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1. Introduction 

1.1 Purpose and Scope of Report 

Neptune Energy Netherlands B.V., henceforth referred to as ‘client’, is planning development 

of proposed well ‘L7-17’, in Block L7 of the Dutch sector of the North Sea. L7-17 is located 

approximately 70 km northwest of Den Helder, the Netherlands (refer to Plate A-1 ‘Vicinity 

Map’ and Plate A-2 ‘Detailed Location Plan’). 

A project-specific geotechnical site investigation was performed by Fugro to acquire 

information in support of jack-up placement and foundation design for a piled production 

platform. The investigation included geotechnical borehole drilling with downhole sampling 

and in situ testing.  

This document presents results of the geotechnical site investigation, and includes: 

 One geotechnical log with results from downhole sampling and cone penetration testing 

to 100.7 m below seafloor (BSF); 

 Results of downhole cone penetration testing; 

 Results of geotechnical laboratory testing on a selection of samples. 

1.2 Project Responsibilities and Use of Report 

This report presents information according to a project specification determined and 

monitored by the client. The Main Text section titled ‘Sources of Information and References’ 

provides further details. Particularly, the client selected and approved test location and 

depths, monitored and approved data acquisition, and supplied information for geotechnical 

project use. 

The report was prepared in accordance with contract P-A4364-00500-C02, between Neptune 

Energy Netherlands B.V. and Fugro Netherlands Marine B.V., dated 2 February 2023.  

Read this report in its entirety. Particularly, take careful note of the document ‘Use of 

Geodata and Advice’, presented in the appendix ‘Descriptions of Methods and Practices’.  

This report uses and summarises information from sources listed in Section 3. The reader 

should consult the source information for details. Understanding of site conditions improves 

upon further data acquisition and interpretation. This means that some of the source 

interpretations may be superseded by information presented in this report. 
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Fugro understands that this report will be used for the purpose described in this Main Text 

section. That purpose was a significant factor in determining the scope and level of the 

services. Results must not be used if the purpose for which the report was prepared or the 

client’s proposed development or activity changes. Results may possibly suit alternative use. 

Suitability must be verified. 
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2. Investigation Programme 

2.1 Project-specific Data Acquisition 

This report includes results from a project-specific geotechnical site investigation. The client 

planned the investigation programme. During the investigation, the client’s programme was 

adjusted to suit as-found conditions and operational constraints. The scope of the report 

includes the results of the final programme. 

The site phase of the geotechnical site investigation was conducted from geotechnical 

drilling vessel ‘Gargano’ between 26 and 28 February 2023. Water depth at the investigated 

location was approximately 25 m relative to lowest astronomical tide (LAT) (refer to plate A-3 

‘Coordinates and Water Depth’). 

Acquired data and recovered samples were processed in the onsite laboratory. Samples were 

stored onboard in a temperature-controlled environment and transferred to shore for 

additional laboratory testing and sample storage. An in-office phase comprising a laboratory 

testing programme and reporting followed the site phase. 

The following sub-sections provide details. 

2.2 Positioning Survey and Water Depth Measurement 

Coordinates and water depths are presented on Plate A-3. The coordinate reference system 

uses European Datum 1950 (ED50) as datum with spheroid International 1924. The horizontal 

projection is Universal Transverse Mercator (UTM) with a Central Meridian of 3° east  

(Zone 31 N), refer to Plates A-4 and A-5 ‘Geodetic Parameters’. 

Subsurface positioning was performed using an ultra short baseline (USBL) system with a 

transponder mounted on the seabed frame. Sound velocity profiles were obtained by 

lowering a conductivity, temperature, and depth (CTD) probe to seafloor. 

LAT and seafloor are used as vertical reference levels for water depth measurement and 

geotechnical testing and sampling. Water depth measurements were performed using: 

 a CTD probe, mounted on the seabed frame; 

 a USBL system, with a transducer mounted on the hull of the vessel and a transponder 

located on the seabed frame; 

 drill string by direct sounding when drilling was initiated for downhole sampling or 

downhole in situ testing. 

The user of the geodetic information presented must consider the accuracy of 

measurements, particularly where use may differ from original intentions. For example, the 

presented water depth measurements serve to establish the depths below seafloor. 
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2.3 Drilling, Sampling and In Situ Testing 

The site investigation consisted of drilling of one borehole to a depth of 100.7 m BSF with 

continuous downhole cone penetration testing (CPT) to a depth of 30.8 m BSF (including 

oversampling of the first 3 m BSF), followed by alternating CPTs and sampling. 

The employed drilling method was open-hole rotary drilling. A combination of seawater and 

guar gum or Pure-Bore® was used as drill fluid. Borehole drilling included the use of a 

SEACLAM seabed frame to facilitate re-entry of the drill string in the borehole and for axial 

and lateral support of the drill string at seafloor. 

Downhole push sampling and in situ testing employed WIPSAMPLER® and WISON® 

downhole tools. The sampler was fitted with flush stainless steel Shelby tubes, fitted with a 

core catcher where appropriate. Downhole tools were operated and retrieved by a hydraulic-

electrical umbilical system which provides real-time control of the in situ testing and 

sampling process. Downhole CPTs were performed using cone penetrometers with a 

1000 mm2 (CP10) or 500 mm2 (CP5) cone tip area. 

Oversamples are samples recovered (partially) within the depth interval in which a previous in 

situ test has been performed. These samples have been acquired using the same procedure 

described for standard downhole push sampling. 

Refer to the appendices titled ’Geotechnical Logs‘, ‘Results of Cone Penetration Tests’, and 

‘Geotechnical Laboratory Test Results’ for details and results. Refer to the appendix titled 

‘Description of Methods and Practices’ for details about methodology and test procedures. 

2.4 Sample Handling 

Onsite sample handling comprised the following: 

 Removal of the sample tube from the sampling tool; 

 Measurement of sample recovery in the sample tube; 

 Transfer of the sample tube to the site laboratory; 

 Sample extrusion, sample photography, and soil description and classification; 

 Laboratory testing on selected sample sections; 

 Sample packaging, labelling, and storage in a temperature-controlled container onboard; 

 Sample offloading and transport to the Fugro geotechnical laboratory in Wallingford 

(UK) and other Fugro-nominated laboratories. 

Office sample handling comprised the following: 

 Sample delivery and registration at Fugro geotechnical laboratory in Wallingford and 

other Fugro-nominated laboratories; 

 Selection of specimens for laboratory testing and preparation for testing; 

 Laboratory testing (refer to Appendix E ‘Geotechnical Laboratory Test Results’ for details); 
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Further details on sample handling are provided in appendix titled ‘Geotechnical Laboratory 

Test Results’. 

2.5 Laboratory Testing 

Onsite geotechnical laboratory testing comprised (where appropriate) visual soil description 

and classification of samples according to BS 5930:2015+A1:2020, ISO 14688-1:2017, and ISO 

14688-2:2017, sample photography of extruded sample material, and geotechnical index. 

Office geotechnical laboratory testing comprised (where appropriate) geotechnical index, 

geochemical, strength, and interface shear. 

Laboratory test results are provided in the appendix titled ‘Geotechnical Laboratory Test 

Results’ and summaries of selected test results are presented on the geotechnical log in the 

appendix titled ‘Geotechnical Log’. 

2.6 Geotechnical Data Processing 

Geotechnical data processing included: 

 Preparation of a geotechnical log by interpreting and integrating sample descriptions 

and laboratory test results, where applicable; 

 Evaluation, basic verification where practicable, and incorporation of selected 

information supplied by client. 

Further details on geotechnical data processing are described in the appendices titled 

‘Geotechnical Logs’, ‘Results of Cone Penetration Tests’, and ‘Geotechnical Laboratory Test 

Results’, where appropriate. 
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3. Sources of Information and References 

3.1 Client-supplied Information 

This report summarises and relies on a client-supplied scope of work (NENL, 2023). 

3.2 Fugro Information 

This report uses and summarises Fugro-held information: 

 Information about regional geology; 

 General geotechnical data. 

3.3 References in Main Text 

BSI. (2020). Code of practice for ground investigations (BS 5930:2015+A1:2020). British 

Standards Institution. https://knowledge.bsigroup.com/products/code-of-practice-for-

ground-investigations/standard 

ISO. (2017). Geotechnical investigation and testing - Identification and classification of soil - 

Part 1: Identification and description (ISO 14688-1:2017). International Organization for 

Standardization. https://www.iso.org/standard/66345.html 

ISO. (2017). Geotechnical investigation and testing - Identification and classification of soil - 

Part 2: Principles for a classification (ISO 14688-2:2017). International Organization for 

Standardization. https://www.iso.org/standard/66346.html 

NENL. (2023). Geotechnical Survey Location L7-17. Dutch Continental Shelf - Client Technical 

Specifications (Document No. NENL-GEN-CTS-013), rev. 5. Neptune Energy Netherlands B.V. 
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with a thickness < 0.6 m are not presented as separate main soil layers nor as sub-layers in 

the graphic log, unless the strata are considered relevant for engineering purposes. 

B.4 References 

 BSI. (2020). Code of practice for ground investigations (BS 5930:2015+A1:2020). British 

Standards Institution. https://shop.bsigroup.com/products/code-of-practice-for-ground-

investigations/standard  

 Computer Program Discovery GeoVisual. Recording, presentation, and analysis of in situ 

geodata. 

 ISO. (2014). Petroleum and natural gas industries - Specific requirements for offshore 

structures - Part 8: marine soil investigations (ISO 19901-8:2014). International 

Organization for Standardization. https://www.iso.org/standard/61145.html 

 ISO. (2017). Geotechnical investigation and testing – identification and classification of soil 

– part 1: identification and description (ISO 14688-1:2017). International Organization for 

Standardization. https://www.iso.org/standard/66345.html 

 ISO. (2017). Geotechnical investigation and testing – identification and classification of soil 

– part 2: principles for a classification (ISO 14688-2:2017). International Organization for 

Standardization. https://www.iso.org/standard/66346.html 

 Jamiolkowski, M., Lo Presti, D.C.F. & Manassero, M. (2003). Evaluation of relative density 

and shear strength of sands from CPT and DMT. In J.T. Germaine, T.C. Sheahan & R.V. 

