑞2)

− ln
𝐴2(𝐹𝑟𝑒𝑞1)
𝐴1(𝐹𝑟𝑒𝑞1)

(𝐹𝑟𝑒𝑞2 − 𝐹𝑟𝑒𝑞1) ∗ 2𝜋 ∗ 𝑇𝑖𝑚𝑒 𝐷𝑒𝑙𝑎𝑦
 

 

Where the A1(f) and A2(f) are the Fourier amplitudes of the signals of the receiver 1 and 2 respectively 

and displayed in the plot n°3. 

In the plot n°4 is shown the Napierian logarithm of the spectral ratio as a function of the frequency 

and a line having a slope equal to: 

 

𝑆𝑙𝑜𝑝𝑒 = −
ln

𝐴2(𝐹𝑟𝑒𝑞2)
𝐴1(𝐹𝑟𝑒𝑞2)

− ln
𝐴2(𝐹𝑟𝑒𝑞1)
𝐴1(𝐹𝑟𝑒𝑞1)

(𝐹𝑟𝑒𝑞2 − 𝐹𝑟𝑒𝑞1)
 

 

  

Tuning the estimate of the Damping ratio at small strain level is possible by selecting a more 

appropriate and small frequency interval. This involves modifying “Freq1” and “Freq2” values 

according to the indications provided in the section 5.1. After such a selection of frequency interval, 

press the “Calculate D at small strain level” button to perform the damping analysis. To update the 

plots, press again the “Plot S-Waves Analysis” button. 

 

It is possible to perform further analyses of seismic measurements by loading again all the necessary 

input data as previously described. The main results of each analysis are stored once the user press 

the button “Calculate Vs”. The following data of each analysis are saved in background: 

 
1. Depth of the middle point of the two receivers’ alignment; 

2. Shear wave velocity (Vs); 

3. Damping at small strain level (D). Please note that the first estimate of D was computed using as 

“Freq1” the frequency value closer to 0 Hz and as “Freq2” the frequency value closer to the 120% of 

the frequency at which the maximum Fourier Amplitude in plot n°3 is reached. To refine this value, 

you need to follow the indications provided in section 5.1. The stored D value is updated when you 

change the Freq1 and Freq2 values and press the “Calculate D at small strain level”. 

Once you have performed all the analyses press the button “Finish Acquisition” to freeze the results. 

Only when the acquisition has been stopped you can remove some of the previously performed 

analyses. To do that please insert the undesired/unsuccessful analysis number in the field close to the 

“Remove Test number” and press this button. In case you don’t remember the number of the analysis 

you want to remove you can create a temporary output file from the main bar Save CSV → Save S-

Waves. Once generated the output .csv file you can easily find the number of analysis to remove. 
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3.2.2 Output files for the S-Waves module 

 

The results of computations are saved as CSV files in a user-defined folder, using from the main bar 

Save CSV → Save S-Waves. 

The saved file and its content and structure is reported in the following: 

 

• filename_S_Waves.csv – such a file consists of 3 columns: 

 

- column 1: z, depth of the middle of the two receivers’ alignment [m] 

- column 2: Vs, shear wave velocity [m/sec] 

- column 3: D, damping ratio at small strain level [%] 

 

 

 

3.2.3 Input files and analysis process for the P-Waves Module 

 

The input files are 2 .txt files (ASCII). Such files consist of 1 column: 

 

column 1: Wave amplitude (the first wave amplitude data is at the row number 6). These 6 rows are 

automatically skipped by the code. 

 

You can find an example of 2 .txt (ASCII) files required to perform a P-wave interpretation in the 

“Example” folder. 

The time step of each record is 0.033 milliseconds and the standard duration of each record is 600 

milliseconds with a pre-trigger of 50 milliseconds.  

To perform a P-wave analysis load the records of the two receivers, for a total of 2 records (pressing 

the “Load Receiver …” buttons in the “Seismic P-Waves” Tab). The Receiver 1 is the upper one, the 

Receiver 2 is located 0.50 m below the first one. 

 

The following input data are also required: 

 

- Depth Receiver 1: specify here the depth (below the ground surface) of the upper receiver 

(Receiver 1) [meter]; 

-  Plate distance: specify here the horizontal distance between the vertical axis of the SCPT-

rods and the plate used to generate the seismic waves [meter]. As default this distance is set 

equal to 1.50 m; 

- Signal duration: specify here the time duration of the records in milliseconds. As default this 

value is set equal to 600 milliseconds; 

- Pre-trigger: specify here the time duration of the pre-trigger in milliseconds. As default this 

value is set equal to 50 milliseconds. 

 

Then press the button “Verify Input” to check and upload the input data. After that, press the 

“Calculate Vp” button to perform the P-waves analysis.  

The computed Vp value is displayed. After that you can press the “Plot P-Waves Analysis” button 

and the following plot is shown (see Figure 14): 

 
- Plot: the filtered records of the two receivers are shown. In the plot are displayed with the blue and 

red points the peaks of the P waves “Rec 1” and “Rec 2” signals, while the blue and the red stars 

represent the time at which each signal has an amplitude bigger than the 102% of the maximum noise 
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value recorded during the pre-trigger phase. These two points are useful to evaluate an appropriate 

time interval where can be found the peaks of the P-waves.    

 

 
Figure 14. “Seismic P-Waves” Tab 

It is possible to perform further analyses loading again all the input data as described previously. The 

main results of each analysis are stored once the user press the button “Calculate Vp”. The following 

data of each analysis are saved in background: 

 
1. Depth of the middle point of the two receivers’ alignment; 

2. P-wave velocity (Vp); 

Once you have performed all the analyses press the button “Finish Acquisition” to freeze the results. 

Only when the acquisition has been stopped you can remove some of the previously performed 

analyses. To do that please insert the undesired/unsuccessful analysis number in the field close to the 

“Remove Test number” and press this button. In case you don’t remember the number of the analysis 

you want to remove you can create a temporary output file from the main bar Save CSV → Save P-

Waves. Once generated the output .csv file you can easily find the number of analysis to remove. 

 

3.2.4 Output files for the P-Waves module 

 

The results of computations are saved as CSV files in a user-defined folder, using from the main bar 

Save CSV → Save P-Waves. 

The saved file and its content and structure is reported in the following: 

 

• filename_P_Waves.csv – such a file consists of 2 columns: 

 

- column 1: z, depth of the middle of the two receivers’ alignment [m] 

- column 2: Vp, P-wave velocity [m/sec] 
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4 DESIGN WITH CPT 

 

4.1 Liquefaction risk analysis 

 

Liquefaction risk analysis is carried out according to the Boulanger & Idriss (2015) and Robertson & 

Wride (1998) approaches that give an estimate of the safety factor against liquefaction. This safety 

factor is inferred from a simplified estimate of the earthquake induced cyclic stress ratio (CSR) and 

the cyclic resistance ratio (CRR) at various depths. It is assumed that liquefaction occurs at a given 

depth when the safety factor (𝐹𝑆𝐿 = 𝐶𝑅𝑅 𝐶𝑆𝑅⁄ ) is equal to 1. The liquefaction effects at ground level 

are estimated by means of the LPI (Liquefaction Potential Index) as defined by Iwasaki et al. (1978). 

LPI is computed as: 

 

𝐿𝑃𝐼 = ∫ 𝐹1 𝑊(𝑧)𝑑𝑧
20

0

 

 

Where: F1 = 1 - FSL for FSL ≤ 1 and F1 = 0 for FSL > 1; W(z) ia a depth weighting function given by 

W(z) = 10 - 0.5z; and z is depth in meters below the ground surface. 

 

In other word Penetration tests should be extend down to 20 m at least. 

 

LPI can range from 0 to a maximum of 100 (i.e. where FSL is zero over the entire 20 m depth). 

Analyzing SPT data from 55 sites in Japan, Iwasaki et al. (1978) proposed that severe liquefaction 

should be expected for sites where LPI > 15 but not where LPI < 5. 

 

4.1.1 Computation of FSL (Boulanger & Idriss, 2015) 

 

CSR is computed according to the following equation: 

 

𝐶𝑆𝑅 = 0.65 
𝜎𝑣

𝜎𝑣
′
 
𝑎𝑚𝑎𝑥

𝑔
 𝑟𝑑 

 

Where: v, ’v total and effective vertical geostatic stresses; amax = peak ground acceleration. In 

principle should be inferred from seismic response analysis in terms of effective stresses. In practice 

can be inferred from SRA (seismic response analysis) in terms of total stresses or from the simplified 

procedures prescribed by technical codes. Italian Building Code recommends assuming amax = SSST 

amax,R where amax,R = peak ground acceleration for a given site and a given return period (Type A soil). 

SS and ST = stratigraphic and topographic amplification factors respectively, which depend on soil 

type and topography. In absence of specific SRA, type D soil should be considered. Moreover: 

 

𝑟𝑑 = exp[𝛼(𝑧) + 𝛽(𝑧) 𝑀] 
 

This shear stress reduction factor accounts for soil flexibility. 

 

𝛼(𝑧) = −1.012 − 1.126 sin (
𝑧

11.73
+ 5.133) 

 

𝛽(𝑧) = 0.106 + 0.118 sin (
𝑧

11.28
+ 5.142) 
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M = Magnitude. 

 

The soil’s cyclic strength (CRR) depends on number of cycles of a given amplitude. In other words, 

it depends on earthquake duration, i.e. earthquake Magnitude. This is accounted for by the MSF 

(magnitude scale factor). Moreover, an increase of the mean normal stress inhibits the dilatancy. This 

aspect, relevant for very high stresses, is accounted for by the K factor. 

 

𝐾𝜎 = 1 − 𝐶𝜎 ln (
𝜎𝑣

′

𝑝𝑎𝑡𝑚
) ≤ 1.1 

 

𝐶𝜎 =
1

37.3 − 8.27(𝑞𝑐1𝑁𝑐𝑠)0.264
≤ 0.3 

 

Where: 

 

𝑞𝑐1𝑁𝑐𝑠 = 𝑞𝑐1𝑁 + Δ𝑞𝑐1𝑁 i.e. the tip resistance corrected to account for overburden stress and fine 

content. 

 

𝑞𝑐1𝑁 = 𝐶𝑁
𝑞𝑐

𝑝𝑎𝑡𝑚
   𝐶𝑁 = (

𝑝𝑎𝑡𝑚

𝜎𝑣
′ )

𝑚

≤ 1.7  𝑚 = 1.338 − 0.249 𝑞𝑐1𝑁𝑐𝑠 

 

Δ𝑞𝑐1𝑁 = (11.9 +
𝑞𝑐1𝑁

14.6
) exp [1.63 −

9.7

𝐹𝐶+2
− (

15.7

𝐹𝐶+2
)]  

 

Moreover: 

 

𝑀𝑆𝐹 = 1 + (𝑀𝑆𝐹𝑚𝑎𝑥 − 1) [8.64 exp (
−𝑀

4
− 1.325)]  

 

𝑀𝑆𝐹𝑚𝑎𝑥 = 1.09 + (
𝑞𝑐1𝑁𝑐𝑠

180
)
3

≤ 2.2  

 

Therefore, the computation of K as well as MSF involves an iterative procedure. 

Fine content (FC) is inferred from soil classification index (Ic) as follows: 

 

𝐼𝑐 = {[3.47 − log𝑄]2 + [1.22 + log 𝐹]2}0.5  

 

𝑄 = (
𝑞𝑡−𝜎𝑣0

𝑝𝑎𝑡𝑚
) (

𝑝𝑎𝑡𝑚

𝜎𝑣0
′ )

𝑛

    𝐹 = (
𝑓𝑠

𝑞𝑡−𝜎𝑣0
) 100 

 

𝐹𝐶 = 80(𝐼𝑐 + 𝐶𝐹𝐶) − 137  0 ≤ 𝐹𝐶 ≤ 100% 

 

The CFC fitting parameter is set equal to 0. The cutoff Ic parameter can also be user defined. The 

default value is 2.6. Based on Italian data for medium low seismicity areas (Emilia Romagna and 

Tuscany) it is suggested to assume a value of 2.45. In practice, when this parameter exceeds the fixed 

cutoff value, the soil is considered non-liquefiable.  

The cyclic resistance ratio is computed as follows: 

 

𝐶𝑅𝑅 = exp [(
𝑞𝑐1𝑁𝑐𝑠

113
) + (

𝑞𝑐1𝑁𝑐𝑠

1000
)
2

− (
𝑞𝑐1𝑁𝑐𝑠

140
)
3

+ (
𝑞𝑐1𝑁𝑐𝑠

137
)
4

− 𝐶0 ]  

 

Where C0 is a fitting parameter = 2.6 ± 0.2. 
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The safety factor is then computed as follows: 
 

𝐹𝑆௅ ൌ 𝑀𝑆𝐹 𝐾ఙ  
𝐶𝑅𝑅
𝐶𝑆𝑅

 

 
The output consists of a profile of FSL with depth and the LPI (Figure 15). 
 