Whitman (Eds.). Soil behavior and soft ground construction (pp. 201–238). American 

Society for Civil Engineers. https://doi.org/10.1061/9780784406595 
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At CPT14 at 29.5 m below seafloor (BSF), no full penetration could be achieved because 

latching was temporarily lost after starting the test. Data for the affected interval is not 

presented. 

After performing CPT56 at 92.5 m BSF, communication was lost with the cone penetrometer 

and therefore zero drift could not be determined.   

C.3 References 

 Computer Program Discovery GeoVisual. Processing, presentation, and analysis of in situ 

test data.  

 ISO. (2003). Measurement management systems - Requirements for measurement 

processes and measuring equipment (ISO 10012:2003). International Organization for 

Standardization. https://www.iso.org/standard/26033.html 

 ISO. (2014). Petroleum and natural gas industries - Specific requirements for offshore 

structures - Part 8: Marine soil investigations (ISO 19901-8:2014). International 

Organization for Standardization. https://www.iso.org/standard/61145.html 
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Borehole Zero Reading

at Start of Test
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Key:
  : cone resistancecq   : sleeve frictionsf u  : pore water pressure

Note:
1.  Zero Drift is the difference between the zero output at the start of the test and the zero output at the end of the test.

Offshore tests may show Reference Readings. The Zero Reading or Reference Reading at Start of Test is a value presented
in units of measurement result. The value itself is a conversion from system output, usually in mV or in bits. It has no explicit physical meaning.

2.  --- : Zero Drift was not monitored.  The drift can be assessed from the start values of successive tests.

Cone Penetration Test - Zero D
rift

ï¿½ FNLM/GEO/TAB/014  ISSUE 06

GEOVISUAL 3.10.1 / Wison QaQc zero drift - landscape.ucf / 2023-07-05 11:59:48

NEPL7-BH01 CPT01 0.025 -0.005 -0.043 0.014 0.001 0.004 CP10-CF80PB20 1706-2485 0.750
NEPL7-BH01 CPT02 0.036 -0.004 -0.042 -0.021 0.000 0.007 CP10-CF80PB20 1706-2485 0.750
NEPL7-BH01 CPT03 0.032 -0.005 -0.041 -0.040 0.001 0.006 CP10-CF80PB20 1706-2485 0.750
NEPL7-BH01 CPT04 0.040 -0.005 -0.019 -0.058 0.001 -0.020 CP10-CF80PB20 1706-2485 0.750
NEPL7-BH01 CPT05 0.044 -0.005 -0.068 0.011 0.002 0.006 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT06 0.066 -0.003 -0.076 -0.056 0.001 0.022 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT07 0.066 -0.003 -0.072 -0.047 0.000 0.014 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT08 0.067 -0.003 -0.075 -0.028 0.003 0.009 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT09 0.049 -0.001 -0.077 -0.025 -0.001 0.006 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT10 0.069 -0.002 -0.076 -0.025 0.001 0.011 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT11 0.063 -0.003 -0.079 -0.003 0.002 0.012 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT12 0.065 -0.002 -0.073 -0.025 0.001 0.008 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT13 0.057 -0.002 -0.074 -0.037 0.001 0.011 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT14 0.049 -0.001 -0.076 -0.011 0.000 0.014 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT15 0.063 -0.001 -0.080 0.018 -0.001 0.012 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT16 0.069 -0.002 -0.078 -0.024 0.000 -0.003 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT17 0.079 -0.003 -0.084 -0.033 0.003 0.012 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT18 0.073 -0.002 -0.084 -0.013 0.002 0.008 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT19 0.061 -0.001 -0.084 -0.069 0.003 0.007 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT20 0.007 0.002 -0.082 0.025 -0.003 0.011 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT21 -0.053 0.000 -0.019 0.000 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT22 -0.080 0.000 0.021 0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT23 -0.071 0.003 -0.016 -0.005 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT24 -0.064 0.003 -0.035 -0.019 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT25 -0.071 -0.005 -0.010 0.006 CP5-CF50 1709-0191 0.500
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Key:
  : cone resistancecq   : sleeve frictionsf u  : pore water pressure

Note:
1.  Zero Drift is the difference between the zero output at the start of the test and the zero output at the end of the test.

Offshore tests may show Reference Readings. The Zero Reading or Reference Reading at Start of Test is a value presented
in units of measurement result. The value itself is a conversion from system output, usually in mV or in bits. It has no explicit physical meaning.

2.  --- : Zero Drift was not monitored.  The drift can be assessed from the start values of successive tests.

Cone Penetration Test - Zero D
rift

ï¿½ FNLM/GEO/TAB/014  ISSUE 06

GEOVISUAL 3.10.1 / Wison QaQc zero drift - landscape.ucf / 2023-07-05 11:59:48

NEPL7-BH01 CPT26 -0.085 0.001 -0.005 0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT27 -0.058 0.001 -0.002 -0.002 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT28 -0.094 0.000 -0.018 0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT29 -0.100 0.005 -0.007 -0.006 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT30 -0.103 0.001 -0.013 0.002 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT31 -0.109 0.003 -0.006 0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT32 0.004 0.002 -0.065 0.000 -0.003 0.018 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT33 0.063 -0.002 -0.068 -0.017 0.001 0.016 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT34 0.067 -0.003 -0.069 -0.038 0.002 0.011 CP10-CF80PB20 1706-2486 0.750
NEPL7-BH01 CPT35 -0.113 0.003 -0.019 -0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT36 -0.110 0.003 -0.013 -0.002 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT37 -0.115 0.002 0.001 0.003 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT38 -0.117 0.005 -0.015 -0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT39 -0.111 0.005 -0.014 0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT40 -0.117 0.007 -0.014 -0.001 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT41 -0.114 0.005 -0.039 -0.007 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT42 -0.128 0.005 -0.010 0.005 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT43 -0.124 0.008 -0.023 -0.003 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT44 -0.129 0.007 -0.024 -0.007 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT45 -0.129 0.003 -0.017 0.006 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT46 -0.135 0.011 -0.013 -0.005 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT47 -0.127 0.009 -0.370 0.019 CP5-CF50 1709-0191 0.500
NEPL7-BH01 CPT48 0.016 0.059 0.432 -0.040 CP5-CF50 1709-0055 0.500
NEPL7-BH01 CPT49 0.001 -0.003 -0.066 -0.002 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT50 -0.043 -0.005 -0.013 -0.001 CP5-CF50 1721-1872 0.500
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Key:
  : cone resistancecq   : sleeve frictionsf u  : pore water pressure

Note:
1.  Zero Drift is the difference between the zero output at the start of the test and the zero output at the end of the test.

Offshore tests may show Reference Readings. The Zero Reading or Reference Reading at Start of Test is a value presented
in units of measurement result. The value itself is a conversion from system output, usually in mV or in bits. It has no explicit physical meaning.

2.  --- : Zero Drift was not monitored.  The drift can be assessed from the start values of successive tests.

Cone Penetration Test - Zero D
rift

ï¿½ FNLM/GEO/TAB/014  ISSUE 06

GEOVISUAL 3.10.1 / Wison QaQc zero drift - landscape.ucf / 2023-07-05 11:59:48

NEPL7-BH01 CPT51 -0.051 -0.005 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT52 -0.047 -0.002 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT53 -0.040 0.000 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT54 -0.041 0.003 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT55 -0.050 0.001 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT56 -0.036 0.000 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT57 -0.038 -0.002 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT58 -0.043 0.001 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT59 -0.041 0.010 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT60 -0.036 0.004 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT61 -0.048 -0.002 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT62 -0.032 0.005 CP5-CF50 1721-1872 0.500
NEPL7-BH01 CPT63 -0.054 0.001
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Contents Appendix D.2: Results of Classification Tests 

List of Plates 

Title Plate 

Laboratory Classification Test Results  D.2.1-1 to D.2.1-6 

Particle Size Distribution Test Results  D.2.2-1 to D.2.2-10 



01 From 0.00 m to 0.45 m - light olive brown slightly silty fine
and medium SAND with frequent fine to medium
gravel-size shell fragments

from 0.00 - 0.20 m dark greyish brown

0.00

0.20 23.3
23.3

19.8
19.8

19.7 4

0.45 20.5
20.5

20.3
20.3

20.8

02 From 0.50 m to 0.60 m - dark grey slightly silty fine and
medium calcareous SAND with frequent fine gravel-size
shell fragments and with rare coarse sand size fragments
of organic matter

0.50 2.69

From 0.60 m to 0.75 m - dark grey slightly silty fine and
medium calcareous SAND with rare coarse sand-size
fragments of organic matter

0.60 21.2 20.2 19.9

0.75 21.1 20.2 20.6

03 From 1.00 m to 1.25 m - very dark grey slightly silty fine
and medium calcareous SAND with rare coarse sand-size
fragments of organic matter

1.00

From 1.25 m to 1.55 m -  grey slightly silty fine and
medium calcareous SAND with rare fine gravel-size shell
fragments

1.25 22.2 20.0 19.4

1.55 22.7 19.9 20.7

04 From 2.00 m to 2.60 m -  grey slightly silty fine and
medium calcareous SAND with rare fine gravel-size shell
fragments

2.00

2.30 22.8 19.9 20.9 7

2.60 25.3 19.5 21.6

05 From 31.00 m to 31.25 m - dark grey slightly silty fine and
medium slightly calcareous SAND with rare coarse
sand-size shell fragments and with rare fine sand-size
mica crystals

31.00 28.7
25.6

19.5
19.0

18.2 2.67 8
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Ground Description
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Key: : carbonate contentCarb.Cont.

: organic matter contentOrg.Cont.

: plastic limit

: liquid limit

: plasticity index

Fines : mass percentage of material passing 63 µm or 75 µm sieve

water content

unit weight derived from water content

unit weight derived from volume mass calculation

minimum index unit weight

maximum index unit weight

density of solid particles

wp

Ip

wL

w

g
1

g
dmin

g
dmax

rs

g

:

:

:

:

:

:

2

su [kPa] 

PP : pocket penetrometer 
TV : torvane 
FC : fall cone 
LV : laboratory vane 

su : undrained shear strength 
10r : r refers to test on remoulded soil 
10d : d refers to test on disturbed soil 
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From 31.25 m to 31.80 m - very dark grey silty fine
calcareous SAND with rare coarse sand-size shell
fragments and with rare fine sand-size mica crystals

31.25

31.50 15.5 21.3 37

31.80 14.2
16.0

21.2
21.6

19.4

06 From 34.50 m to 34.75 m - dark grey slightly silty fine and
medium slightly calcareous SAND with frequent coarse
sand-size shell fragments and with occasional mica
crystals
from 34.55 m to 34.70 m - extremely closely spaced thin
to thick laminae of abundant coarse sand-size to fine
gravel-size shell fragments and with thin laminae of soft
grey non-calcareous clay and thin to thick laminae of dark
brown possible organic matter
at 34.60 m - thick lamina of wood fragments

34.50 25.9 19.4

07 From 35.00 m to 35.05 m - dark grey slightly silty fine and
medium slightly calcareous SAND with frequent coarse
sand-size shell fragments and with occasional fine
sand-size mica crystals and with occasional fine and
medium sand-size possible organic matter

35.00 25.9 19.4

08 From 38.00 m to 38.15 m - dark grey very clayey fine
slightly calcareous SAND with occasional mica crystals

38.00 19.6
19.9

20.4
20.5

20.6

38.15 5

38.30 25.4
25.6

19.5
19.5

19.0

09 38.50 2.67

09A From 38.50 m to 38.65 m - grey slightly silty fine slightly
calcareous SAND with occasional mica crystals

38.50 24.0 19.7

From 38.65 m to 38.80 m - grey clayey fine slightly
calcareous SAND with rare coarse sand-size to fine
gravel-size shell fragments and with rare mica crystals

38.65
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From 38.15 m to 38.30 m - dark grey slightly silty fine 
slightly calcareous SAND with occasional mica crystals 
 
 
 
 
From 38.50 m to 38.50 m - no recovery 
 

Ground Description

Sample Unit Weight [kN/m³] Atterberg Limits

rg
d

min.
s

[Mg/m³]

Org.
Cont.

[%] [%]

wp PP TV FC LV

[%]

Ip

[%]

wL

[%]

FinesCarb.
Cont.

[%]

g
d

max.

gw

[%]

g
1No.

[m]

2Test
Depth

Key: : carbonate contentCarb.Cont.

: organic matter contentOrg.Cont.

: plastic limit

: liquid limit

: plasticity index

Fines : mass percentage of material passing 63 µm or 75 µm sieve

water content

unit weight derived from water content

unit weight derived from volume mass calculation

minimum index unit weight

maximum index unit weight

density of solid particles

wp

Ip

wL

w

g
1

g
dmin

g
dmax

rs

g

:

:

:

:

:

:

2

su [kPa] 

PP : pocket penetrometer 
TV : torvane 
FC : fall cone 
LV : laboratory vane 

su : undrained shear strength 
10r : r refers to test on remoulded soil 
10d : d refers to test on disturbed soil 
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38.80 26.8
26.8

19.3
19.3

19.0

10 From 42.50 m to 42.70 m - grey slightly silty fine and
medium slightly calcareous SAND with rare mica crystals
At 42.65 m - a medium gravel-size pocket of fine
gravel-size wood fragments

42.50 23.7 19.8 5

42.70 23.9
23.9

19.7
19.7

19.3

11 From 43.00 m to 43.15 m - grey slightly silty fine and
medium slightly calcareous SAND with rare mica crystals
From 43.10 m to 43.15 m - becoming slightly clayey

43.00 25.8 19.4

43.15 25.7
25.6

19.5
19.4

19.7

12 From 46.50 m to 46.60 m - grey slightly silty fine and
medium SAND slightly calcareous with rare mica crystals

46.50

46.60 27.7
27.3

19.2
19.1

19.4

13 From 47.00 m to 47.20 m - grey fine and medium
calcareous SAND with rare mica crystals

47.00 24.2
25.1

19.5
19.7

20.0

47.20 24.1
25.1

19.5
19.7

20.0

14 From 50.50 m to 50.70 m - grey fine and medium
calcareous SAND with rare mica crystals

50.50 2.67 5

50.70 23.8
24.6

19.6
19.7

18.1

15 From 51.00 m to 51.10 m - grey fine and medium
calcareous SAND with rare mica crystals

51.00

51.10 24.3
25.3

19.5
19.7

19.1

16 From 54.50 m to 54.90 m - grey fine and medium
calcareous SAND with rare coarse sand-size shell
fragments with rare mica crystals

54.50
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Ground Description

Sample Unit Weight [kN/m³] Atterberg Limits

rg
d

min.
s

[Mg/m³]

Org.
Cont.

[%] [%]

wp PP TV FC LV

[%]

Ip

[%]

wL

[%]

FinesCarb.
Cont.

[%]

g
d

max.

gw

[%]

g
1No.

[m]

2Test
Depth

Key: : carbonate contentCarb.Cont.

: organic matter contentOrg.Cont.

: plastic limit

: liquid limit

: plasticity index

Fines : mass percentage of material passing 63 µm or 75 µm sieve

water content

unit weight derived from water content

unit weight derived from volume mass calculation

minimum index unit weight

maximum index unit weight

density of solid particles

wp

Ip

wL

w

g
1

g
dmin

g
dmax

rs

g

:

:

:

:

:

:

2

PP : pocket penetrometer 
TV : torvane 
FC : fall cone 
LV : laboratory vane 

su : undrained shear strength 
10r : r refers to test on remoulded soil 
10d : d refers to test on disturbed soil 

su [kPa] 
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54.70 24.1 19.7 19.1

54.90 22.8 19.9

17 From 58.00 m to 58.25 m - grey slightly clayey fine and
medium calcareous SAND with rare mica crystals

58.00

From 58.25 m to 58.75 m - grey slightly clayey fine and
medium calcareous SAND with extremely closely spaced
thin laminae of black organic matter and with rare mica
crystals

58.25 26.5 19.3 19.9

58.50 27.4 19.2 18.7

58.75 25.9 19.4

18 From 61.50 m to 62.10 m - grey fine and medium
calcareous SAND with rare mica crystals

61.50

61.80 23.9 19.7 19.3 17

61.95 23.4 19.8 18.8

62.10 19.0 20.6

19 From 65.00 m to 65.15 m - grey fine and medium
calcareous SAND with occasional fine gravel-size pockets
of grey clay and with rare mica crystals

65.00

From 65.15 m to 65.30 m - grey fine and medium
calcareous SAND with rare mica crystals

65.15 18.5 20.7

65.30 24.1 19.7 19.1

20 From 68.00 m to 68.15 m - grey fine and medium
calcareous SAND with rare mica crystals

68.00 7

68.05 24.8 19.6

68.15 25.6 19.5 19.0

21 From 71.50 m to 71.60 m - grey fine and medium
calcareous SAND with rare mica crystals

71.50

71.55 22.0 20.0
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Ground Description

Sample Unit Weight [kN/m³] Atterberg Limits
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[Mg/m³]

Org.
Cont.

[%] [%]

wp PP TV FC LV
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wL
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Cont.
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g
d
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gw
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g
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[m]

2Test
Depth

Key: : carbonate contentCarb.Cont.

: organic matter contentOrg.Cont.

: plastic limit

: liquid limit

: plasticity index

Fines : mass percentage of material passing 63 µm or 75 µm sieve

water content

unit weight derived from water content

unit weight derived from volume mass calculation

minimum index unit weight

maximum index unit weight

density of solid particles

wp

Ip

wL

w

g
1

g
dmin

g
dmax

rs

g

:

:

:

:

:

:

2

PP : pocket penetrometer 
TV : torvane 
FC : fall cone 
LV : laboratory vane 

su : undrained shear strength 
10r : r refers to test on remoulded soil 
10d : d refers to test on disturbed soil 

su [kPa] 
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71.60 23.9 19.7 19.3

22 From 75.00 m to 75.15 m - grey fine and medium
calcareous SAND with rare mica crystals

75.00

75.05 24.7 19.6

75.15 26.4 19.3 18.4

23 From 78.50 m to 78.65 m - dark grey slightly clayey fine
and medium calcareous SAND with extremely closely
spaced thin laminae of dark grey clay and with extremely
closely spaced thin laminae of medium and coarse light
grey sand

78.50 19.7 20.4 26

24 From 82.00 m to 82.10 m -  grey fine and medium SAND
with rare mica crystals

82.00 24.1 19.7 19.1

82.05 25.2 19.5

25 From 86.50 m to 86.60 m - grey fine and medium SAND
with rare mica crystals

86.50

86.55 24.2 19.7

86.60 24.3 19.6 18.2

26 From 90.00 m to 90.10 m - grey fine and medium SAND
with rare mica crystals

90.00

90.05 24.1 19.7

27 From 93.50 m to 93.60 m - grey fine and medium SAND
with rare mica crystals

93.50

93.60 21.7
20.1

20.4
20.1

20.5

28 From 96.50 m to 96.60 m - grey fine and medium SAND
with rare mica crystals

96.50

96.60 21.5
22.5

20.0
20.1

21.0
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Ground Description

Sample Unit Weight [kN/m³] Atterberg Limits
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Org.
Cont.

[%] [%]
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g
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Key: : carbonate contentCarb.Cont.

: organic matter contentOrg.Cont.