 

 
Figure 15. “Liq-Module” Tab 

 
 
4.1.2  Computation of FSL (Robertson & Wride, 1998) 

 
The method mainly concerns the estimate of CRR. MSF, K, and rd. are computed according to Youd 
et al. (2001). CRR is computed according to the following procedure: 
 

𝐶𝑅𝑅 ൌ 0.833
ሺ௤೎భಿሻ೎ೞ
ଵ଴଴଴

൅ 0.05  if 𝑞௖ଵே௖௦ ൏ 50 

 

𝐶𝑅𝑅 ൌ 93 ቂ
ሺ௤೎భಿሻ೎ೞ
ଵ଴଴଴

ቃ
ଷ
൅ 0.08  if 𝑞௖ଵே௖௦ ൏ 160 

 
Where ሺ𝑞௖ଵேሻ௖௦ is the cone penetration resistance corrected in order to take into account both the 
confining stress and the fine content. 
To obtain ሺ𝑞௖ଵேሻ௖௦ the following procedure is used: 
 

ሺ𝑞௖ଵேሻ ൌ
௤೎
ଵ଴଴

ቀଵ଴଴
ఙೡబ
ᇲ ቁ

௡
  

 
ሺ𝑞௖ଵேሻ௖௦ ൌ 𝐾௖ሺ𝑞௖ଵேሻ  
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𝐾𝑐 = 1.0  if  𝐼𝑐 ≤ 1.64 

 

𝐾𝑐 = −0.403𝐼𝑐
4 + 5.581𝐼𝑐

3 − 21.63𝐼𝑐
2 + 33.75𝐼𝑐 − 17.88  if 𝐼𝑐 > 1.64 

 

𝐼𝑐 = [(3.47 − log𝑄)2 + (1.22 + log 𝐹)2]0.5  

 

𝑄 =
𝑞𝑐−𝜎𝑣0

′

100
(

100

𝜎𝑣0
′ )

𝑛

  

 

𝐹 =
𝑓𝑠

𝑞𝑐−𝜎𝑣0
100(%)  

  

The above expressions use [kPa] for both stresses and penetration resistance. The following steps are 

necessary: 

 
- assume n = 1.0 and compute Ic; 

- if Ic > 2.6 the soil is classified as clay and the computation can terminate; 

- otherwise assume n = 0.5. If assuming n = 0.5, Ic < 2.6, the soil is classified as cohesionless and it is 

necessary to evaluate the liquefaction potential; 

- If assuming n = 0.5, Ic > 2.6, the soil contains non-plastic silt and computation has to be done with n 

= 0.7. 

The safety factor is computed as already shown in the previous section. The same type of output is 

given when using Boulanger & Idriss method as well as Robertson and Wride approach. 

 

4.1.3 Input data to perform the liquefaction risk analysis 

 

It is firstly required that you load the CPT test data as described in section 2. Then move in the “Liq-

Module” Tab. 

The following input data are required: 

 
- Max acceleration:  specify here the peak ground acceleration amax in gravity unit; 

- Magnitude: specify here the magnitude of the earthquake; 

- Ic cut off: the default value is 2.6. This value can be user defined, however it is recommended to use 

values in the range between 2.4 and 2.8. 

 

Then press the “Verify Input” button to upload and check the input data and perform the liquefaction 

risk analysis. Finally press the “Plot liquefaction risk analysis results” button to display the results. 

 

4.1.4 Output of the liquefaction risk analysis module 

 

The results of computations are saved as CSV files in a user-defined folder, using from the main bar 

Save CSV → Save LIQ results. 

The file saved and its content and structure is reported in the following: 

 

• filename_liq_output.csv – such a file consists of 20 columns: 

- column 1: z, depth [m] 
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- column 2: qc, tip resistance [MPa] 

- column 3: fs, sleeve friction [kPa] 

- column 4: Total geostatic vertical stress [kPa] 

- column 5: Effective geostatic vertical stress [kPa] 

- column 6: Q, normalized tip resistance [-] 

- column 7: Ic, classification index 

- column 8: SBTn (Robertson, 1990) 

- column 9: qc1N (Boulanger & Idriss, 2015) 

- column 10: qc1Ncs (Boulanger & Idriss, 2015) 

- column 11: CRR7.5 (Boulanger & Idriss, 2015) 

- column 12: CSR (Boulanger & Idriss, 2015) 

- column 13: FSL (Boulanger & Idriss, 2015) 

- column 14: cumulative LPI (Boulanger & Idriss, 2015) 

- column 15: qc1N (Robertson & Wride, 1998) 

- column 16: qc1Ncs (Robertson & Wride, 1998) 

- column 17: CRR7.5 (Robertson & Wride, 1998) 

- column 18: CSR (Robertson & Wride, 1998) 

- column 19: FSL (Robertson & Wride, 1998) 

- column 20: cumulative LPI (Robertson & Wride, 1998) 

 

 

4.2 Bearing capacity of piles (axial loads) 

4.2.1 Driven Steel-pipes 

For driven steel-pipes in sand or clay the Imperial College method (ICP) is used (Jardine et al., 2005). 

 

Closed-ended piles 

 

Shaft resistance in sand 

 

The shaft resistance Qs is equal to: 

 

𝑄𝑠 = 𝜋𝐷 ∫𝜏𝑓 𝑑𝑧 

Where: 

• 𝜏𝑓 = (𝜎𝑟𝑐
′ + Δ𝜎𝑟𝑑

′ ) tan 𝛿𝑐𝑣; 

• 𝛿𝑐𝑣 = interface angle of friction at failure (depends on pile roughness and other factors); 

• 𝜎𝑟𝑐
′ = 0.029𝑞𝑐(𝜎𝑣0

′ 𝑝𝑎𝑡𝑚⁄ )0.13(ℎ 𝑅⁄ )−0.38 = local radial effective stress. h/R is limited to a minimum 

value equal to 8; 

• 𝑅 = pile external radius; 

• ℎ = distance between the calculation point and the pile-tip; 

• Δ𝜎𝑟𝑑
′ = 2𝐺 Δ𝑟 𝑅⁄  = dilatant increase in local radial effective stress during pile loading; 

• Δ𝑟 = 2𝑅𝑐𝑙𝑎  0.02 𝑚𝑚 

• 𝐺 = 𝑞𝑐[𝐴 + 𝐵𝜂 − 𝐶𝜂2]−1 (from Baldi et al., 1989), A=0.0203, B=0.00125, C=1.216 10-6; 

• 𝜂 = 𝑞𝑐(𝑝𝑎𝑡𝑚𝜎𝑣0
′ )−0.5. 
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Base resistance in sand 

 

The base resistance Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝜋 𝐷2 4⁄  

 

Where: 

• 𝑞𝑏 = 𝑞𝑐[1 − 0.5 log(𝐷 𝐷𝐶𝑃𝑇⁄ )]; 

• D = pile external diameter; 

• 𝐷𝐶𝑃𝑇 = 0.036 m (CPT cone diameter); 

A lower limit of qb = 0.30qc is suggested for piles with D > 0.90 m. qc is an average value over 1.5 

pile diameter above and below the pile tip. 

 

 

 

Shaft resistance in clay 

 

The shaft resistance Qs is equal to: 

 

𝑄𝑠 = 𝜋𝐷 ∫𝜏𝑓 𝑑𝑧 

Where: 

• 𝜏𝑓 = 𝜎𝑟𝑓
′ tan 𝛿𝑓 = (𝐾𝑓 𝐾𝑐⁄ )𝜎𝑟𝑐

′ tan 𝛿𝑓; 

• 𝛿𝑓 = a value between 𝛿𝑝𝑒𝑎𝑘 (peak interface angle of friction) and 𝛿𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 (ultimate interface angle 

of friction); 

• 𝜎𝑟𝑐
′ = 𝐾𝑐𝜎𝑣0

′  = local radial effective stress after equalization. Kc depends on the yield stress ratio 

(YSR), h/R and sensitivity St expressed by Δ𝐼𝑣𝑦. h/R is limited to a minimum value equal to 8; 

• 𝐾𝑐 = [2.2 + 0.016 𝑌𝑆𝑅 − 0.87 Δ𝐼𝑣𝑦 ]𝑌𝑆𝑅0.42(ℎ 𝑅⁄ )−0.20; 

• Δ𝐼𝑣𝑦 = log10 𝑆𝑡; 

• If YSR is not available and it is assumed that 𝑌𝑆𝑅  𝑂𝐶𝑅: 

𝐾𝑐 = [2 − 0.625 Δ𝐼𝑣0]𝑌𝑆𝑅0.42(ℎ 𝑅⁄ )−0.20 

• 𝐾𝑓 𝐾𝑐⁄  = loading factor  0.80 (is constant regardless of the direction of loading or drainage 

conditions). 

 

Base resistance in clay 

 

The base resistance Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝜋 𝐷2 4⁄  

 

Where: 

• 𝑞𝑏 = 0.8 𝑞𝑐 (undrained loading case); 

• 𝑞𝑏 = 1.3 𝑞𝑐 (drained loading case); 

qc is an average value over 1.5 pile diameter above and below the pile tip. 
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Open-ended piles 

 

Shaft resistance in sand 

 

The shaft resistance Qs is equal to: 

 

𝑄𝑠 = 𝜋𝐷 ∫𝜏𝑓 𝑑𝑧 

Where: 

• 𝜏𝑓 = (𝜎𝑟𝑐
′ + Δ𝜎𝑟𝑑

′ ) tan 𝛿𝑐𝑣; 

• 𝜎𝑟𝑐
′ = 0.029𝑞𝑐(𝜎𝑣0

′ 𝑝𝑎𝑡𝑚⁄ )0.13(ℎ 𝑅∗⁄ )−0.38 = local radial effective stress. h/R* is limited to a 

minimum value equal to 8; 

• 𝑅∗ = (𝑅𝑜𝑢𝑡𝑒𝑟
2 − 𝑅𝑖𝑛𝑛𝑒𝑟

2 )
0.5

. 

 

Base resistance in sand 

 

A rigid basal plug can develop during static loading if these criteria are satisfied: 

 
1) Dinner < 0.02 (Dr - 30) (Dr = relative density in %); 

2) Dinner / DCPT < 0.083 qc/patm. 

 

For fully plugged piles develop 50% of the end resistance of closed-ended piles of the same diameter 

after a pile head displacement of 10%D. 

Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝜋𝑅𝑜𝑢𝑡𝑒𝑟
2  

 

Where qb is equal to: 

 

𝑞𝑏 = 𝑞𝑐[0.5 − 0.25 log(𝐷 𝐷𝐶𝑃𝑇⁄ )] 
 

Limiting values: 

 
1) the fully plugged capacity should be no less than the unplugged capacity; 

2)  qb should not fall below 0.15qc (for D > 0.90 m). 

 

Unplugged piles are assumed to sustain end bearing on the annular pile base area only with qba = qc. 

Contributions from internal shear stresses are not considered. 

Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝑎𝜋(𝑅𝑜𝑢𝑡𝑒𝑟
2 − 𝑅𝑖𝑛𝑛𝑒𝑟

2 ) 

 

Where qba is equal to: 

 

𝑞𝑏𝑎 = 𝑞𝑐 
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Shaft resistance in clay 

 

The shaft resistance Qs is equal to: 

 

𝑄𝑠 = 𝜋𝐷 ∫𝜏𝑓 𝑑𝑧 

Where: 

• 𝜏𝑓 = 𝜎𝑟𝑓
′ tan 𝛿𝑓 = (𝐾𝑓 𝐾𝑐⁄ )𝜎𝑟𝑐

′ tan 𝛿𝑓; 

• 𝛿𝑓 = a value between 𝛿𝑝𝑒𝑎𝑘 (peak interface angle of friction) and 𝛿𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 (ultimate interface angle 

of friction); 

• 𝜎𝑟𝑐
′ = 𝐾𝑐𝜎𝑣0

′  = local radial effective stress after equalization. Kc depends on the yield stress ratio 

(YSR), h/R* and sensitivity St expressed by Δ𝐼𝑣𝑦. h/R* is limited to a minimum value equal to 8; 

• 𝐾𝑐 = [2.2 + 0.016 𝑌𝑆𝑅 − 0.87 Δ𝐼𝑣𝑦 ]𝑌𝑆𝑅0.42(ℎ 𝑅⁄ ∗
)
−0.20

; 

• Δ𝐼𝑣𝑦 = log10 𝑆𝑡; 

• If YSR is not available and it is assumed that 𝑌𝑆𝑅  𝑂𝐶𝑅: 

𝐾𝑐 = [2 − 0.625 Δ𝐼𝑣0]𝑌𝑆𝑅0.42(ℎ 𝑅∗⁄ )−0.20 

• 𝐾𝑓 𝐾𝑐⁄  = loading factor  0.80 (is constant regardless of the direction of loading or drainage 

conditions); 

• 𝑅∗ = (𝑅𝑜𝑢𝑡𝑒𝑟
2 − 𝑅𝑖𝑛𝑛𝑒𝑟

2 )
0.5

. 

 

Base resistance in clay 

 

Plugging during static loading can occur if: 

 
1) [𝐷𝑖𝑛𝑛𝑒𝑟 𝐷𝐶𝑃𝑇⁄ + 0.45𝑞𝑐 𝑝𝑎𝑡𝑚⁄ ] < 36 

 

For fully plugged piles develop half of the end resistance of closed-ended piles after a pile head 

displacement of 10%D. 

Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝜋 𝐷2 4⁄  

 

Where qb is equal to: 

 

𝑞𝑏 = 0.4 𝑞𝑐 (Undrained loading case) 

𝑞𝑏 = 0.65𝑞𝑐 (Drained loading case) 

 

Unplugged piles sustain end bearing on the annular area of steel only. 

Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝑎𝜋(𝑅𝑜𝑢𝑡𝑒𝑟
2 − 𝑅𝑖𝑛𝑛𝑒𝑟

2 ) 
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Where qba is equal to: 

 

𝑞𝑏𝑎 = 𝑞𝑐 (Undrained loading case) 

𝑞𝑏𝑎 = 1.6𝑞𝑐 (Drained loading case) 

 

4.2.2 Bored Piles in granular soils (sands) 

 

For bored piles: 

 

Shaft resistance 

 

The shaft resistance Qs is equal to: 

 

𝑄𝑠 = 𝜋𝐷 ∫𝜏𝑓 𝑑𝑧 

Where: 

𝜏𝑓 = 𝛼𝑞𝑐 

 

The adopted α values are those suggested by Alsamman (1995) and shown in Figure 16. 

 

 
Figure 16. α values (Alsamman, 1995) 

 

Base resistance 

 

The base resistance Qb is equal to: 

 

𝑄𝑏 = 𝑞𝑏𝜋 𝐷2 4⁄  
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Where qb is equal to qc,0.05 (i.e. a critical value corresponding to a relative pile displacement s/D = 

0.05).  

qc,0.05 is evaluated using the qc,0.05/qc vs D relationship shown in Figure 17, where qc is an average 

value of qc within depth : L-1.5D < z < L+1.5D. 

 

 
Figure 17. qc,0.05/qc vs D relationship (Jamiolkowski et al., 1988) 

 

4.2.3 Load-Settlement curve for the single pile 

 

The load-settlement curve of the single pile is evaluated according to the analytical method proposed 

by Randolph and Wroth (1978). The pile is assumed to be rigid. 

 

The shaft stiffness Ks (in kN/m) is considered equal to: 

𝐾𝑠 =
𝑄𝑠

𝑤
=

2𝜋𝐿𝐺𝑎𝑣

𝜁
 

 

Where Qs is the load carried by the pile shaft, w is the pile settlement (equal for all the pile length, 

the pile is assumed to be rigid), Gav is the average shear modulus along the pile shaft and L is the pile 

length and 𝜁 is equal to: 

 

𝜁 = ln [2.5(1 − 𝜐)
𝐿

𝑅
] 

 

The base stiffness is: 

 

𝐾𝑏 =
𝑄𝑏

𝑤
=

4 𝑅 𝐺𝑏

1 − 𝜈
 

 

Where Qb is the load carried by the pile base, R is the pile radius Gb is the shear modulus at the pile 

tip and 𝜐 is the Poisson ratio. 

 

The load-settlement curve is assumed to be a bi-linear curve. The first line (from 0 and up to the fully 

mobilization of the shaft resistance, having as coordinates (wA, QA)) is expressed as: 
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𝑄𝑡𝑜𝑡 = (𝐾𝑠 + 𝐾𝑏)𝑤 

 

The second line, from the end of the first line and up to the fully mobilization of the pile base 

resistance (and so up to the available pile axial capacity) is expressed by: 

 

𝑄𝑡𝑜𝑡 = 𝑄𝐴 + 𝐾𝑏(𝑤 − 𝑤𝐴) 

 

 

4.2.4 Input data to perform the pile analyses (Driven and Bored Piles) 

 

It is firstly required that you load the CPT test data and perform the interpretation as described in 

section 2. Then move in the “Driven Piles” or “Bored Piles” Tab. 

The following input data are required: 

 
- Pile diameter:  specify here the external pile diameter in [m]; 

- Inner diameter (only in the Driven Piles Tab): specify here the inner pile diameter only if the steel-

pipes is open-ended in [m]; 

- Pile Length: specify here the total pile length in [m]; 

- Starting depth: specify here a depth value in case you want to remove a shallower soil layer [m]. 

 

Then press the “Verufy Input” button to load the input data and finally the “Calculate Pile Capacity 

and Settlement” button perform the analysis. Press the “Plot Pile Capacity and Settlement” button to 

display the results (see Figure 18). 

 

 
Figure 18. “Pile Foundation” Tab 

4.2.5 Output of the Driven Piles and Bored Piles modules 
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The results of computations are saved as CSV files in a user-defined folder, using from the main bar 

Save CSV → Save Driven Piles or Save Bored Piles. 

The saved file and its content and structure is reported in the following: 

 

• filename_Driven_piles.csv – such a file consists of 4 columns: 

 

- column 1: z, depth [m]; 

- column 2: available shaft resistance [kN]; 

- column 3: available base resistance [kN]; 

- column 4: available total resistance [kN]. 

 

• filename_Driven_piles_Load_Settlement.csv – such a file consists of 4 columns: 

 

- column 1: settlement [cm]; 

- column 2: load carried by the shaft [kN]; 

- column 3: load carried by the base [kN]; 

- column 4: total load carried by the pile [kN]. 

 

 

• filename_Bored_piles.csv – such a file consists of 4 columns: 

 

- column 1: z, depth [m]; 

- column 2: available shaft resistance [kN]; 

- column 3: available base resistance [kN]; 

- column 4: available total resistance [kN]. 

 

• filename_Bored_piles_Load_Settlement.csv – such a file consists of 4 columns: 

 

- column 1: settlement [cm]; 

- column 2: load carried by the shaft [kN]; 

- column 3: load carried by the base [kN]; 

- column 4: total load carried by the pile [kN]. 

 

 

4.3 Settlements of shallow foundations on granular soils 

 

The “settlement of shallow foundations” module computes the settlement using the Schmertamm 

method (1970, 1978a). This is strictly valid in case in of granular soils. The settlement is evaluated 

according to the following relationship: 

 

𝛿 = 𝐶1Δ𝑃 ∑
Δ𝑧𝑖

𝐸𝑠𝑖
𝐼𝑧𝑖

𝑛

𝑖=1

 

 

Where: 

• C1 = correction factor to account for strain relief from excavated soil = 1 −
𝜎𝑐𝑑

′

2Δ𝑃
; 

• ’cd = effective overburden pressure at the bottom of the footing; 

• P = the net applied footing pressure; 
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• Esi = one-dimensional elastic modulus of soil layer i; 

• zi = thickness of the soil layer i; 

• Izi = influence factor at the center of soil layer i. 

 

 

 
Figure 19. Strain Influence factor vs Depth (Schmertmann, 1978a) 

Schmertmann (1978a) suggests evaluating the peak value (Izp) of the influence factor Iz using the following 

expression: 

 

𝐼𝑧𝑝 = 0.5 + 0.1 (
Δ𝑃

𝜎𝑜𝑝
′

) 

 

Where ’op is the effective overburden pressure at the depth (zp) at which Izp occurs. In case of 

axisymmetric load condition (i.e. circular or square footing) the depth zp is equal to B/2 (see Figure 

19), in case of plane-strain load condition this depth is equal to B (see Figure 19).  

The Esi (one-dimensional elastic modulus of each soil layer i) values are equal to 2.5qc and 3.5qc in 

case of axisymmetric and plane-strain load condition, respectively (Schmertmann, 1978a). 

 

 

4.3.1 Input data to perform the settlement analysis for shallow foundations 

 

It is firstly required that you load the CPT test data and perform the interpretation as described in 

section 2. Then move in the “Shallow Foundation Tab”. 

The following input data are required: 

 
- Pressure:  specify here the total pressure applied over the foundation area in [kPa]; 

- Foundation depth: specify here the foundation depth if it is embedded in [m]; 

- Load type: insert 1 if the load is axisymmetric, insert 2 in the plane-strain loading condition; 

- Width: specify here the foundation width in [m]. 
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Finally press the “Calculate settlement” button to load the input data and perform the analysis. Press 

the “Plot Settlement” button to display the Depth – Cumulative settlement curve (Figure 20). 

 

 
Figure 20. “Shallow Foundation” Tab 

4.3.2 Output of the Shallow Foundation module 

 

The results of computations are saved as CSV files in a user-defined folder, using from the main bar 

Save CSV → Save Shallow Found. 

The saved file and its content and structure is reported in the following: 

 

• filename_Shallow_foundation.csv – such a file consists of 2 columns: 

 

- column 1: z, depth [m] 

- column 2: Cumulative settlements [m] 

 

 

 

 

 

 

 

 

 

 

 

 

5 SPECIAL ISSUES 

5.1 Small Strain Damping Ratio from Seismic Measurements 
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The spectral slope method is used to determine the small strain damping ratio from seismic 

measurements. In particular only S wave signals are used. The success of the method mainly depends 

on the following experimental aspects: 

 

- a single hit for generating the two signals; 

- use of accelerometers, instead of geophones, with an increased repetitiveness of signal 

amplitude measurement. 

 

The method is explained in the Annexes. The practical aspects of the use of such method are explained 

in the present section. The program generates a plot of the Napierian logarithm of the spectral ratio 

vs. frequency.  

 

 

 
Figure 21. Damping computed using the Spectral Slope Method 

The frequency interval is from zero to 120% of the frequency corresponding to the peak of the Fourier 

Spectrum. Two waveforms are analyzed, therefore two Fourier spectra are computed and two 

different frequencies are observed as far as the maxima of the spectra are concerned. In order to 

generate the plot of the Napierian logarithm of the spectral ratio vs. frequency, the higher between 

these two frequencies is selected. The user can zoom this plot and select a different frequency interval. 

It is suggested to consider a frequency interval in between 80-120% of the natural frequency. This is 

estimated, in a first approximation, by means of the following equation: 

 

𝑓𝑛 =
𝑉𝑠

4 𝐻
 

 

Where: Vs = propagation velocity of shear waves at the considered depth; H = thickness of the 

considered layer. We suggest considering H equal to the testing depth.   

 

5.2 Unusual soils 

The available soil classification charts or SBT classification systems refer to different databases and 

mainly consider “conventional soil” i.e. saturated clays/silts/sands or their mixtures. These databases 
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do not include partially saturated soils or compacted soils or underconsolidated soils (i.e. dredged 

sediments or poorly compacted earthworks). In any case the applicability of the proposed empirical 

approaches in a different context becomes questionable. 

On the Authors experience, the available classification systems (CPTu) did not give a correct SBT 

identification in many cases and in particular in the case of loose/very loose silt mixtures. 

On the other hand, for soil deposits above the water table, the measured parameters may be affected 

by two different phoenomena: 

 
- partial saturation (i.e. partial drainage); 

- soil suction 

 

These two aspects are particularly relevant in the case of fine grained soils or intermediate soils (silt 

mixtures) 

Two different methodologies are proposed for a more accurate CPT interpretation. The first 

methodology refers to a better estimate of the effective stress state.  

For homogeneous (clay) layers above the water table a typical trend of Ic, such as that shown in 

Figure 22 is observed.  

 

 
Figure 22. CPTu results – Broni (PV - Italy) 

 

The proposed methodology increases the computed values of ’vo in order to obtain a reduction of 

the normalized tip resistance, Qtn, and consequently, an increase of the Soil Classification Index Ic 

(Robertson, 1990; Robertson and Wride,1998), according to the equations reported below:  

 

 

𝐼𝑐 = √(3.47 − log𝑄𝑡𝑛)2 + (log 𝐹 + 1.22)2                                                                                  (10) 

𝑄𝑡𝑛 = (
𝑞𝑡−𝜎𝑣0

𝜎𝑎𝑡𝑚
) (

𝜎𝑎𝑡𝑚

𝜎𝑣0
′ )

𝑛

𝑛 = 0.381 ∙ 𝐼𝑐 + 0.05 ∙ (
𝜎𝑣0

′

𝜎𝑎𝑡𝑚
) − 0.15                                                       (11) 
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𝐹 =
𝑓𝑠

𝑞𝑡−𝜎𝑣0
∙ 100 (12) 

 

In such a way the Ic index is increased until becomes equal to the target value (i.e. the Ic index value 

below the water table). 

The second methodology is purely empirical and consists in a calibration of the Ic values  as inferred 

from CPTu results against the evidences obtained from direct logging (boreholes). Ic values are user 

defined. The Annex A3 shows an example of both methodologies. 

 

 

5.2.1 Input data to estimate the soil effective stress state of shallow layers using a target Ic (1st 

method) 

 

In order to apply the method to estimate the soil effective stress state of shallow layers by means of 

a target Classification Index (Ic), firstly, you have to load the CPT test raw data as described in section 

2, then you have to move in the “SBTn” Tab and fill the following fields: 

 
1. Ic target: insert here the user defined Ic value; 

2.  Correction up to depth: insert here the depth (starting from the ground surface) of the shallow soil 

layer where you want to have an estimate of the soil effective stress state (in meter). 