: plastic limit

: liquid limit

: plasticity index

Fines : mass percentage of material passing 63 µm or 75 µm sieve

water content

unit weight derived from water content

unit weight derived from volume mass calculation

minimum index unit weight

maximum index unit weight

density of solid particles

wp

Ip

wL

w

g
1

g
dmin

g
dmax

rs

g

:

:

:

:

:

:

2

PP : pocket penetrometer 
TV : torvane 
FC : fall cone 
LV : laboratory vane 

su : undrained shear strength 
10r : r refers to test on remoulded soil 
10d : d refers to test on disturbed soil 

su [kPa] 
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29 From 99.50 m to 99.70 m - grey slightly silty fine SAND
with rare mica crystals and rare medium sand-size to fine
gravel-size possible organic matter including wood
fragments

99.50

99.70 26.2
25.5

19.5
19.4

21.2
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Ground Description

Sample Unit Weight [kN/m³] Atterberg Limits
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Cont.
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[m]
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Key: : carbonate contentCarb.Cont.

: organic matter contentOrg.Cont.

: plastic limit

: liquid limit

: plasticity index

Fines : mass percentage of material passing 63 µm or 75 µm sieve

water content

unit weight derived from water content

unit weight derived from volume mass calculation

minimum index unit weight

maximum index unit weight

density of solid particles

wp

Ip

wL

w

g
1

g
dmin

g
dmax

rs

g

:

:

:

:

:

:

2

PP : pocket penetrometer 
TV : torvane 
FC : fall cone 
LV : laboratory vane 

su : undrained shear strength 
10r : r refers to test on remoulded soil 
10d : d refers to test on disturbed soil 

su [kPa] 

 

N
eptune Energy N

etherlands B.V.

F225236/01 | 0 4
Plate D

.2.1-6 























Neptune Energy Netherlands B.V. 

 

F225236/01 | 04  

Page 1 of 1 

 

Contents Appendix D.3: Sample Photographs 

List of Plates 

Title Plate 

Sample Photographs D.3-1 to D.3-30 

 

 

 

 

 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W01 
: 0.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W01 
: 0.00  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-1 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W02 
: 0.50 
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W02 
: 0.50 
: Split 

SAMPLE PHOTOGRAPHS

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-2 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W03 
: 1.00 
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W03 
: 1.00  
: Split 

SAMPLE PHOTOGRAPHS

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-3 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W04 
: 2.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W04 
: 2.00  
: Split 

SAMPLE PHOTOGRAPHS

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-4 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W05 
: 31.00 
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W05 
: 31.00 
: Split 

SAMPLE PHOTOGRAPHS

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-5 



Location 

Sample 
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Note(s) 

: NEPL7-BH01

: W06 
: 34.50  
: Intact 
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: W06 
: 34.50  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-6 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W07 
: 35.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W07 
: 35.00  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-7 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W08 
: 38.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W08 
: 38.00 
: Split 

SAMPLE PHOTOGRAPHS

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-8 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W09 
: 38.50  
: No recovery 

SAMPLE PHOTOGRAPHS

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-9 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W09A 
: 38.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W09A 
: 38.50  
: Split 

SAMPLE PHOTOGRAPHS

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-10 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W10 
: 42.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W10 
: 42.50 
: Split 

SAMPLE PHOTOGRAPHS

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-11 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W11 
: 43.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W11 
: 43.00 
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-12 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W12 
: 46.50 
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W12 
: 46.50  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-13 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W13 
: 47.00 
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W13 
: 47.00 
: Split 

SAMPLE PHOTOGRAPHS

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-14 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W14 
: 50.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W14 
: 50.50  
: Split 

SAMPLE PHOTOGRAPHS

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-15 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W15 
: 51.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W15 
: 51.00  
: Split 

SAMPLE PHOTOGRAPHS

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-16 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W16 
: 54.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W16 
: 54.50  
: Split 

SAMPLE PHOTOGRAPHS

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-17 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W17 
: 58.00 
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W17 
: 58.00  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-18 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W18 
: 61.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W18 
: 61.50  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-19 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W19 
: 65.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W19 
: 65.00  
: Split 

SAMPLE PHOTOGRAPHS

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-20 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W20 
: 68.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W20 
: 68.00 
: Split 

SAMPLE PHOTOGRAPHS

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-21 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W21 
: 71.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W21 
: 71.50  
: Split 

SAMPLE PHOTOGRAPHS

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-22 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W22 
: 75.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W22 
: 75.00  
: Split 

SAMPLE PHOTOGRAPHS

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-23 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W23 
: 78.50  
: Intact 

No photograph available

Location 

Sample 

Depth [m BSF]  

: NEPL7-BH01

: W23 
: 78.50  

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-24 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W24 
: 82.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W24 
: 82.00 
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-25 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W25 
: 86.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W25 
: 86.50 
: Split 

SAMPLE PHOTOGRAPHS

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-26 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W26 
: 90.00  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W26 
: 90.00 
: Split 

SAMPLE PHOTOGRAPHS

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-27 





Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W28 
: 96.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W28 
: 96.50  
: Split 

SAMPLE PHOTOGRAPHS

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-29 



Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W29 
: 99.50  
: Intact 

Location 

Sample 

Depth [m BSF]  

Note(s) 

: NEPL7-BH01

: W29 
: 99.50  
: Split 

SAMPLE PHOTOGRAPHS

R
e
le

a
se

 D
a
te

: 6
-3

-2
0
2
3

D
ra

w
n

 w
it

h
: 

P
h

o
to

_P
la

te
_M

a
ke

r 
v 

6
.0

P
h

o
to

 F
o

ld
e
r:

 

l 
P

ro
je

ct
 W

o
rk

fo
ld

e
rs

\N
e
p

tu
n

e
 L

7
\P

h
o

to
s\

P
ro

c

P
re

se
n

te
d

 P
la

te
:

D
o

w
n

h
o

le
_P

o
rt

ra
it

P
ro

ce
ss

e
d

 b
y:

 D
B

S

D
a
te

: 6
-3

-2
0
2
3

 

Neptune Energy Netherlands B.V.

F225236/01 | 02 
Plate D.3-30 



Neptune Energy Netherlands B.V. 

 

F225236/01 | 04  

Page 1 of 1 

 

Contents Appendix D.4: Results of Consolidated Drained 

Triaxial Tests 

List of Plates 

Title Plate 

Results of Consolidated Drained Triaxial Tests D.4-1 to D.4-20 

 











































Neptune Energy Netherlands B.V. 

F225236/01 | 04  

Page 1 of 1  

 

Contents Appendix D.5: Results of Ring Shear Tests 

 Page 

D.5 Results of Ring Shear Tests 1 

D.5.1 Comments on Results 1 

D.5.2 References 1 

 

List of Plates 

Title Plate 

Results of Interface Ring Shear Tests D.4-1 to D.4-20 



Neptune Energy Netherlands B.V. 

 

F225236/01 | 04 
Appendix D.5 | Page 1 of 1 

D.5 Results of Ring Shear Tests 

D.5.1 Comments on Results 

Ring shear (RS) tests have been performed with Bromhead type test equipment, which is 

equipment most commonly used for such tests. Tests have been performed in accordance to 

ICP (Jardine et al., 2005) procedures. Bromhead ring shear equipment and mentioned 

method are in principle designed for testing of remoulded specimens of fine-grained 

cohesive soils and coarse-grained cohesionless soils up to a grain size of 425 µm. Tests 

performed on soils that fall outside the specified ranges of soil type and grain size may yield 

results outside expected ranges for the soils tested and/or may result in scatter of angle of 

residual shear resistance between multiple tests performed on material from similar samples.  

Interface roughness of the soil-steel interface is measured before performing the test. No 

interface roughness is measured after performing the test 

D.5.2 References 

 

in sands and clays. Thomas Telford.   

Jardine, R., Chow, F., Overy, R. & Standing, J. (2005). ICP design methods for driven piles 
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  Date

  Borehole
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  Depth [m]
  Test Number

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

06BAGA
34.50
RS01

12/05/2023

  TEST IDENTIFICATION
NEPL7-BH01

PH
12/05/2023
PH

NEPL7-BH01_06BAGA_RS01
LB
11/05/2023

 Jardine et al., 2005

  QUALITY ASSURANCE

  TESTING PROCEDURES USED
 Jardine et al., 2005

  NOTES
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0.00

Dark grey fine to medium SAND

Soil - Steel
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  Interface roughness after 
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  Dry density 
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  Shearing

  Template Issue 1.0
  Filename
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  Date
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  Date
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  Date

  Borehole
  Sample
  Depth [m]
  Test Number

Dark grey fine SAND

Soil - Steel
8.26

-

100.0
70.0
34.35

0.00

8.7
1.69
1.55

   

  TESTING PROCEDURES USED
 Jardine et al., 2005

  NOTES

NEPL7-BH01_08BAGB_RS02

11/05/2023

 Jardine et al., 2005

  QUALITY ASSURANCE

12/05/2023

  TEST IDENTIFICATION
NEPL7-BH01

12/05/2023

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

08BAGB
38.15
RS02

  Ext. Diameter of ring 
  Int. Diameter of ring 
  Weight of soil 
  Interface type 
  Interface roughness before 
  Interface roughness after 
  Water content 
  Bulk density 
  Dry density 
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  CONSOLIDATION
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]

  FAST SHEAR STAGE
  Consolidation pressure [kPa]
  Vertical displacement [mm]
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  Borehole
  Sample
  Depth [m]
  Test Number
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0.06
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1
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11.39
33.0
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  TEST IDENTIFICATION
NEPL7-BH01

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

08BAGB
38.15
RS02
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  VISUAL DESCRIPTION

  INITIAL
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[%]
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[%]

  Consolidation
  Shearing

  Template Issue 1.0
  Filename
  Processed by
  Date
  Checked by
  Date
  Approved by
  Date

  Borehole
  Sample
  Depth [m]
  Test Number

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

11BAGA
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12/05/2023

  TEST IDENTIFICATION
NEPL7-BH01

12/05/2023

NEPL7-BH01_11BAGA_RS03

11/05/2023

 Jardine et al., 2005

  QUALITY ASSURANCE

  TESTING PROCEDURES USED
 Jardine et al., 2005

  NOTES

   

9.9
1.86
1.70

8.22
-

100.0
70.0
38.92

0.00

Olive fine SAND

Soil - Steel

  Ext. Diameter of ring 
  Int. Diameter of ring 
  Weight of soil 
  Interface type 
  Interface roughness before  
  Interface roughness after 
  Water content 
  Bulk density 
  Dry density 
  % retained on 425 m sieve 
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  CONSOLIDATION
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]

  FAST SHEAR STAGE
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]
  Horizontal displacement [mm]
  Machine speed [mm/min]
  At peak stress
  Shear stress [kPa]
  Horizontal displacement [mm]
  Shear angle [°]
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  At residual stress
  Shear stress [kPa]
  Horizontal displacement [mm]
  Shear angle [°]

  Borehole
  Sample
  Depth [m]
  Test Number

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

11BAGA
43.00
RS03

  TEST IDENTIFICATION
NEPL7-BH01

524
20.12
32.3
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2.14
32.8

0.99
19.78
20.12
0.018
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  VISUAL DESCRIPTION

  INITIAL
[mm]
[mm]

[g]

[m]
[m]
[%]

[Mg/m3]
[Mg/m3]

[%]

  Consolidation
  Shearing

  Template Issue 1.0
  Filename
  Processed by
  Date
  Checked by
  Date
  Approved by
  Date

  Borehole
  Sample
  Depth [m]
  Test Number

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

17BAGA
58.00
RS04

12/05/2023

  TEST IDENTIFICATION
NEPL7-BH01

12/05/2023

NEPL7-BH01_17BAGA_RS04

11/05/2023

 Jardine et al., 2005

  QUALITY ASSURANCE

  TESTING PROCEDURES USED
 Jardine et al., 2005

  NOTES

   

8.2
1.81
1.67

8.25
-

100.0
70.0
36.85

0.00

Dark grey fine SAND

Soil - Steel

  Ext. Diameter of ring 
  Int. Diameter of ring 
  Weight of soil 
  Interface type 
  Interface roughness before 
  Interface roughness after 
  Water content 
  Bulk density 
  Dry density 
  % retained on 425 m sieve 
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  CONSOLIDATION
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]

  FAST SHEAR STAGE
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]
  Horizontal displacement [mm]
  Machine speed [mm/min]
  At peak stress
  Shear stress [kPa]
  Horizontal displacement [mm]
  Shear angle [°]

  CONSOLIDATION
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]

SLOW SHEAR STAGE
  Consolidation pressure [kPa]
  Vertical displacement [mm]
  Vertical strain [%]
  Horizontal displacement [mm]
  Machine speed [mm/min]
  At peak stress
  Shear stress [kPa]
  Horizontal displacement [mm]
  Shear angle [°]
  At residual stress
  Shear stress [kPa]
  Horizontal displacement [mm]
  Shear angle [°]

  Borehole
  Sample
  Depth [m]
  Test Number

DETERMINATION OF RESIDUAL STRENGTH BY SMALL RING SHEAR

17BAGA
58.00
RS04

  TEST IDENTIFICATION
NEPL7-BH01
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Use of Geodata and Advice 

Introduction 

This document provides important information regarding the use 

of Fugro geodata, analyses and advice.  

Site-specific acquisition of geodata can include metocean 

monitoring, geophysical seafloor mapping, subsurface mapping, 

logging of boreholes, in situ testing, laboratory testing of 

samples and monitoring of structures or elements of structures. 

The cost of geodata acquisition, interpretation and monitoring is 

a small portion of the total cost of a development such as a 

construction project. By contrast, the costs of correcting a 

wrongly designed programme or mobilising alternative 

construction methods are often far greater than the cost of the 

original investigation for a site or structure.  

Attention and adherence to the information presented in this 

document can reduce delays and cost overruns related to site-

specific factors. 

The focus of this document is on construction projects. This 

document also applies to information and advice related to asset 

integrity and decommissioning. 

Requirements for Quality Geodata  

Project quality management should follow quality principles for 

project management (e.g. ISO 9001:2015) and for general 

principles on reliability for structures (e.g. ISO 2394:2015). Project 

activities usually comprise part of specific phases of a 

construction project. The quality plan for the entire construction 

project should incorporate geodata input in every phase - from 

the feasibility planning stages to project completion. The parties 

involved should do the following. 

◼ Provide complete and accurate information necessary to plan 

an appropriate site investigation. 

◼ Describe the purpose(s), type(s) and construction methods of 

planned structures in detail.  

◼ Provide the time, financial, personnel and other resources 

necessary for the planning, execution and follow-up of a site 

investigation programme. 

◼ Understand the limitations and degree of accuracy inherent 

in geodata. 

◼ Understand the limitations and degree of accuracy inherent 

in the advice based upon site investigation data. 

◼ During all design and construction activities, be aware of the 

limitations of site investigation data and analyses/ advice, 

and use appropriate preventative measures. 

◼ Incorporate all geodata input in the design, planning, 

construction and other activities involving the site and 

structures. Provide the entire (set of) document(s), including 

digital files where applicable, to parties involved in site 

selection, design and construction. 

◼ Use the site investigation data and advice for only the 

structures, site and activities which were described to Fugro 

prior to and for the purpose of planning the site 

investigation or the programme of analysis and advice. 

Authority, Time and Resources Necessary for Site 

Investigations 

Adequate designation of authority and accountability for site-

specific aspects of construction projects is necessary. This way, 

an appropriate investigation can be performed, and the use of 

the results by project design and construction professionals can 

be optimised.  

Figure 1 illustrates the importance of the initial project phases for 

gathering adequate geodata for a project. The initial phases, 

when site investigation requirements are defined and resources 

are allocated, are represented by more than 50 % of the Quality 

Triangle (Figure 1). Decisions and actions made during these 

phases have a large impact of the outcome and thus the 

potential of the investigation to meet project requirements.  

SITE INVESTIGATION REQUIREMENTS PERCEIVED

DEFINITION   OF  NEEDS

PLANNING, RESOURCES, TIME

SPECIFICATION

FIELDWORK

LABORATORY TESTS

ASSESSMENT
AND 

REPORT

FOCUSED &
RELEVANT

INFORMATION
FOR USE BY

PROFESSIONAL / ADVISER

PEOPLE

CLIENT / PRINCIPAL
TECHNICAL ADVISER

PRINCIPAL TECHNICAL /
GEOTECHNICAL ADVISER

GEOPHYSICAL AND GEOTECHNICAL
ADVISERS / SPECIALISTS

GEOPHYSICAL AND GEOTECHNICAL 
SPECIALISTS

SURVEY AND TESTING
CONTRACTORS

TECHNICIANS

MULTI-DISCIPLINE 
ADVISERS / SPECIALISTS THE POTENTIAL FOR

INADEQUACY IS BROADLY 

PROPORTIONAL TO THE 

AREA OF THE TRIANGLE 

REPRESENTED BY A TASK

TASKS

ILL-DEFINED
TASKS

INCREASINGLY
PRESCRIBED

 
Figure 1: Quality of Site Investigation (adapted from SISG1). 

 
1  Site Investigation Steering Group SISG (1993). Site investigation in construction 2: planning, procurement and quality management. 

Thomas Telford. 
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Data Acquisition and Monitoring Programmes 

Site-specific investigations, such as geophysical and geotechnical 

investigations, are operations of discovery. Investigation should 

proceed in logical stages. Planning should allow operational 

adjustments deemed necessary by newly available information. 

This observational approach permits the development of a sound 

engineering strategy and reduces the risk of discovering 

unexpected (geo)hazards during or after construction.  

Data Types and Limitations 

1. Reliability of Supplied Information 

Analysis and advice can involve the use of information and 

physical material that is publicly available or supplied by the 

client. Examples are geodetic data, geological maps, geophysical 

records, earthquake data, earlier geotechnical logs and soil 

samples. Fugro endeavours to identify potential anomalies but 

does not independently verify the accuracy or completeness of 

public or client-supplied information unless indicated otherwise. 

This information, therefore, can limit the accuracy of the geodata, 

analyses and advice. 

2. Complexity of Ground Conditions 

There are hazards associated with the ground. An adequate 

understanding of these hazards can help to minimize risks to a 

project and the site. The ground is a vital element of all 

structures which rest on or in the ground. Information about 

ground behaviour is necessary to achieve a safe and economical 

structure. Often less is known about the ground than for any 

other element of a structure. 

3. Site Investigation - Spatial Coverage 

Geophysical investigations typically provide information about 

ground conditions along survey track lines. Geotechnical 

investigations collect data at specific test locations. Interpretation 

of ground conditions away from survey track lines and test 

locations is a matter of extrapolation and judgement based on 

geological and geotechnical knowledge, as well as on 

experience. Nevertheless, actual conditions in untested areas 

may differ from predictions. For example, the interface between 

ground materials may be far more gradual or abrupt than 

indicated by the geodata. It is not realistic to expect a site 

investigation to reveal or anticipate every detail of ground 

conditions. Nevertheless, an investigation can reduce the residual 

risk associated with unforeseen conditions to a tolerable level. If 

ground problems do arise, it is important to have relevant 

expertise available to help reduce and mitigate safety and 

financial risks.  

4. Role of Judgement and Opinion In Analysis and Advice 

Analysis and advice that involve geodata are less exact than most 

other design disciplines. Extensive judgement and opinion are 

often required. Therefore, geodata, analyses and advice may 

contain definitive statements that identify where the 

responsibility of Fugro begins and ends. These are not 

exculpatory clauses designed to transfer liabilities to another 

party, but they are statements that can help all parties involved 

to recognise their individual responsibilities and take appropriate 

actions. 