 

Press the “Apply Method [1]” button (Figure 23) and then move back to the first Tab (“Data Profiles” 

Tab) and update the plot where are displayed the soil effective and total stresses (Figure 24). 

 

 
Figure 23. “SBTn” Tab. Application of Method 1 (Ic target) 
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Figure 24. Method 1 results. Estimated soil effective stresses 

 

5.2.2 Output (1st method) 

 

The result of this computation can be saved as CSV file in a user-defined folder, using from the main 

bar Save CSV → Save CPTu results. 

The estimated soil effective stresses are saved in the column 18 of the output file. Please note that 

this data column is saved by default in the “filename_CPTu_data.csv” file even if you haven’t used 

this method, in this case the last column is exactly the copy of the column 8, containing the effective 

geostatic vertical stress values. This method only gives a possible estimate of suction and 

consequently of OCR. All the other parameters and classification are not modified. 

 

5.2.3 Input data to apply an Ic correction using an available Ic(qt) function (2nd method) 

 

In order to apply this method, firstly, you have to load the CPT test raw data as described in section 

2, then you have to move in the “SBTn” Tab and fill the following two fields: 

 
1. Coefficient a1 

2.  Coefficient a2 

 

The values of a1 and a2 are necessary to apply a correction (Ic) to all the Ic values evaluated starting 

from the CPT test raw data. These parameters should be user defined. They can be obtained, for a 

given site, after calibration of CPT data against borehole information as explained in Annex 3. 

 

𝐼𝑐,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = −∆𝐼𝑐 + 𝐼𝑐 

 

Where Δ𝐼𝑐 can be expressed as a function of qt according to one of the following equations. The type 

of equation is selected by user: 

 

Δ𝐼𝑐 = 𝑎1 +
𝑎2

𝑞𝑡
 



41 

 

 

Δ𝐼𝑐 = 𝑎1𝑞𝑡
𝑎2 

 

 

Press the “Apply Method [2]” button and update the plots in the “SBTn”, “Physical CPT”, 

“Resistance CPT”, “Stiffness CPT” Tabs using the “Plot…” buttons of each Tab. Modification of Ic 

index by the user implies a re-interpretation of the test both in term of SBT and of soil parameters. 

 

 

5.2.4 Output (2nd method) 

 

The results can be saved as CSV file in a user-defined folder, using from the main bar: Save CSV → 

Save CPTu results. 

 

 

 

5.3 Liquefaction potential from CPTm 

 

In case the results of CPTm are available, we suggest using these data for predicting liquefaction risk 

after appropriate correction. 

In particular, the measured sleeve friction is corrected according to the following equations: 

 

𝑓𝑠(𝐶𝑃𝑇𝑢) = [0.0797 𝑓𝑠(𝐶𝑃𝑇𝑚)]2.504 if 𝑓𝑠(𝐶𝑃𝑇𝑚) < 65 𝑘𝑃𝑎 

 

𝑓𝑠(𝐶𝑃𝑇𝑢) = 𝑓𝑠(𝐶𝑃𝑇𝑚)   if 𝑓𝑠(𝐶𝑃𝑇𝑚) ≥ 65 𝑘𝑃𝑎 

 

The Ic (Roberston, 1990; Robertson and Wride, 1998) index is also corrected according to the 

following equations: 

 

Δ𝐼𝑐 = −0.296 ln(𝑞𝑐) + 0.8568  

 

𝐼𝑐(𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) = 𝐼𝑐(𝑅𝑜𝑏𝑒𝑟𝑡𝑠𝑜𝑛 𝑎𝑛𝑑 𝑊𝑟𝑖𝑑𝑒, 1998) − Δ𝐼𝑐  

 

As explained in Annex 4, the correction was obtained by comparing soil classes of the Schemertmann 

(1978) approach to those inferred by using the Robertson (1990) SBTn. Mainly the use of Robertson 

(1990) for interpreting CPTm leads to an underestimate of soil granulometry. The proposed correction 

applies only when the Robertson (1990) classification underestimate that of Schmertmann (1978b). 

Details of the method and its rationale are given in the Annexes. As for CPTm, the program only 

gives the possibility of estimating liquefaction risk. Interpretation of CPTm for soil profile and 

parameter is not included. 

 

5.3.1 Computation of FSL from CPTm (Juang et al., 2006) 

 

CSR is computed according to the following equation: 

 

𝐶𝑆𝑅 = 0.65 
𝜎𝑣

𝜎𝑣
′
 
𝑎𝑚𝑎𝑥

𝑔
 𝑟𝑑 
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Where: v, ’v total and effective vertical geostatic stresses; amax = peak ground acceleration. In 

principle should be inferred from seismic response analysis in terms of effective stresses. In practice 

can be inferred from SRA (seismic response analysis) in terms of total stresses or from the simplified 

procedures prescribed by technical codes. Italian Building Code recommends assuming amax = SSST 

amax,R where amax,R = peak ground acceleration for a given site and a given return period (Type A soil). 

SS and ST = stratigraphic and topographic amplification factors respectively, which depend on soil 

type and topography. In absence of specific SRA, type D soil should be considered. Moreover: 

 

𝑟𝑑 = exp[𝛼(𝑧) + 𝛽(𝑧) 𝑀] 
 

This shear stress reduction factor accounts for soil flexibility. 

 

𝛼(𝑧) = −1.012 − 1.126 sin (
𝑧

11.73
+ 5.133) 

 

𝛽(𝑧) = 0.106 + 0.118 sin (
𝑧

11.28
+ 5.142) 

 

M = Magnitude. 

 

The soil’s cyclic strength (CRR) depends on number of cycles of a given amplitude. In other words, 

it depends on earthquake duration, i.e. earthquake Magnitude. This is accounted for by the MSF 

(magnitude scale factor). Moreover, an increase of the mean normal stress inhibits the dilatancy. This 

aspect, relevant for very high stresses, is accounted for by the K factor. 

 

𝐾𝜎 = 1 − 𝐶𝜎 ln (
𝜎𝑣

′

𝑝𝑎𝑡𝑚
) ≤ 1.1 

 

𝐶𝜎 =
1

37.3 − 8.27(𝑞𝑐1𝑁)0.264
≤ 0.3 

 

Where: 

 

𝑞𝑐1𝑁 = 𝐶𝑁
𝑞𝑐

𝑝𝑎𝑡𝑚
   𝐶𝑁 = (

𝑝𝑎𝑡𝑚

𝜎𝑣
′ )

𝑚

≤ 1.7  𝑚 = 1.338 − 0.249 𝑞𝑐1𝑁 

 

Moreover: 

 

𝑀𝑆𝐹 = −0.058 + 6.9 exp(−𝑀 4⁄ ) ≤ 1.8 

 

Therefore, the computation of K involves an iterative procedure. 

In the approach proposed by Juang et al. (2006) the soil classification index (Ic) is a variant of the soil 

behavior type index defined by Roberston (1990) and after by Robertson and Wride (1998). 

 

𝐼𝑐(𝐽𝑢𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. , 2006) = {[3.47 − log10 𝑞𝑐1𝑁]2 + [1.22 + log 𝐹]2}0.5  

 

𝐹 = (
𝑓𝑠

𝑞𝑐−𝜎𝑣0
) 100   Note: here fs is the corrected value (see section 5.3) 
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Fine content (FC) is accounted based on the previously defined soil classification index (Ic) and on 

the definition of qc1N,m, which is the “stress-normalized cone tip resistance qc1N adjusted for the effect 

of fines on liquefaction”, as follows: 

 

𝑞𝑐1𝑁,𝑚 = 𝐾𝑞𝑐1𝑁  

 

The adjustment factor K is part of the regression model (Juang et al., 2006) and is expressed as: 

 

𝐾 = 1       for  𝐼𝑐 < 1.64 

 

𝐾 = 1 + 80.06(𝐼𝑐 − 1.64)(𝑞𝑐1𝑁)−1.2194  for  1.64 ≤ 𝐼𝑐 ≤ 2.38 

 

𝐾 = 1 + 59.24(𝑞𝑐1𝑁)−1.2194    for  𝐼𝑐 > 2.38 

 

The above Ic is that computed according to the procedure proposed by Juang et al., 2006. 

According to published empirical equations (Lunne et al., 1997; Baez et al., 2000), Ic = 1.64 

corresponds approximately to a fines content (FC) of 5%, and Ic=2.38 corresponds approximately to 

FC=35%. Thus, the three classes of liquefaction boundary curves are consistent with the commonly 

defined classes of boundary curves, namely, FC<5%, 5% FC35% and FC>35% (Seed et al., 1985; 

Andrus and Stokoe, 2000). 

 

The cut-off Ic parameter can be user defined. The default value is 2.6. 

 

The cyclic resistance ratio is computed as follows: 

 

𝐶𝑅𝑅 = exp [−2.9439 + 0.000309(𝑞𝑐1𝑁,𝑚)
1.8

]  

 

The safety factor is then computed as follows: 

 

𝐹𝑆𝐿 = 𝑀𝑆𝐹 𝐾𝜎  
𝐶𝑅𝑅

𝐶𝑆𝑅
 

 

The final output consists of: 

 
- a profile of the safety factor against liquefaction and an estimate of LPI, as shown in Figure 15 in 

section 4.1.1.  

- an output file as follows: 

 

• filename_mech_liq_output.csv – such a file consists of 17 columns: 

- column 1: z, depth [m] 

- column 2: qc, tip resistance [MPa] 

- column 3: fs, sleeve friction [kPa] 

- column 4: corrected fs, corrected sleeve friction [kPa] 

- column 5: Total geostatic vertical stress [kPa] 

- column 6: Effective geostatic vertical stress [kPa] 

- column 7: Q, normalized tip resistance [-] 

- column 8: Ic (Roberston, 1990), classification index 

- column 9: corrected Ic, corrected classification index 

- column 10: equivalent SBTn class (using the Schmertmann Classification Chart) 
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- column 11: SBTn (Robertson, 1990) 

- column 12: qc1N (Juang et al., 2006) 

- column 13: qc1N,m (Juang et al., 2006) 

- column 14: CRR7.5 (Juang et al, 2006) 

- column 15: CSR (Juang et al., 2006) 

- column 16: FSL (Juang et al., 2006) 

- column 17: cumulative LPI (Juang et al., 2006) 
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7 ANNEXES: 

7.1 VERIFICATION OF EMPIRICAL EQUATIONS FOR OCR 

In literature, many empirical or semi-empirical correlations are available for the estimation of the 

value of the pre-consolidation stress, and therefore the over consolidation ratio. In the present chapter, 

the following relationships have been taken into account: 

 

for Intact Clays (SBTn classes: 1,2,3,4,9): 

 

- Mayne et al., 1995:  𝜎𝑃
′ = 0.33 (𝑞𝑡 − 𝜎𝑣0) 

- Chen & Mayne, 1996:  𝜎𝑃
′ = 0.53 (𝑢2 − 𝑢0) 

- Mayne, 2005: 𝜎𝑃
′ = 0.60 (𝑞𝑡 − 𝑢2) 

for Sands (SBTn classes: 5, 6, 7, 8), Mayne (2005):   

𝑂𝐶𝑅 =  

[
 
 
 0.192 (

𝑞𝑡

𝜎𝑎𝑡𝑚
)
0.22

(1 − sin𝜑′) (
𝜎𝑣0

′

𝜎𝑎𝑡𝑚
)
0.31

]
 
 
 
(

1
sin𝜑′−0.27

)

 

for all intact materials (Mayne, 2007): 

 

 𝜎𝑃
′ = 0.101 𝜎𝑎𝑡𝑚

0.102𝐺0
0.478(𝜎𝑣0

′ )0.420 ; 

 

Where G0 is (Robertson P.K.,2009a): 

 

 𝐺0 = (𝑞𝑡 − 𝜎𝑣0) ∙ 0.0188 ∙ 100.55𝐼𝑐+1.68 

 

The CPTu tests (16) have been carried out in Pisa (Italy) in the “Porta a Mare” district. The subsoil 

of Pisa belongs to the alluvial (Holocene-Pleistocene) deposits of the Arno River. The first 60 m are 

characterised by the following profile (Lo Presti et al., 2003): 

- Horizon A: upper variable deposits from 3 to 10 meters, consists of silt, clay and sand of 

various thickness. The main characteristic of this horizon is that the sediments have been 

deposit in an estuarine environment, in salty water 

- Horizon B: clayey deposits from 10 to 40 m, subdivided in four sub-layers 

- High plasticity marine clay. It is a soft sensitive clay called Pancone clay 

- Intermediate clay and sand layers, similar to the deposit of Horizon A 

- Soft clay similar to Pancone  

- Horizon C: lower sand deposits from 40 to 60 m, consists of eolian sands with inter-layers of 

silt and clay 

The CPTu tests have been carried up to a depth of 35 meters. The subsoil is characterised by a first 

layer of sandy silt from 1 to 3 meters, a second layer of silty clay from 3 to 5 meters and a third layer 

of clay from 5 to 7 meters. Below this layer sand is present from 6.8 m to 7.8 meters (Grey sands).  