Complete Information should be Available to all Parties 

Involved 

To prevent costly construction problems, construction 

contractors should have access to the best available information. 

They should have access to the complete original (set of) 

documents including digital files where applicable, to prevent or 

minimize any misinterpretation of site conditions and advice. To 

prevent errors or omissions that could lead to misinterpretation, 

geophysical sections, geotechnical logs and illustrations should 

not be redrawn or reprocessed, and users of geodata and advice 

should confer with the authors when applying the geodata 

and/or advice. A cloud-hosted, web-based geodata engagement 

platform can facilitate information access throughout the life 

cycle of an asset. 

Information is Project-Specific 

Fugro’s investigative programmes, analyses and advice are 

designed and conducted specifically for the client described 

project and conditions. Thus the geodata, analyses and advice 

present information for a unique construction project. Project-

specific factors for a structure include but are not limited to: 

◼ Location; 

◼ Size and configuration of structure; 

◼ Type and purpose or use of structure; 

◼ Other facilities or structures in the area. 

Any factor that changes subsequent to the preparation of the 

geodata, analyses and advice may affect its applicability. A 

specialised review of the impact of changes would be necessary. 

Fugro is not responsible for conditions which develop after 

change of any factor in site investigation programming, 

development or structure. 

For purposes or parties other than the original project or client, 

the geodata, analyses and advice may not be adequate and 

should not be used. 

Changes in Site Conditions Affect the Accuracy/Suitability of 

the Data 

Ground is complex and can be changed by natural phenomena 

such as earthquakes, floods, seabed scour and groundwater 

fluctuations. Construction operations at or near the site can also 

change ground conditions. The geodata, analyses and advice 

consider conditions at the time of investigation. Construction 

decisions should consider any changes in site conditions, 

regulatory provisions, technology or economic conditions 

subsequent to the investigation. Geodata, analyses and advice 

can become inaccurate or unreliable upon any passage of time, 

and a specialist should be consulted regarding the adequacy of 

the geodata, analyses and advice for use. 
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Abbreviations 

I – General 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

Al artificial intelligence 

FEED front-end engineering design 

GIS geographical information system 

HAZID  hazard identification 

HIRA  hazard identification and risk assessment 

HSE  health, safety and environment 

HSSE  health, safety, security and environment 

ML machine learning 

PDF portable document format 

QHSSE quality, health, safety, security and environment 

SIM structural integrity management 

II – Standards  

API American Petroleum Institute 

ASTM American Society for Testing and Materials 

BS British standard 

EN Europäische norm (European standard) 

ISO International Organization for Standardization  

III – Statistics  

CDF cumulative distribution function 

COV coefficient of variation 

PDF probability density function 

SD standard deviation 

IV – Geodetics  

BGL below ground level 

BSF below seafloor 

CD chart datum 

CM central meridian 

DGPS Differential Global Positioning System 

CRS coordinate reference system 

E east 

ED European Datum 

ETRS European terrestrial reference system 

GNSS Global Navigation Satellite System 

GPS Global Positioning System 

GRS Geodetic Reference System 

INS inertial navigation system 

KP kilometre point 

LAT Lowest Astronomical Tide 

MSL Mean Sea Level 

N north 

S south 

SWL still water level 

TM Transverse Mercator 

USBL ultra short baseline 

UTC Coordinated Universal Time 

UTM Universal Transverse Mercator 

W west 

WGS World Geodetic System 

V – Survey Platforms 

ASV  autonomous surface vehicle 

ATV all-terrain vehicle 

AUV autonomous underwater vehicle 

 

 

 

 

 

MV motor vessel  

ROV remotely operated vehicle 

SV sailing vessel  

VI – Site Investigation 

ABI acoustic borehole imager 

BC box core(r) 

BH borehole 

BGL borehole geophysical logging 

BPT ball penetration test 

CAL caliper tool 

CDP common depth point 

CMP common mid-point 

CPT cone penetration test 

CPTU piezocone penetration test (or PCPT) 

CTD conductivity temperature depth 

DMR downhole magnetic resonance 

FFP free-fall penetration test 

FLPC Fugro large piston core(r)  

GC gravity core(r) 

GR natural gamma radiation 

GS grab sample(r) 

HF-CPTU CPTU with heat flow test 

HF-T-CPT T-CPT with heat flow test 

HF-NPT thermal needle probe test 

HRS high resolution seismic reflection 

ID inner diameter 

LDPC large diameter piston core(r) 

LGPC large gravity piston core(r) 

MAG magnetometer 

MBES multibeam echosounder 

MBPT miniature ball penetration test 

MCS multichannel seismic reflection 

MTPT miniature T-bar penetration test 

OBI optical borehole imager 

OD outer diameter 

PC piston core(r) 

PPDT pore pressure dissipation test 

PSSL P and S suspension logger 

RC rotary core(r) 

SBES single beam echosounder 

SBF seabed frame 

SBP sub-bottom profiler, seismic reflection 

SCPT seismic cone penetration test 

SCS single channel seismic reflection 

SGR spectral gamma radiation 

SIR strong impedance reflector 

SSS side scan sonar 

STACOR® stationary piston gravity core(r) 

SVP sound velocity profiler 

T-CPT temperature cone penetration test 

TPT T-bar penetration test 

TWTT two-way travel time, seismic reflection 

UHR ultra high resolution 

UHRS ultra high resolution seismic reflection 

UUHR ultra ultra high resolution 

VC vibrocore(r) 

VSP vertical seismic profiler 

VST vane shear test 

WISON® wireline sounding tool 

WIP wireline push sampler 
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VII – Site Characterisation 

BP before present 

DSHA deterministic seismic hazard assessment 

DTM digital terrain model 

Fm geological formation 

LGM last glacial maximum 

Mb geological formation member 

MDAC methane-derived authigenic carbonate  

MTD mass transport deposit 

PSHA probabilistic seismic hazard assessment 

SBT soil behaviour type 

SGHA shallow gas hazard assessment 

SSDM seabed survey data model 

UXO unexploded ordnance 

VIII – Geotechnical Analysis 

ALS accidental limit state 

ASD allowable stress design 

FLS fatigue limit state 

FOS factor of safety 

LSD limit state design 

PFD partial factor design 

SCR steel catenary riser 

SLS serviceability limit state 

SRD soil resistance to driving 

UHC ultimate holding capacity 

ULS ultimate limit state 

VLA vertically loaded anchor 

WSD working stress design 

WTG wind turbine generator 
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Symbols 
 

Symbol Unit Quantity 

 

I - General 
 

𝐴 m2 Area 

𝐿 m Length 

𝐵 m Width 

𝐷 m Diameter 

𝑈 - Uncertainty of parameter value 

𝑉 m3 Volume 

𝑊 kN Weight 

𝑎 m/s2 Acceleration 

𝑑 m Depth 

𝑓 Hz Frequency (= 1/𝑇) 

𝑔 m/s2 Acceleration due to gravity (𝑔 = 9.81 m/s2) 

ℎ m Height or thickness 

𝑖 - Inclination 

𝑚 kg Mass 

T s Period (time taken to complete one cycle of an oscillation) 

𝑡 s Time 

𝑡  a Time, mean Julian year 

𝜈 m/s Velocity 

𝑧 m Penetration or depth below reference level (usually ground surface) 

𝜀̇ s-1 Rate of strain (length) 

𝜌 kg/m3 Density 

𝜋 - Mathematical constant (= 3.14159) 

𝑒 - Base of natural logarithm (= 2.71828) 

𝑙𝑛 - Natural logarithm 

𝑙𝑜𝑔 - Logarithm base 10  

 

II - Stress and Strain  
 

𝑃𝑎 kPa Atmospheric pressure 

𝑢 MPa Pore pressure 

𝑢𝑜 MPa Hydrostatic pore pressure relative to seafloor or phreatic surface 

𝑢𝑓 MPa Pore pressure at failure 

𝑢 MPa Change in pore pressure or excess pore pressure 

𝜎 kPa Total stress 

𝜎′ kPa Effective stress 

𝜏 kPa Shear stress 

𝜏𝑝𝑒𝑎𝑘 kPa Peak shear stress 

𝜎1, 𝜎2, 𝜎3 kPa Principal stresses 

𝜎ℎ kPa Total horizontal stress  

𝜎ℎ kPa Change in total horizontal stress  

𝜎𝑣 kPa Total vertical stress  

𝜎𝑣 kPa Change in total vertical stress  

𝜎ℎ0 kPa Total in situ horizontal stress relative to ground surface or phreatic surface  

𝜎′ℎ0 kPa Effective in situ horizontal stress 

𝜎𝑣0 kPa Total in situ vertical stress relative to ground surface or phreatic surface 

𝜎′𝑣0 kPa Effective in situ vertical stress (or 𝑝′0) 

𝜎′ℎ  kPa Effective horizontal stress 

𝜎′𝑣 kPa Effective vertical stress 

𝜎′𝑟  kPa Effective radial stress 

𝜎′𝑎 kPa Effective axial stress 

𝑟𝑢 - Pore pressure ratio [= 𝑢/𝜎𝑣0] 

𝑝′ kPa Mean effective stress [=  (𝜎′1 + 𝜎′2 + 𝜎′3)/3]   

q kPa Principal deviator stress [= 𝜎′1 − 𝜎′3] or [= 𝜎1 − 𝜎3] 

𝑞𝑟𝑒𝑓 kPa Reference principal deviator stress 

𝑠′ kPa Mean effective stress in 𝑠′ − 𝑡 space [= (𝜎′1 + 𝜎′3)/2]  

t kPa Shear stress in 𝑠′ − 𝑡 space [= (𝜎′1 − 𝜎′
3)/2] or [= (𝜎1 − 𝜎3)/2]  
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Symbol Unit Quantity 

 
𝜀 - Linear strain 

𝜀1, 𝜀2, 𝜀3 - Principal strains 

𝜀𝑣 - Vertical strain (or volumetric strain) 

𝜀𝑣𝑜𝑙 - Volumetric strain 

 - Shear strain 


𝑐
 - Shear strain at maximum shear stress 

𝜈 - Poisson's ratio 

𝜈𝑢 - Poisson's ratio for undrained stress change 

𝜈𝑑 - Poisson's ratio for drained stress change 

𝛦 MPa Modulus of linear deformation (Young's modulus)  

𝛦𝑚𝑎𝑥 MPa Modulus of linear deformation at small strain 

𝐸𝑢 MPa Modulus of linear deformation (Young's modulus for undrained stress change) 

𝐸𝑑  MPa Modulus of linear deformation (Young's modulus for drained stress change) 

𝐺 MPa Modulus of shear deformation (shear modulus) 

𝐺𝑚𝑎𝑥 MPa Small strain shear modulus (shear modulus at small strain) 

𝐼𝑟  - Rigidity index [= 𝐺/𝜏𝑚𝑎𝑥 or 𝐺/𝑠𝑢] 

𝐾 MPa Modulus of compressibility (bulk modulus) 

𝑀 MPa Constrained modulus [= 1/𝑚𝑣] 

𝑀𝑚𝑎𝑥 MPa Constrained modulus at small strain 

𝜇 - Coefficient of friction 

𝜂 kPa.s Coefficient of viscosity 

 

III - Physical Characteristics of Ground 
 

(a) Density and Unit Weights  

 

  kN/m3 Unit weight of ground (or bulk unit weight or total unit weight) 


𝑑  kN/m3 Unit weight of dry ground 


𝑠
 kN/m3 Unit weight of solid particles 


𝑤

 kN/m3 Unit weight of water 


𝑝𝑓

 kN/m3 Unit weight of pore fluid 


𝑑𝑚𝑖𝑛

 kN/m3 Minimum index (dry) unit weight 


𝑑𝑚𝑎𝑥

 kN/m3 Maximum index (dry) unit weight 

’ kN/m3 Unit weight of submerged ground (or 
𝑠𝑢𝑏

) 

𝜌 Mg/m3 [= t/m3] Density of ground (or bulk density) 

𝜌𝑑 Mg/m3 [= t/m3] Density of dry ground 

𝜌𝑠 Mg/m3 [= t/m3] Density of solid particles (or 𝐺𝑠) 

𝜌𝑤 Mg/m3 [= t/m3] Density of water  

𝐷𝑟  -, % Relative density [= 𝐼𝐷 = 
𝑑𝑚𝑎𝑥(𝑑

− 
𝑑𝑚𝑖𝑛)/

𝑑(𝑑𝑚𝑎𝑥
− 

𝑑𝑚𝑖𝑛) = (𝑒𝑚𝑎𝑥 − 𝑒)/(𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛)] 

𝜈 - Specific volume [= 1 + 𝑒] 

𝑒 - Void ratio 

𝑒0 - Initial void ratio  

𝑒𝜎′𝜈0  - Void ratio at 𝜎′𝜈0 (or 𝑒0) 

𝑒𝑚𝑎𝑥 - Maximum index void ratio 

𝑒𝑚𝑖𝑛 - Minimum index void ratio 

𝐺𝑠 - Specific gravity of solid particles 

𝐼𝐷 -, % Density index [= 𝐷𝑟] 

𝑅𝐷 -, % Dry density ratio [= 
𝑑

/
𝑑𝑚𝑎𝑥

] 

𝑛 -, % Porosity 

𝑤 % Water content 

𝑆𝑟 % Degree of saturation 

𝑟 -, g/kg Salinity of pore fluid [= ratio of mass of salt to mass of pore fluid] 

𝑅 g/l Salinity of fluid [= ratio of mass of salt to volume of distilled water] 

𝑠 g/l Salinity of fluid [= ratio of mass of salt to volume of fluid] 

𝑆 g/kg Salinity of seawater [= ratio of mass of salt to mass of seawater] 
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Symbol Unit Quantity 

 
(b) Consistency 

 

𝑤𝐿 % Liquid limit 

𝑤𝑃 % Plastic limit 

𝐼𝑃 % Plasticity index [= 𝑤𝐿 − 𝑤𝑃] 

𝐼𝐿 % Liquidity index [= (𝑤 − 𝑤𝑃)/(𝑤𝐿 − 𝑤𝑃)] 

𝐼𝐶 % Consistency index [= (𝑤𝐿 − 𝑤)/(𝑤𝐿 − 𝑤𝑃)] 

𝐴 -, % Activity [= ratio of 𝐼𝑃 to percentage by weight of clay-size particles] 

 

(c) Particle Size 

 

𝐷 mm Particle diameter 

𝐷𝑛 mm Particle diameter, where n% of the dry mass of ground has a smaller particle diameter  

𝐶𝑢 - Uniformity coefficient [= 𝐷60/𝐷10] 

𝐶𝑐 - Curvature coefficient [= (𝐷30)2/𝐷10𝐷60]  

𝐹𝐶𝐷 mm Fines content, as % of the dry mass of ground having particle diameters smaller than 𝐷 in mm (e.g. 

𝐹𝐶0.075 for ASTM methods and 𝐹𝐶0.063 for ISO methods)   

 

(d) Acoustic Properties 

 

𝑆𝜈ℎ - S-wave propagating in the vertical direction with particle motion in the horizontal direction 

𝑆ℎℎ - S-wave propagating in the horizontal direction with particle motion in the horizontal direction 

𝑆ℎ𝜈 - S-wave propagating in the horizontal direction with particle motion in the vertical direction 

𝜈𝑝 m/s P-wave velocity (compression wave velocity) 

𝜈𝑠 m/s S-wave velocity (shear wave velocity) 

𝜈𝑠1 m/s S-wave velocity normalised to 100 kPa in situ vertical stress 

𝜈𝜈ℎ m/s S-wave velocity, vertically (𝜈) propagated, horizontally (ℎ) polarised 

 

(e) Hydraulic Properties 

 

𝐾 m/s  Hydraulic conductivity (or 𝑘 where permeating fluid consists of water) 

𝑘 m/s Coefficient of permeability 

𝑘𝜈 m/s Coefficient of vertical permeability 

𝑘ℎ m/s Coefficient of horizontal permeability 

𝑖 - Hydraulic gradient 

 

(f) Thermal Properties 

 

𝑇 K, C Temperature 

𝑘 W/(m∙K) Thermal conductivity 

𝑎𝐿 1/C Thermal expansion coefficient (linear) 

𝛼 m2/s Thermal diffusion coefficient 

𝐶 MJ/m3K Volumetric heat capacity 

 

(g) Electrical Properties 

 

𝜌 m Electrical resistivity 

𝐾 S/m Electrical conductivity 

 

(h) Magnetic Properties 

 

𝐵 T Magnetic flux density (or magnetic induction) 

  

(i) Radioactive Properties 

 

 CPS Natural gamma ray 

 

IV - Mechanical Characteristics of Ground 
 

(a) Cone Penetration Test (CPT) 
 

𝑞𝑐 MPa Cone resistance 

𝑞𝑐1 MPa Cone resistance normalised to 100 kPa effective in situ vertical stress 

𝑓𝑠 MPa Sleeve friction 
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Symbol Unit Quantity 

 

𝑓𝑡 MPa Sleeve friction corrected for pore pressures acting on the end areas of the friction sleeve  

𝑅𝑓 % Ratio of sleeve friction to cone resistance 

𝑅𝑓𝑡 % Ratio of sleeve friction to corrected cone resistance (𝑓𝑠/𝑞𝑡 or 𝑓𝑡/𝑞𝑡) 

𝑢1 MPa Pore pressure at the face of the cone 

𝑢2 MPa Pore pressure at the cylindrical extension above the base of the cone or in the gap between the 

friction sleeve and the cone 

𝑢2* MPa Pore pressure 𝑢2, but derived rather than measured  

𝑢3 MPa Pore pressure immediately above the friction sleeve or in the gap above the friction sleeve  

𝐾 - Adjustment factor for ratio of pore pressure at 𝑢1 to 𝑢2 location 

𝑞𝑛 MPa Net cone resistance  

𝑞𝑡 MPa Corrected cone resistance (or total cone resistance) 

𝐵𝑞 - Pore pressure ratio 

𝑄𝑡 - Normalised cone resistance [= 𝑞𝑛/𝜎′𝜈0] 

𝑄𝑡𝑛  - Normalised cone resistance with variable stress exponent 

𝐹𝑟 % Normalised friction ratio [= 𝑓𝑡/𝑞𝑛] 

𝑈2 - Normalised excess pore pressure [= (𝑢2 − 𝑢0)/𝜎’𝑣0] 

𝐶𝐷 - Contractive-dilative boundary (for soil behaviour type) 

𝐼𝐵 - Soil behaviour type index (for 𝑄𝑡𝑛 and 𝐹𝑟)  

𝐼𝑐  - Soil behaviour type index (for 𝑄𝑡𝑛 and 𝐹𝑟)  

𝐼𝑆𝐵𝑇   - Soil behaviour type index (for 𝑞𝑐 and 𝑅𝑓) 

𝑁𝑐 - Cone factor between 𝑞𝑐 and 𝑠𝑢 

𝑁𝑘𝑡 - Cone factor between 𝑞𝑛 and 𝑠𝑢 (or 𝑁𝑘) 

𝑁∆𝑢 - Pore pressure factor between 𝑢2 − 𝑢0 and 𝑠𝑢 

 

(b) Standard Penetration Test (SPT)  

 

𝑁 Blows/0.3 m SPT blow count 

𝑁60 Blows/0.3 m SPT blow count normalised to 60 % energy 

𝑁1,60 Blows/0.3 m SPT blow count normalised to 60 % energy and to 100 kPa effective in situ vertical stress 

 

(c) Strength and Stiffness of Soil – Static 

 

𝑠𝑢 kPa Undrained shear strength (or 𝑐𝑢) 