As far as the first 3 m is concerned, the subsoil is characterised by a first layer of sandy silt and a 

second layer of silty clay lying upon the clay layers of Horizon A. 

The following figures show the results related to the correlations adopted to interpret CPTu data 

obtained in Pisa from 16 tests. Figure 25 shows the typical effective stress and overconsolidation ratio 

trend in the Pisa area. In particular, the figure is related to the studies made on the subsoil of Pisa 

Tower (Lo Presti et al., 2003). Figure 26 and Figure 27 show the OCR profile obtained with the 

analysed correlations.  
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The correct overall OCR trend is reproduced from all the correlations taken into account, but the most 

suitable and stable correlation seems to be the Mayne (2007), applicable to all intact materials and 

depending on the estimation of the small-strain shear modulus 𝐺0. 

 

 

 
Figure 25: Effective stress and overconsolidation ratio profiles of the soils underlying the Pisa Tower (Lo Presti et al., 2003) 
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Figure 26: OCR valuation with Mayne (2007) and Chen & Mayne (1996) correlations. 

 
Figure 27:OCR valuation with Mayne (1995) and Mayne (2005) correlations. 
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Abstract  
 

Seismic tests consist in the measurement of propagation velocity of body or surface 

waves into the subsoil or at the contact soil/air or soil/water. Surface waves are dispersive by 

nature and propagate along the contact surface of two media having very different properties. 

Surface waves velocities can be measured at ground surface or at the sea floor. Body wave 

velocities are measured in hole and therefore require a single or multiple holes. A cost 

effective way of conducting such a test is to push into the soil the receivers as in the case of 

Seismic CPT (SCPT) or Seismic DMT (SDMT). Measurements require a source, single or 

multiple receivers, trigger and data acquisition system. This KN paper gives some details 

about testing procedures and focuses on the practical use of seismic measurements in Civil 

Engineering. More specifically, the following applications are considered: assessment of 

seismic action at a given site, definition of impedance function for dynamic soil-structure 

interaction, in situ assessment of damping ratio. A comparative case that was conducted at the 

University of Pavia campus, is shown. 

1 

Keywords: Seismic tests, seismic actions, Eurocode, impedance functions, damping 
ratio.  
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2 

1 INTRODUCTION 

It is well known that the analysis of the complex dynamic soil-foundation-

superstructure interaction can be simplified studying separately [1]: 

1. the free-field response; 

2. the kinematic interaction; 

3. the inertial interaction. 

The first step provides an estimate of the seismic motion variation during the 

propagation of the seismic waves from the bedrock to the ground surface, in terms of 

amplitude and frequency content, due to the presence of a weaker overlaying soil deposit. 

Such an analysis neglects the influence of both the foundation and the superstructure and only 

requires the wave velocity profile and the soil parameters (according to the selected 

constitutive model). The other two steps also require the foundation impedance functions. 

It is worth noticing that free – field seismic response analyses are also used for seismic 

microzonation studies. 



 

2 

In any case, assessment of the soil volume which is relevant for the study problem and 

the velocity – wave profile within such a soil volume are fundamental. In the following, the 

measurement methods are shown as well as the parameters that can be obtained from the 

seismic measurements, in the light of Eurocode 8 prescriptions. The paper also shows a 

comparative study case of seismic measurements that were conducted in the campus of the 

University of Pavia, Italy. 

 

2 METHODS FOR SEISMIC TESTS AND PARAMETER ASSESSMENT 

Seismic tests are conventionally classified into borehole (invasive) and surface (non-

invasive) methods. They are based on the propagation of body waves [compression (P) and/or 

shear (S)] and surface waves [Rayleigh (R)], which are associated to very small strain levels 

(i.e. less than 0.001 %) [2]. Assuming a linear elastic response, the following relationships 

allow to compute the small-strain deformation characteristics of the soil from the measured 

body wave phase velocities: 

2

so VG   (1) 

2

po VM   (2) 

)VV(/)VV( spsp
2222 22   (3) 

where: oo MG , = small strain shear and constrained modulus respectively;  = mass density; 

ps VV ,  = velocity of shear and compression waves respectively;  = Poisson ratio. 

The above relationships hold for elastic isotropic media. Moreover, in the case of 

saturated porous media the measured P wave velocity corresponds to the compression wave of 

the first kind [3-4] that is strongly influenced by the pore fluid. In this case the above 

equations are no longer valid and must be replaced with the corresponding ones of 

poroelasticity theory. 

Seismic tests may also be used to determine the material damping ratio by measuring 

the spatial attenuation of body or surface waves: 

f
VDo 


2

   %)D( o 10  (4) 

where oD = small-strain material damping ratio; , V = attenuation coefficient and 

velocity, respectively, of P, S or R waves and f = frequency. 

Material damping measurements are difficult because they require accurate 

measurements of seismic wave amplitude and accurate accounting of the effects of geometric 

(radiation) attenuation [5]. 

Even at strains less than the linear threshold strain, soils have the capability not only of 

storing strain energy (elastic behaviour) but also of dissipating it over a finite period of time 

(viscous behaviour) [6]. This type of behaviour can accurately be modelled by the theory of 

linear viscoelasticity. An important result predicted by this theory is that soil stiffness and 

material damping are not two independent parameters, but they are coupled due to the 

phenomenon of material dispersion [7]. 

Lai and Rix (1998) [8], Lai et al. (2001) [9], Rix et al. (2001) [10] and Lai et al. (2002) 

[11] developed implies rigorous approaches for a simultaneous estimate of the velocity of 

propagation of seismic waves and material damping ratio. 
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2.1 Borehole Methods  

The most widely used borehole methods in geotechnical engineering are Cross Hole 

(CH), Down Hole (DH), Suspension PS logging (PS) [12] tests. Strictly speaking, the Seismic 

Cone (SCPT) and Seismic Dilatometer (SDMT) tests are not borehole methods, but they are 

based on the same principle. Their popularity is due to the conceptual simplicity. The 

measurement of the travel time of P and/or S waves, travelling between a source and one or 

more receivers is determined from the first arrival of each type of wave. Current practice of 

borehole methods is covered by many comprehensive works [1; 13-17]. In the following, only 

some aspects of the borehole methods are briefly summarized. In particular, the focus is 

placed on emphasising the importance of respecting these testing procedures: 

- good mechanical coupling between receiver, borehole casing (if used) and surrounding 

soil must be guaranteed. A distinct advantage of the SCPT and SDMT is that good coupling is 

virtually assured. With conventional cased and grouted boreholes, good coupling is less 

certain and, more importantly, is difficult to verify. The need for good coupling is particularly 

important for attenuation measurements, which require accurate amplitude data; 

- a check of the borehole verticality with an inclinometer is also highly recommended in 

order to determine accurately the length of wave travel path in CH tests; 

- it is important to generate repeatable waveforms with the desired polarity and 

directivity. This allows receivers to be oriented in such a way to optimise the measurement of 

a particular wave type, the use of reversal polarity to make the identification of wave arrivals 

easier, and measurements along different directions to infer structural and stress-induced 

anisotropy as explained below; 

- in down-hole measurement, the use of two of receivers located at a fixed distance 

apart [18] can increase the accuracy and the resolution because the true interval method for 

data interpretation can be implemented; 

- dedicated portable dynamic signal analysers and computer-based data acquisition 

systems allow more sophisticated data processing methods. Thanks to these enhancements, it 

is now possible to routinely use cross correlation (time domain) or cross power spectrum 

(frequency domain) techniques to estimate travel times instead of subjective identification of 

the first arrivals in the time histories. In addition, as multi-channel data acquisition systems 

become more common, the logical extension will be to use arrays of receivers and array-based 

signal processing (seismic tomography). 

Generally, the shear wave velocity profiles inferred from various borehole tests are in 

good agreement (see the example in Figure 1). However, SCPTs generally provide values of 

the shear wave velocity slightly larger than those inferred from down-hole or cross-hole tests. 
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Figure 1 Shear wave velocity in Po river sand [19] 

Some researchers stated that the differences between the velocities that were inferred 

from CH and DH tests could be attributed to soil heterogeneity and anisotropy. The following 

considerations explain why anisotropy cannot be responsible for these differences. In CH 

tests, S waves propagate in the horizontal direction with vertical particle motion )S( hv . This 

type of wave is generated by conventional mechanical source. Use of electromagnetic source 

(which is not usual) can generate waves that are polarized in the horizontal plane )( hhS . In 

DH tests, propagation of the S wave is sub vertical with horizontal particle motion )S( vh . In a 

continuous medium, the vh
sV  and hv

sV  shear wave velocities are the same and a unique value 

of the shear modulus )GG( hvvh   is expected. Figure 2 shows that vh
sV = hv

sV  (i.e. hvvh GG  ) in 

the case of laboratory tests on reconstituted sample of Fujinomori clay [20]. Measurements of 

the propagation velocity vhS  and hvS  waves were performed by means of Bender Elements 

(BE). Similar results were obtained in the case of reconstituted sands by Stokoe et al. 

(1991)[21], Lo Presti & O' Neill (1991)[22] and Bellotti et al. (1996)[23]. Hence, different 

values of shear wave velocity from CH and DH tests are most likely due to soil heterogeneity, 

different volume of soil that was interested by the ray paths, as well as intrinsic scatter of 

experimental measurements [14]. 
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Figure 2 vh
sV  and hv

sV  measured with BE during drained CLTX test on Fujinomori clay 

 

 

Figure 3 Small strain stiffness anisotropy: field versus laboratory data (modified after 

[23]) 

The assessment in situ of inherent and stress induced elastic anisotropy is possible by 

measuring the velocity of propagation of both hvS  and hhS  waves in CH tests [24-26]. hhS  

waves. propagate in the horizontal direction with particle motion polarized in the 

complementary horizontal direction. This additional information enables the evaluation of the 

vhhh G/G  ratio, which is a function of inherent and stress-induced anisotropy. Figure 3 

summarises some field and calibration chamber data. Figure 3 indicates that, for the 

considered granular soils, the inherent anisotropy (inferred at 1cK ) causes a 20% to 25% 

increase in hhG  over vhG . The influence of stress induced anisotropy is apparent for other 

values of cK . 

Efforts have been done to inferring the small-strain damping ratio, oD  from borehole 

tests. The current methods are based on measures of the spatial attenuation between two or 

more receivers. The most widely used methods include: 
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a) The spectral ratio method [27][28] is based on the following assumptions which 

hold only in the far field: i) the amplitude of the body waves decreases in 

proportion to 
1r , where r is the distance from the source, due to geometric 

attenuation and ii) the soil-receiver transfer function can be considered identical for 

both receivers. Based on the above assumptions, the damping ratio can be 

computed by means of the following equation: 

 

                  
)f(

r)f(A/r)f(Aln)f(D





2211
                                          (5)  

where: r1 and r2 are the distances from the source of a pair of receivers, 

)( and )( 21 fAfA  are the amplitude spectra at the two receivers and )f(  is the phase 

difference between the two receivers. 

 

b) The spectral slope method, originally developed for downhole measurements [29] 

[30] differs from the spectral ratio method because it assumes that material 

damping is frequency independent and that it is not necessary to define the law for 

geometric attenuation. The attenuation constant, defined as the ratio of attenuation 

coefficient to frequency f/k  , represents the spectral slope, i.e. the slope of 

the spectral ratio vs. frequency curve: 

                   
  

)rr(f
)f(A/)f(Alnk

12

21




                                         (6) 

therefore the material damping can be computed using the following expression: 

                   
)f(tf

)f(A/)f(Aln)f(D





2
21                                         (7) 

Both methods require signal processing prior to interpretation to isolate direct arrivals 

and frequency ranges. They provide damping values in the bandpass range of the filter. 

Khawaja (1993) [31] and Fuhriman (1993) [28] recommend performing crosshole tests 

with four boreholes, in order to obtain stable values of damping with the spectral ratio 

method. They suggested placing the source in the outer boreholes, in order to propagate 

waves in both forward and reverse directions, and the receivers in the two central boreholes. 

The spectral ratio method with combined directions provides stable values of damping and 

avoids the extreme case of negative damping values [32]. The main concerns with the 

application of these methods is the accuracy in measuring wave attenuation. Use of combined 

directions and of a maximum distance (source – receiver) of about 8 m should compensate the 

low repeatability of geophones in terms of amplitude. On the other hand the use of calibrated 

accelerometers should be preferable especially in the case of short distances between 

receivers. Campanella & Stewart (1990) [32] studied the applicability of the above methods to 

the downhole SCPT's. They found that the spectral slope method provides more realistic 

values of material damping. However, in downhole tests, wave amplitudes are also affected 

by reflection/transmission phenomena at the interfaces between layers and by ray path 

divergence: these phenomena make more complicate the interpretation of the particle motion 

amplitude. 

Examples of damping measurements with the spectral ratio and spectral slope methods 

for reconstituted Ticino sand can be found in Puci & Lo Presti, (1998) [33]. The results are 

from seismic tests, performed with miniature geophones embedded in large-size calibration 
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chamber specimens. Figure 4 [33] compares the damping ratio values obtained in the case of 

reconstituted Ticino sand from laboratory tests (RCT) and those inferred from the spectral 

ratio and spectral slope methods applied to calibration chamber seismic tests. In this very 

controlled experiment, the seismic methods yield values of the material damping ratio that 

generally agree with laboratory values. Measured damping ratios are plotted vs. the 

corresponding consolidation stresses which have a great influence on the results. 

Other approaches to measure the material damping ratio include the rise time method, 

based on the experimental evidence that a seismic wave signal broaden with distance because 

of material damping, and the waveform matching method. However, at the present time, none 

of the available borehole methods to measure material damping ratio appears to be robust 

enough for routine use in geotechnical engineering practice. 
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Figure 4 Damping ratio from laboratory and geophysical seismic tests on reconstituted 

sands [33]. 

 

2.2 Surface Methods 

Surface methods are non-invasive field techniques that are executed from the ground 

surface of a soil deposit or from the sea floor, hence they do not require drilling of boreholes 

or insertion of probes. They include seismic refraction, high-resolution reflection and surface 

wave methods. Seismic refraction and reflection methods are not widely used for near-surface 

site characterisation, particularly for S-wave velocity profiling. This is partially due to the fact 

that there are situations (stiffer-over-softer layers; hidden layers) where the seismic refraction 

method cannot be reliably applied [34]. High-resolution reflection, on the other hand, does not 

suffer such limitations, however it requires very intensive data processing. 

Advantages of surface methods are mainly related to their non-invasive nature. They are 

more economical and can be performed more rapidly than borehole methods. Furthermore, in 

sites like solid waste disposals and landfills, due to environmental concerns, surface methods 

can be the only choice for geotechnical investigations. Another peculiar aspect of surface 

methods is related to the volume of soil involved in the test, which is much larger than in 

borehole methods. As a result, surface methods are particularly useful if the average 

properties of a soil deposit are to be assessed as in the case of ground response analyses. 

In the following, the discussion on surface methods will focus exclusively on Rayleigh 

wave methods mainly because of their relevance in near-surface site characterization. 
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It is well known that, in the case of an elastic isotropic medium, the shear wave and 

Rayleigh wave velocities are correlated as follows, depending on the Poisson ratio: 

 

      sR V..V







1

1418620
                                               (8) 

     

Early surface wave methods employed laborious field procedures to measure the 

dispersion curve (i.e. a plot of Rayleigh phase velocity vs. frequency) and crude inversion 

techniques to obtain the S-wave profile from the experimental dispersion curve [35]. Stokoe 

and his co-workers (i.e. [36][37]) re-invented engineering surface wave testing by taking 

advantage of portable dynamic signal analysers, to efficiently measure the dispersion curve, 

and of the widespread availability of high-speed computers, to implement theoretically-based 

robust inversion algorithms. Actually, the Spectral Analysis of Surface Waves (SASW) 

method was replaced by the Multichannel Analysis of Surface Waves (MASW) which uses an 

array of geophones instead of only two. MASW method uses either impulsive sources such as 

hammers, steady-state sources like vertically oscillating hydraulic or electro-mechanical 

vibrators that sweep through a pre-selected range of frequencies, typically between 5 and 200 

Hz [38], as well as passive source [39-41]. R-waves are detected by a geophone array. 

Usually 24 geophones with an inter - geophone distance X in between 1.5 and 5 m are used 

(Figure 5). The source can be external (Figure 5) or internal to the geophone array. Different 

impulse, with different frequency content, can be generated in order to sample different 

subsoil depths. The signals at the receivers are digitised and recorded by a dynamic signal 

analyser.  

The use of a multi-station testing setup can introduce several advantages in surface 

wave testing. In this case, the motion generated by an impact source is detected 

simultaneously at several receiver locations and the corresponding signals are analysed as a 

whole (i.e. in both the time and space domains) using a double Fourier Transform. It can be 

shown [42] that the composite dispersion curve can be easily extracted from the location of 

the spectral maxima in the frequency-wavenumber domain in which the original data are 

transformed. Using this technique, the evaluation of the experimental dispersion curve 

becomes straightforward; furthermore, the procedure can be easily automated [43].  

The experimental dispersion curve is used to obtain the shear wave velocity profile via a 

process called inversion. A theoretical dispersion curve is calculated for an assumed vertically 

heterogeneous layered soil profile using one of several available algorithms [44-49]. The 

theoretical dispersion curve is then compared with the corresponding experimental curve and 

the “distance” between the two curves is used as a basis of an iterative process consisting of 

updating the current soil profile until the match between the two curves is considered 

satisfactory. The soil profile may be updated manually by trial and error or using an 

automated minimisation scheme based on an unconstrained or constrained inversion 

algorithm [8]. When a satisfactory agreement between theoretical and experimental dispersion 

curves is attained (Figure 6a), the final shear wave velocity profile (Figure 6b) is taken as 

representative of the site conditions. 
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Figure 5 MASW configuration 
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Figure 6a Theoretical and experimental dispersion curve 
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Figure 6b Shear wave velocity profile 

 

For a successful application of MASW testing, it is recommended to observe the 

following guidelines: 

 in choosing the relative spacing between source and receivers, attention should be 

placed to minimize near-field effects and spatial aliasing. In this context, the near-

field is defined as a region close to the source where the magnitude of the body 

wave components of the wave field are of comparable magnitude to the surface 
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wave components. Efforts should be made to eliminate or minimize near-field 

effects unless they are explicitly accounted for during the inversion process 

[50][51]. In normally dispersive media, the body wave field is significant until D/ 

exceeds about 0.5, hence the nearest receiver should be located at least one-half 

wavelength from the source: 

                           2/D   (9) 

This recommendation is consistent with other studies of the influence of near-field 

effects, but more strict requirements are necessary for inversely dispersive 

stratigraphies [52][40]. It is also important to limit the distance between receivers 

to avoid spatial aliasing, a simple criterion is given by: 

                          2/X   (10) 

 the length of the receiver array must be sufficiently large, if the stiffness profile at 

great depth has to be estimated. A rule of thumb is that the survey length must be as 

long as about 3 times the maximum depth of interest. This requirement may not be 

compatible with the space available at the site. Moreover, massive sources are 

needed to get good quality signals with long testing arrays, causing an increase of 

testing time and cost; 

 it is important to account for multiple modes of surface wave propagation, 

especially in irregular, inversely dispersive soil profiles [53][40]. Currently several 

approaches are used to account for multiple modes. Individual, modal dispersion 

curves can be calculated and compared with the experimental dispersion curve 

during the inversion process. Unfortunately, the use of only two receivers in the 

traditional SASW method prohibits resolving individual modes in the experimental 

dispersion curve; only the effective velocity representing the combination of 

several modes can be determined. Also using a multi-station approach the 

individual modes cannot be separated if a relatively short receiver array is used, as 

required by engineering practice [54]. Thus, it must be assumed that the 

experimental curve represents an individual mode, usually the fundamental mode. 

This approach is satisfactory only in normally dispersive profiles. Another 

approach is to calculate the effective velocity directly and use it as the basis of the 

inversion. Lai and Rix  (1998)[8] have developed an efficient procedure based on 

the normal mode solution to calculate the effective velocity as well as closed-form 

partial derivatives required for inversion. Finally, it is possible to numerically 

simulate the SASW test using Green’s functions that calculate the complete wave 

field [50]. This approach is computationally expensive, in part because the partial 

derivatives must be calculated numerically, but it accurately models the actual field 

procedure used in SASW tests; 

 for the inversion of the experimental dispersion curve, it is essential to use 

theoretically-based inversion algorithms. Prior to the widespread availability of 

high-speed computers, simple empirical inversion techniques were used. 

Furthermore, in recent years, there have been attempts to develop simple methods 

based on parametric studies and regression equations. These methods have limited 

usefulness and are likely to yield erroneous results. It is remarked that the rapidly 

increasing power of personal computers makes it possible to use theoretically-based 

inversion methods routinely; 

 the non-linear inversion of the experimental dispersion curve is inherently ill-posed 

with the consequence that the solution (i.e. the S-wave profile) is not unique. This 
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problem can be overcome with the recourse of two strategies [8]. First, a priori 

information about the soil profile can be used to limit the range of possible 

solutions. Second, additional constraints such as smoothness and regularity (e.g. 

[55]) may be imposed on the solution. 

 

3 ENGINEERING PARAMETERS 

Soil parameters for Civil Engineering applications are mainly (Vs)30 and impedance 

functions. The (Vs)30 parameter was suggested by Ordaz and Arciniegas in 1992 [56] to 

account for stratigraphic amplification. Many Technical Codes, including Eurocodes adopt 

such a parameter to define the response spectrum (i.e. seismic action) at the soil – deposit 

outcrop, in a simplified way. Such an approach is applicable in the case of simplified 

stratigraphic profiles. Eurocode 8 part 1, defines two shapes of the response spectrum (low 

and moderate seismicity) at rock outcrop (reference spectra – class A). Moreover, Eurocode 8 

defines four classes (B C, D, E) in terms of simplified stratigraphic profiles and of (Vs)30 

range. Different shapes of the response spectra and different amplification factors (S) are 

prescribed for these classes of seismic subsoil. Eurocode 8 also adopts an importance factor 

but does not consider simplified approaches to account for topographic amplification. 

The Italian Building Code [57] (NTC 2008) represents the Italian implementation of 

Eurocodes. Some peculiarities are worth noticing. 

The response spectra are defined, for each prescribed exceedance probability within a 

reference period (i.e. for a given return period), starting from site-dependent parameters. 

In particular, the reference period is inferred from the life-time and importance of the 

considered construction/structure, while the return period is obtained by the following 

equation: 

             L

R
R pln

PT



1

                                                  (11) 

 

Where PR is the reference period and pL is the exceedance probability. 

Therefore, such a procedure implicitly incorporates an importance factor. 

The site-dependent parameters are listed below and were obtained at the nodes of a square 

grid of 0.05° size, covering the whole Italian territory. The seismic hazard parameters were 

obtained by using a probabilistic approach: 

 ag = maximum free-field acceleration for a given return period and for a rigid 

reference site, with horizontal topographical surface; 

 F0 = maximum spectral amplification factor for a rigid reference site, with horizontal 

topographical surface (the minimum value for F0 is 2.2); 

 TC* = is used to determine the period above which the spectral velocity is constant. 

The elastic response spectrum shape is then defined according to the following expressions: 

















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0

0             BTT 0  (12a) 

 

0FSa)T(S ge      CB TTT   (12b) 
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







20 T
TTFSa)T(S DC

ge    TTD   (12d) 

 

Where S (=SS x ST) is the result of the product among two coefficients that take into 

account for the subsoil site class (SS coefficient – stratigraphic amplification) and for the 

topographic conditions (ST coefficient – topographic amplification); TC (=TC* x CC) is the 

corrected period at which the spectral acceleration initiates to decrease and above which the 

spectral velocity is constant. The corrected period is obtained as the product between TC* and 

the coefficient CC (CC depends on the subsoil site class), TB (=TC/3) is the period above which 

the spectral acceleration is constant and TD (= 4.0 x ag +1.6) is the period above which the 

spectral displacement is constant.  

The ST coefficient can assume values of 1.0 – 1.2 – 1,4. The SS coefficient is computed 

according to equations of the following type: 

 

214041 0 .aF..S gS                             (13) 

(for class B subsoil. Different numerical coefficients and upper limit are prescribed for 

different soil classes). 

The subsoil classes (Table 1) are identified on the basis of the a simplified profile and of 

the parameter Vs30, that is computed in the following way. 




i,s

i
s

V
hV 30

30                                                   (14) 

Where hi and Vs,i are respectively the thickness of the generic sub-layer i and the 

corresponding shear wave velocity. 

 

Table. 1 Subsoil site classes according to the Italian Building Code (NTC 2008) [57] 

Site Class Vs30[m/s] 

A Vs30  800 

B 360  Vs30 < 800 

C 180  Vs30 < 360 

D Vs30 < 180 

E Subsoil of class C or D with thickness 5- 20 m, overlying class A bedrock 

 

The simplified procedure is not applicable in the case of complex stratigraphic profiles 

or irregular topographic conditions. 

In these cases, the response spectrum is inferred from seismic response analyses which 

require the knowledge of the shear wave velocity profile, as well as the dynamic 

characteristics of the subsoil (at least shear modulus and damping ratio). In addition an 

appropriate selection of accelerograms on rock outcrop is necessary (see as an example [58] 

and [59]). 

The impedance is defined as the ratio between the harmonic excitation (force/moment) 

to the resulting displacement/rotation. As force and displacement are not in phase, the 

impedance is a complex expression depending on frequency. For a massless single degree of 

freedom system the impedance can be written in the following way: 

 

   cik)(K                                         (15) 

 

Where:  = circular frequency; c = viscosity coefficient. 
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In practice the problem reduces to the definition of the real (static) part. More generally, 

a 6x6 impedance matrix should be defined in order to account for different types of motion 

(vertical translation, torsion, sliding/rocking). 

The problem can be simplified in the following way: 

 neglect the embedment i.e. the sidewall contact [60]; 

 neglect the so called trench effect [60]; 

 assume a circular foundation of equivalent perimeter and radius (R). 

Therefore the vertical stiffness is given by the following equation: 

 

 
)(
RGkv 



1

4
                                                   (16) 

Where: G = shear modulus; R = equivalent radius of the foundation;  = Poisson ratio 

(assume 0.2). 

The shear modulus can be inferred from the average shear wave velocity of the soil 

volume relevant for the considered problem. As for the non – linearity it could be possible to 

refer to Eurocode 8 part 5: 

 
2

so VG     oG/G  0.8 – 0.5 – 0.35  

    when respectively ag = 0.1 – 0.2 – 0.3               (17) 

 

More accurate estimate of impedance can be obtained by referring to the Gazetas (1983) 

[60] recommendations. In any case an estimate of the static stiffness is necessary (i.e. of shear 

wave velocity from seismic in situ tests). 

 

4 COMPARATIVE STUDY - CASE OF SEISMIC MEASUREMENTS 

On February 2017 SCPT were conducted at the campus of the University of Pavia. At 

the same location Down – Hole test (DH) was performed inside a borehole. P and S wave 

measurements from these two types of tests were compared. Moreover SCPT measurements 

were used to obtain the small strain damping ratio. 

According to the borehole stratigraphic log, the first 3 meters consist of man – made 

soil of various nature (very hard and coarse material). The natural deposit consists of a 

sequence of sands with different percentages of silt and gravel. Ground water table was 

located at 12.2 m depth from ground level. 

SCPT were performed by means of a Pagani TG63 – 200 penetrometer. As for the first 

3 meters, a preliminary dynamic penetration was carried out (a sort of pre-boring). 

Two different types of source were used for SCPT: 

 a sledgehammer of 10 kg with a special anvil (drop height of about 1.8 m) 

 a manual hammer of 5 kg. This hammer was used to hit the aluminium blocks 

from right or left. The blocks were kept well in contact to the soil by the 

penetrometer - legs. 

In principle, the first type of source mainly produced PV and SV waves while the 

second type of source manly produced PV and SH waves. In any case, the generated wave 

field is usually quite complex. 

The seismic module of SCPT was equipped with a pair of triaxial accelerometers. The 

relative distance between the accelerometers was 0.5 m. Therefore, two waveforms were 

recorded for each hit by the data acquisition system. Test interpretation was carried out by 

means of the cross-correlation method. In other words, the travel time between the two 
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accelerometers was computed from the time delay which maximised the cross – correlation 

function between the two recorded waveforms. Butterworth filters were applied only to the 

shear wave signals. 

 

 

Figure 7 SCPT set-up at the University of Pavia campus. A) Pagani TG63 – 200 

penetrometer; B) manual hammer of 5 kg hitting the aluminium blocks; C) sledgehammer. 

 

A 3D geophone pack was used for DH test together with a manual hammer. First arrival 

time of P and S wave was obtained by manual pick-up on the dromocrome plot. 

 

Figure 8 Waveform records (SCPT at Pavia site): a) sledge –hammer; b) manual 

hammer 

Figure 8 shows typical examples of recorded waveforms (SCPT). Figure 8a shows the 

simultaneous measurements of the two accelerometers. In this case the sledge hammer was 

used as source. Figure 8b instead shows the waveform recorded by a single accelerometer 

when the manual hammer is used as source. In this case the polarity inversion of shear wave 

is shown. 
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Figure 9 SV vs. SH 

Figure 9 compares the shear wave velocities obtained, at the same depth, by using 

different sources (sledge hammer and manual hammer). The values are comparable and 

suggest that, for the considered case, the effects of anisotropy are negligible. Indeed it was 

postulated that by using the sledgehammer SV are generated, while the manual hammer 

mainly generates SH. 

The measured S and P wave velocities are compared in Figure 10a. Figure 11 shows the 

dromocrome from DH and SCPT. The comparison has been done for depths in between 3 and 

16 m. Indeed it was not possible to measure P wave at greater depths by SCPT because of the 

too low signal to noise ratio. 

Figures 10 and 11 can be commented as follows: 

 Vs from the two types of measurements are comparable; 

 Vp are also comparable; 

 Vp (from both SCPT and DH) increase for depth greater than 11 m (i.e. below 

the water table depth) and remains quite constant with values ranging in between 

1700 – 1900 m/s. It could be argued that, at depth greater than 11 m, the P wave 

velocity of sound in water was measured. 

 

The spectral slope method was used to determine the small strain damping ratio from 

SCPT. In particular only S wave signals were used. The success of the method mainly 

depended on the following experimental aspects: 

 a single hit for generating the two signals; 

 use of accelerometers, instead of geophones, with an increased repetitiveness of signal 

amplitude measurement. 
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Figure 10 a) P and S wave velocities (SCPT ad Down-Hole data) and b) Damping ratios 

(SCPT data) at the University of Pavia campus 

 

 

Figure 11a Dromocrome (DH) 
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Figure 11b Dromocrome (SCPT) 

Figures 12a to 12c show the Spectral Ratio (Napierian Logarithm scale) vs. the 

frequency for different frequency intervals. Data shown in Figures 12a to 12c refer to the 

measurements at 9.5 m depth. 

 

 
Figure 12a ln(SR) vs. Frequency (natural frequency interval) 
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Figure 12b ln(SR) vs. frequency (frequency interval corresponding to the maximum Fourier 

Spectrum) 

 

 
Figure 12c ln(SR) vs. frequency (full frequency range) 
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Figure 13 shows the Fourier spectra of the two waveforms. 

 

A damping ratio of 2.1 % was obtained by considering a frequency interval in between 

0 and 15 Hz. Such a frequency interval contains the natural frequency of the tested soil. 

Values of damping ratio ranging in between 2.1 and 4 % were obtained. Higher values of the 

damping ratio were obtained by considering the frequency interval containing the maximum 

of the response spectra. Under these conditions damping ratio values in between 1.3 and 7.9 

% were obtained (see Figure 10b) for the two series of damping values with depth). These 

results suggest that damping ratio values increase with frequency (i.e. Maxwell type 

damping). 

 

 

5 CONCLUDING REMARKS 

The paper reviewed the capabilities of seismic tests in the light of Eurocodes. More 

specifically, the advantages and capabilities of in situ seismic piezocone tests (SCPT) were 

shown in general terms and with specific reference to a comparative experimental study case. 

Experimental results suggest that a lower noise to signal ratio could be obtained by 

using geophones. Indeed, DH tests are carried out by using 3D geophones. Seismic module of 

piezocone could be equipped both with accelerometers and geophones. Obviously, in the case 

of the seismic piezocone small size instruments should be selected. The use of accelerometers 

gives the advantage of repetitive measurements of amplitude which, in turn, offers a better 

interpretation in terms of attenuation. 
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1. Introduction

  



       
      




   






     


    

       
      
     
      
   
        
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
The paper deals with the interpretation of CPTu in unusual soils, such as shallow clayey layers above the water table and loose, 

intermediate - permeability soils (loose silt mixtures).
The paper shows an approach that could be used for the first type of soil to infer the effective vertical stress from CPTu measu-

rements and in particular from the Ic index. The approach has been checked on a very limited amount of experimental evidence. 
Moreover, an empirical correction of the Ic index is provided in order to obtain a more realistic soil profiling of loose silt mixtures. 
The foundation soils of the Serchio River levee system and some dredged sediments, which had been stored in the Port of Livorno, 
have been considered for the second type of soil.
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




  

  
      
      
     


     








       


      
 

  

        



2. Evidence of some profiles of unusual soils


       



        


 





       
   

       





        






        
    





 




    

          



     


3. The MK model

      


 



 
       







 




 











  

 

  
    



  
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     
      


  

   
 



 


  



  



  










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  
        
     


   

   

   
    


4. Reinterpretation of CPTu at Broni



      
 

     
  


 




















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        






       


  





4.1. Cone Penetration tests

        



















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    

  


     


       



      





        

        

        

        

        

        

        

        

        
        

        

        

        

        

        

        

        

        







 
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     
        



    
       

       








      







    






         

         

         

         

         

         

         

         

         

         







 
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





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





       

        








  






      



4.2. Interpretation of CPTu















  

  

  

  

  

  






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

        
   
       
       



 

 






  








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

 












     

  

  




       
        
   



  
        




   
    



     
      







       
  
    





















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
       

   
     
    
  











  








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       
 


    
      
 
        




        



        



5. Specific - empirical calibration of Ic vs. bore-
hole evidence




 


       

    


        



 


         
     


 
 





         


        




       



 
        

 

       





  





      


     







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     




      
     
     
     
     

      
     

      
     
     
     

      
     
     
     

      
     
     
     
     

      
     
     
     
     

      
     
     
     
     
     
     

      
     
     
     

      
     
     
     
     
     
     

      
     
     
     
     
     
     
     
     
     
     

      
     
     
     
     

      
     
     
     
     
     
     




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
  
       
    






  





5.1. The database of the Serchio river levee sys-
tem and Livorno port


  
    

 
    
      

    



    


   
        
   

 



 
 

 















 





      

     

      

      

 


    

      

      

     

     

     

     

     















RIVISTA ITALIANA DI GEOTECNICA

40 LO PRESTI - GIUSTI - COSANTI - SQUEGLIA - PAGANI 


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5.2. Empirical Ic correction
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      



 

     







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 


 <

<



   

<


       
    








 




















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       



 



 










       
     

     



      
   






      





    


       
        








     



  
    


 
       
     

      












      
      







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 



 
    



      
 



       
     






  
 







      





       







         
  


     









Interpretazione di prove CPTu in terreni 
atipici 










































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Abstract  

 

Liquefaction - hazard assessment is often accomplished by means of simplified procedures, 

which are based on CPT. The CPT liquefaction procedures, generally, require cone penetration 

test with electrical tip or the measure of u (CPTu); however, in most countries, as Italy, 

penetrometric tests are carried out with mechanical tip (CPTm). Generally, CPTm leads to an 

estimate of the Liquefaction Potential lower than that inferred from CPTu. Moreover, CPTm 

has a reduced resolution in soil profiling. While the cone – shape effects on qc are not very 

relevant, those on fs can strongly influence the FSL calculation, especially in the case of silty 

sands. Within this framework, the main aim of this work is to identify the differences in 

liquefaction - hazard evaluation and soil profile interpretation in pairs of CPTm/CPTu. After 

that, two methodologies were used to correct CPTm results. At first, it was developed an 

empirical correlation between the sleeve friction measured with CPTm and that measured with 

electrical CPT/CPTu.  After that, a method developed in literature was applied to the same 

CPTm/CPTu pairs. The two corrections were compared in order to see which one led to the 

best results in terms of enhancement of the liquefaction hazard assessment and soil profile 

reconstruction. Tests have been carried out in the area interested by the 2012 Emilia earthquake 

(Italy).  

 

Keywords: Liquefaction hazard assessment, cone penetration test, Liquefaction Potential, soil 

profiling, 2012 Emilia Romagna earthquake. 

 

1 INTRODUCTION 

Liquefaction mainly occurs in saturated sandy soils and causes the loss of shear strength, 

which in turn leads to an almost complete loss of bearing capacity. As a consequence, the 

structures experience high differential settlements, tilting, or overturning. Eventually, in the 

free field conditions, sand ejecta and pore water pressure increase can damage infrastructures 

and lifeline systems. Recent examples of these effects include damage produced during the 

2012 Emilia and 2010-2011 Canterbury earthquakes [1][2]. The identification of the area prone 

to liquefaction is therefore an important task for land use planning and provides decision makers 

useful information about the necessity of site-specific in-depth geotechnical investigation and 

the identification of areas requiring ground improvement.  

The most known methods for liquefaction hazard assessment are simplified empirical (or 

semi – empirical) procedures (Liquefaction Evaluation Procedures – LEPs) [3][4][5]. 

Simplified procedures evaluate the liquefaction potential of soils computing the factor of 

safety (FSL) against liquefaction at a given depth in the soil profile and consist of two steps: 1) 

to evaluate the earthquake-induced shear stress through an estimate of the cyclic stress ratio 

(CSR) [3] and 2) to evaluate the soil strength to liquefaction usually accomplished through an 

estimate of the cyclic resistance ratio (CRR). Because of the difficulty of sampling, CRR is 
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generally determined via in situ tests, such as standard penetration test (SPT) [3][6], cone 

penetration test (CPT) [7][8][9], shear wave velocity (Vs) [10], flat dilatometer tests (DMTs), 

and self-boring pressure meter (SBPT). Once the safety factor against liquefaction has been 

computed at various depths, numerical indicators or qualitative criteria to define the 

liquefaction severity at ground level can be used such as the LPI index [11] or the LSN 

parameter [12].  

CPT based LEPs were developed with reference to the results of CPTu tests (i.e. cone 

tests with piezocone). On the other hand, in some countries, as Italy, huge databases of cone 

tests with mechanical tip (CPTm) are available. 

This paper is aimed at demonstrating that available CPTm databases can be used for the 

prediction of the liquefaction risk. The obtained risk estimate essentially coincides with that 

inferred by using CPTu if the results of CPTm are subjected to appropriate corrections of the 

measured sleeve friction and of the estimated Ic index. For the accomplishment of the final 

objective the following steps were developed: 

- To identify the main differences between CPTm and CPTu results with special emphasis 

on the assessment of liquefaction hazard; 

- To find an empirical correlation between the sleeve friction measured with mechanical tip 

and that measured with piezocone in order to correct CPTm results; 

- To compare the SBT class, evaluated according to Robertson 1990 [13], to that given by 

Schmertmann (1978) [14] classification chart for a large CPTm database; 

- To find an empirical correction of the Ic index [13], so that the Robertson SBT class 

coincide with that of Schmertmann (1978) [14]; 

- To apply both corrections to pairs of tests (CPTm and CPTu) realized at short distances 

from each other in order to verify the effectiveness of the proposed methodology. 

 

2 CPTm - CPTu: MAIN DIFFERENCES 

Main differences between CPTm and CPTu results and capabilities can be summarised as 

follows: 

- CPTm measurements are carried out every 20 cm. On the contrary measurements with 

piezocone as well as those with electrical tip are repeated every 2 cm. Therefore, CPTu have 

a higher resolution and can detect even very thin liquefiable layers. Recently, the use of 

mini cones was suggested in order to increase the cone capabilities especially in thin layered 

soil deposits. Analysis of possible advantages of the use of mini cones is beyond the scope 

of the present paper. Actually, various producers offer mini cones (see as an example [15]); 

- Use of piezocone enables us to measure the dynamic pore pressure during penetration and 

to check deviation from verticality. Pore pressure measurements are relevant for the 

assessment of total tip resistance which is not very relevant in sands. Deviation from 

verticality can provide a more accurate estimate of layer thickness and depth; 

- Reduction of the diameter of the tip above the cone, as in the mechanical penetrometer, 

leads to qc measurements lower than those obtained from piezocone. This aspect is 

especially relevant in very dense sands. On the contrary, the soil friction along the protective 

sleeve above the cone is responsible for qc values greater than those obtained from CPTu. 

This is especially relevant in loose sand and soft clay; 

- In the case of Begemann cone with sleeve not only do we measure the friction but, because 

of the union at the lower end of the sleeve, also a part of resistance at the base (return flow 

material after the cone has passed). For this reason fs measured with the mechanical bit is 

always greater than the one measured with the electrical bit (the difference is practically 
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negligible for clay). While the cone – shape effects on qc are not very relevant, those on fs 

can strongly influence the FSL calculation, especially in the case of silty sands; 

- On the whole, CPTm interpretation using SBT classes or Ic index that have been developed 

for the interpretation of CPTu tends to underestimate the grain size. 

 

3 PROPOSED METHODOLOGY 

3.1 Sleeve friction correction 

Penetrometric tests CPTm and CPTu were carried out at a site in Pisa (central Italy) 

with the support of Pagani Ltd and Geoservizi snc (Figure 1) in order to find out an empirical 

correlation between fs(CPTm) and fs(CPTu). 

This site was selected for various reasons: a) availability of a previous geotechnical 

campaign (boreholes), carried out in October 2009, and b) stratigraphic variability which 

includes various lithotypes. In fact the first 10 meters depth are characterized by silty, sandy 

and clayey layers. Three continuous boreholes S1, S2 and S3 were carried out in 2009 (Figure 

1). Distances between these boreholes and CPTs are respectively of about 50, 80 and 90 meters. 

It is worth noting that the subsoil of the investigated area exhibits a very low horizontal 

variability. From a geological point of view the site consists of recent alluvial deposits. The 

subsoil is very similar to that existing beneath the leaning Tower of Pisa and consists of an 

upper thin layer of silty clay, a thick layer of marine soft clay with an interbedded layer of sand 

(in between 7 – 8 m depth). The piezometric surface is located about 1 meter below the ground 

level (GWT). 

 

 
Figure 1 Location of CPTm and CPTu in Pisa (Porta a Mare) 

 

Twelve penetration tests (3 CPTm and 9 CPTu) were carried out using a penetrometer 

Pagani TG 73/200. Three different sleeve diameters (35.8 mm, 35.9mm and 36mm) of 

piezocone were used in order to investigate a possible influence on the measured fs parameter. 
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In fact the ASTM standard allows the use of sleeves having a diameter equal to that of the cone 

(35.7 mm) with a tolerance of 0 - 0.3 mm (sleeves with a diameter of 35.7 to 36.0 mm are then 

allowed). Test repetition was adopted in order to minimize differences due to soil heterogeneity. 

The tests were performed following a regular square grid of 0.5 meter (Figure 2); this 

distance was chosen to minimize the reciprocal influence between near tests. For each test a 

pre-drilled hole of about one meter was performed due to the presence of very compact man-

made deposits. The investigation depth varied from 7 to 11 meters. 

 

 
Figure 2 CPTm and CPTu scheme. 

 

Figure 3 shows the results of the Pisa CPTm and CPTu surveys; the qc and fs values 

have been averaged for CPTm and for the different sleeve diameters of CPTu. It is evident that 

the qc and fs parameters do not depend on the diameter of the sleeve in the case of CPTu tests. 

The comparison shows that the differences in terms of tip resistance between CPTu and CPTm 

are negligible and can be mainly attributed to soil heterogeneity while fs(CPTm) is 

systematically greater than fs(CPTU). Finally, it can be observed how the overestimation of the 

fs parameter during the survey with mechanical tip depends on the type of soil crossed. 

Using the results of the tests that have been carried out at Pisa and those of four pairs of 

CPTm/CPTu from Emilia-Romagna Region database [16], a correlation function between the 

fs(CPTm) and the fs(CPTu) was found.  

A depth correction for CPTm was necessary in order to correctly couple the tip 

resistance qc and the sleeve friction fs. More precisely the tip resistance of CPTm is measured 

after a penetration of 4 cm, while the sleeve friction is obtained by subtraction after a penetration 

of another 4 cm. During this second penetration both tip resistance and sleeve friction are 

measured. After that, the cone is moved for additional 12 cm and conventionally the measured 

qc and fs are associated to such a final depth (i.e. 20 cm below the beginning of the 

measurements). In order to correctly couple the measured values of fs from the two different 

test types, each value of fs(CPTm) was associated with the average of 5 values of fs(CPTu) 

including that at the same height of the CPTm, the two values immediately above and the two 

values immediately below. Indeed, the depth of the fs(CPTm) parameter has to take into account 

not only what has already been stated about the different depth associated with the tip resistance 

measurements, but also the relative distance between tip and mantle (and mantle length). In 

particular, the mid height of the mantle (CPTm) is located 20 cm above the tip base. 
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The data were finally evaluated on the basis of the differences between qc(CPTm) and 

qc(CPTu), taking into account the values of fs that are associated to Δqc <0,25 MPa and 

excluding values that may be affected by horizontal soil variability. 

The correlation between fs(CPTm) and fs(CPTu) was identified using the two separate variables 

and the ratio of the two variables. The best correlation was found placing the ratio of 

fs(CPTu)/fs(CPTm) versus fs(CPTu) as shown in Figure 4. 

The obtained empirical equation is reported below. It is applicable only when fs < 65 kPa 

 

  504.2

ss )CPTm(f0797.0)CPTu(f   if kPa65)CPTm(fs      (1) 

)CPTm(f)CPTu(f ss   if kPa65)CPTm(fs         (2) 

 

 

Fig.3 Comparison of CPTu and CPTm results at Pisa site 

 

Figure 4 Correlation function between fs(CPTm) and fs(CPTu) 
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3.2 SBT - Ic index correction 

As a matter of fact, use of CPTu - based classification charts (see as an example [13]) 

for the interpretation of CPTm leads to erroneous evaluation. In particular, on the Authors 

experience, use of Robertson (1990) approach [13] to interpret CPTm gives an underestimate 

of the soil grain size. In order to compare the two approaches, which are different in principle, 

a correspondence among the lithotypes of the Schmertmann (1978) approach [14] and the SBTn 

classes by Robertson (1990) [13] was proposed (Table 1). 

A database of 78 CPTm carried out in the urban area of San Carlo, Mirabello and 

Sant’Agostino, located in the Emilia Romagna Region (Italy) and hit by the 2012 Emilia 

Romagna Seismic Sequence, were interpreted by using both Schmertmann (1978) [14] and 

Robertson (1990) [13] approaches.  

 

Table 1 Correspondence between [14]Schmertmann (1978) and [13]Robertson (1990) 

approaches (Classes 1 and 9 of Robertson approach were not considered) 

 

Schmertmann (1978) SBTn  

(Robertson 1990) 

Normalized class 

description 

Organic clay and mixed soils 2 Organic soils, peats 

Insensitive non fissured inorganic clays 3 Clays: clay to silty clay 

Sandy and silty clays 4 Silt mixtures: clayey silt 

to silty clay 

Clayey sands and silts 5 Sand mixtures: silty sand 

to sandy silt 

Silt - sand mixtures 5 Sand mixtures: silty sand 

to sandy silt 

Sands 6-7 Sands: clean sand to silty 

sand; Gravely sands to 

sands 

Dense or cemented sands 8 Very stiff sand to clayey 

sand 

Very shell sands, limerocks 8 Very stiff sand to clayey 

sand 

 

On the whole, over 6141 CPTm measurements, a perfect match between the two 

approaches was obtained for 2168 cases (35%). On the other hand [13]Robertson (1990) 

approach underestimated of one class the [14]Schmertmann (1978) classification in 1445 cases 

(24%) and of two classes in 963 cases (16%). Overestimate of one or two classes was obtained 

respectively in 1234 (20%) and 331 cases (5%). The perfect match between the two systems 

was mainly observed for classes 3-4 and 5. Organic clays (according to [14]Schmertmann 1978) 

are classified as clays (according to [13]Robertson (1990)). The Robertson overestimate (OE) 

mainly concerned this type of soils. On the other hand, the Robertson underestimate (UE) 

concerned the sandy soils. Figures 5a to 5b clearly show that the class 6 has a limited number 

of cases, while 7 and/or 8 are completely absent in the [13]Robertson 1990 chart. On the 

contrary, the [14]Schmertmann (1978) chart exhibit a relevant number of points in the sand and 

silt/sand areas. 
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Figure 5a Schmertmann (1978) classification of CPTm 

 

 
 

Figure 5b Robertson (1990) classification of CPTm 

 

Application of fs correction, as stated in the previous section, did not modify the above 

discussed aspect. Therefore, it was decided to compute the necessary Ic to have a correct 

match between the two classification systems.  

)PM(I)OV(II ccc   

Where: )OV(Ic  is the Ic index from [13]Robertson (1990) classification; )PM(I c  is the 

mean value corresponding to the SBTn class that matches the [14] Schmertmann (1978) 

classification. 

This was done only for the potentially liquefiable layers (clayey soils were not 

considered). Figure 6 shows the variation of Ic vs. the tip resistance expressed in MPa. 
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Figure 6 Variation of Ic vs. the tip resistance 

 

 

4. APPLICATION OF THE DEVELOPED METHODOLOGY 

The proposed methodology was applied to the Emilia Romagna database. Nonetheless 

the considered database was huge, only four pairs of CPTm/CPTu tests were found within a 

relative distance CPTm-CPTu ranging from 13 to 36 m. For each pair of tests a reference 

borehole, with a maximum distance of 65 m from the considered CPT, was selected in order to 

define a reference stratigraphic profile.  

 

 
Figure 7 qc-depth and fs-depth (CPTm and CPTu). 

 

Factors of safety against liquefaction were computed according to the procedures 

proposed by [17][18][19][4]. In this paper only the results obtained by the [4] Boulanger and 

Idriss (2014) method are shown. 

Figures 7 compare the tip resistance and sleeve friction of one pair of penetration tests. 

It is possible to observe a certain heterogeneity. Therefore, it was decided to disregard the 

comparison if at a given depth, qc(CPTu)-qc(CPTm) > 0.1 MPa. Figure 7 clearly confirms 

(apart possible heterogeneity) that the tip resistance is not too much influenced by the type of 

tip, on the contrary it is always possible to observe that fs(CPTm) > fs(CPTu). 
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Figures 8 compares the SBT profile of CPTm and CPTu with the borehole profile. It is 

confirmed that the use of classification methods which were developed to interpret CPTu, 

mainly causes the loss of sandy to silty liquefiable layers. 

 

 

 
Figure 8 Comparison of the SBT graphics and the borehole. 

 

The effectiveness of the proposed method is shown in Figures 9 where, for the 

considered pairs of penetration tests, the FSL profile is shown. It is possible to notice that, after 

the application of the above described correction factors the FSL profile from CPTm is very 

similar to that obtained from CPTu. 
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Figure 9 Comparison between the FSL profiles 

 

5. Conclusions 

The paper demonstrates the possibility of using available database of CPTm for defining 

the liquefaction risk if appropriate correction factors are applied. The proposed correction 

factors should be calibrated in different context. Even though, the use of CPTu remains highly 

recommended for liquefaction hazard analyses, the proposed methodology is a very useful tool 

fro those countries where CPTm databases are available. 
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