𝑠𝑢𝐶 kPa Undrained shear strength in laboratory triaxial compression (or 𝑐𝑢𝐶) 

𝑠𝑢𝐷 kPa Undrained shear strength in laboratory direct simple shear (or 𝑐𝑢𝐷) 

𝑠𝑢𝐸 kPa Undrained shear strength in laboratory triaxial extension (or 𝑐𝑢𝐸) 

𝑠𝑢;𝑟𝑒𝑓 kPa Reference undrained shear strength  

𝑠𝑢/𝜎′𝜈0 - Undrained strength ratio 

𝑠𝑢;𝑎1/𝑠𝑢;𝑎2 - Strength anisotroppy ratio – undrained shear strength 

𝜅 kPa/m Rate of increase of undrained shear strength with depth (linear) 

𝑐′ kPa Effective cohesion intercept 

𝜑′ °(deg) Effective angle of internal friction (or ′) 

𝜑′𝑐𝜈 °(deg) Effective angle of internal friction at large strain (or ′𝑐𝜈) 

𝜑′𝑅 °(deg) Effective angle of internal friction at residual shear conditions (or ′𝑅) 

𝜓 °(deg) Angle of dilation (or dilatancy angle) 

𝜀50 % External axial strain at half the maximum deviator stress (or 𝜀𝑐) 

𝜀𝑐 % External axial strain at the maximum deviator stress 

𝐸50 MPa Secant Young's modulus at half the maximum deviator stress 

𝑠𝑢;𝑟 kPa Undrained shear strength of remoulded soil 

𝑠𝑢;𝑎𝑟 kPa Undrained shear strength of aged remoulded soil 

𝑠𝑅 kPa Undrained residual shear strength 

𝑆𝑡 - Sensitivity [= 𝑠𝑢/𝑠𝑢;𝑟 or 𝑠𝑢/𝑠𝑅] 

𝑇𝑥  - Thixotropy strength ratio [𝑇𝑥(𝑡) = 𝑠𝑢;𝑎𝑟(𝑡)/𝑠𝑢;𝑟]  

𝑀 - Gradient of critical state line when projected onto a constant volume plane 

𝐴 - Pore pressure coefficient for anisotropic pressure increment 

𝐵 - Pore pressure coefficient for isotropic pressure increment 

 

(d) Strength and Stiffness of Soil – Cyclic and Dynamic 

 

𝑁 - Number of cycles (or cycle number) 

𝑁𝑓  - Number of cycles to soil failure or final number of cycles 

𝑁𝑒𝑞  - Equivalent number of cycles 

𝜏0 kPa Initial shear stress 

𝜏𝑎𝜈 kPa Average shear stress or constant shear stress (or 𝑎) 



  

FNLM-GEO-APP-017 | 68 | Symbols 

Page 5 of 7 

  
  
  

 ©
 F

u
g

ro
 1

9
9
4
-2

0
2
2
   

 

Symbol Unit Quantity 

 

𝜏𝑐𝑦 kPa Cyclic shear stress amplitude [= (𝑚𝑎𝑥 − 𝑚𝑖𝑛)/2] 

𝜏𝑐𝑦,𝑓 kPa Cyclic shear strength at a specified failure criterion [= (𝜏𝑎𝑣 + 𝜏𝑐𝑦)𝑓] 

𝜏𝑚𝑎𝑥 kPa Maximum shear stress 

𝜏𝑚𝑖𝑛 kPa Minimum shear stress 


𝑎𝜈

 % Average shear strain (or 
𝑎

) [= (
𝑚𝑎𝑥

+ 
𝑚𝑖𝑛

)/2]  


𝑐𝑦

 % Cyclic shear strain amplitude [= (
𝑚𝑎𝑥

− 
𝑚𝑖𝑛

)/2] 


𝑚𝑎𝑥

 % Maximum shear strain 


𝑚𝑖𝑛

 % Minimum shear strain 


𝑝

 % Permanent shear strain 

𝜎′𝑎𝑐 kPa Effective axial consolidation stress 

𝜎′𝑟𝑐  kPa Effective radial consolidation stress 

𝜎′𝑟𝑒𝑓 kPa Reference effective stress 

𝑞𝑐𝑦 kPa Cyclic deviator stress amplitude [= (𝑞𝑚𝑎𝑥 − 𝑞𝑚𝑖𝑛)/2] 

𝑞𝑚𝑎𝑥 kPa Maximum deviator stress 

𝑞𝑚𝑖𝑛 kPa Minimum deviator stress 

𝑞𝑎𝜈 kPa Average deviator stress [= (𝑞𝑚𝑎𝑥 + 𝑞𝑚𝑖𝑛)/2] 

𝜀𝑐𝑦 % Cyclic axial strain (or cyclic vertical strain) amplitude [= (𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛)/2] 

𝜀𝑚𝑎𝑥 % Maximum axial strain (or maximum vertical strain) 

𝜀𝑚𝑖𝑛 % Minimum axial strain (or minimum vertical strain) 

𝜀𝑎𝜈 % Average axial strain (or average vertical strain) [= (𝜀𝑚𝑎𝑥 + 𝜀𝑚𝑖𝑛)/2] 

𝜀𝑎 % External axial strain at 𝑁𝑓 (or external vertical strain at 𝑁𝑓) 

𝐸𝑒𝑥𝑡 MPa Young’s modulus derived from loop stiffness and external axial strain  

𝐸𝑙𝑜𝑐  MPa Young’s modulus derived from loop stiffness and local axial strain 

𝑢𝑎 kPa Average pore pressure  

𝑢𝑐𝑦 kPa Cyclic pore pressure amplitude [= (𝑢𝑚𝑎𝑥 − 𝑢𝑚𝑖𝑛)/2] 

𝑢𝑚𝑎𝑥 kPa Maximum pore pressure 

𝑢𝑚𝑖𝑛 kPa Minimum pore pressure 

𝑢𝑝 kPa Permanent pore pressure  

𝜆 -, % Damping ratio of ground (or 𝐷) 

𝜆𝑒𝑥𝑡 % Damping ratio derived from external axial strain  

𝜆𝑙𝑜𝑐 %  Damping ratio derived from local axial strain 

 

(e) Strength of Rock 

 

𝜎𝑐 MPa Uni-axial compressive strength 

𝐼𝑠(50) MPa Point load strength index 

𝑁𝑃𝑅 N/mm Needle point resistance 

 

(f) Consolidation (One Dimensional) 

 

𝜎′ℎ𝑐 kPa Effective horizontal consolidation stress 

𝜎′𝜈𝑐 kPa Effective vertical consolidation stress 

𝜎′𝑝 kPa Effective preconsolidation stress (or effective vertical yield stress in situ) 

𝜎∗
𝜈𝑒  kPa Effective vertical stress on ICL at 𝑒0 

𝜎′𝜈𝑦 kPa Effective vertical yield stress in situ (or effective preconsolidation stress) 

𝐶𝑐 - Compression index 

𝐶∗
𝑐 - Intrinsic compression index [= 𝑒∗

100 − 𝑒∗
1000] 

𝐶𝑠 - Swelling index (or re-compression) 

𝐶𝑅 - Primary compression ratio [= 𝐶𝑐/(1 + 𝑒0)] 

𝑅𝑅 - Recompression ratio [= 𝐶𝑠/(1 + 𝑒0)] 

𝑒𝐿 - Void ratio at liquid limit 𝑤𝐿 

𝑒∗
100 - Void ratio at 𝜎′𝜈= 100 kPa during one-dimensional intrinsic compression 

𝑒∗
1000 - Void ratio at 𝜎′𝜈 = 1000 kPa during one-dimensional intrinsic compression 

𝐶𝛼 - Coefficient of secondary compression (primary compression) 

𝐶𝛼𝑠 - Coefficient of secondary compression (swelling/re-compression) 

𝑐𝜈 m2/s Coefficient of consolidation 

𝐻 m Drainage path length 

𝐼𝐶𝐿 - Intrinsic compression line (Burland, 1990) 

𝐼𝜈  - Void index [= (𝑒0 − 𝑒∗
100)/ 𝐶∗

𝑐] 

𝑚𝜈 m2/MN Coefficient of volume compressibility 

𝑀 MPa Constrained modulus [= 1/𝑚𝜈] 

𝑝 kPa Vertical pressure 

𝑂𝐶𝑅 - Overconsolidation ratio [= 𝜎′𝑝/𝜎′𝜈0] (or yield stress ratio) 
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Symbol Unit Quantity 

 

𝑆𝐶𝐶 - Sedimentation compression curve 

𝑆𝐶𝐿 - Sedimentation compression line (Burland, 1990) 

𝑆𝜎 - Stress sensitivity [= 𝜎′𝜈𝑦/𝜎∗
𝜈𝑒] 

𝑌𝑆𝑅 - Yield stress ratio [= 𝜎′𝜈𝑦/𝜎′𝜈0] (or overconsolidation ratio) 

 

V - Geotechnical Design 
 

(a) Partial Factors 

 


𝑑
 - Factor related to model uncertainty or other circumstances 


𝑓
 - Partial action factor (load factor) 


𝑚

 - Partial material factor (partial safety factor) 


𝑅  - Partial resistance factor (partial safety factor) 

 

(b) Seismicity 

 

𝑎𝑔 m/s2 Effective peak ground acceleration (design ground acceleration) 

𝑑𝑔 m Peak ground displacement 

𝛼 - Acceleration ratio [= 𝑎𝑔/𝑔] 

𝜏𝑐 kPa Seismic shear stress 

 

(c) Compaction 

 

𝜌𝑑𝑚𝑎𝑥 Mg/m3 [= t/m3] Maximum dry density 

𝜌𝑚𝑎𝑥 Mg/m3 [= t/m3] Maximum density 

𝑤𝑜𝑝𝑡 % Optimum moisture content 

 

(d) Earth Pressure 

 

𝛿 °(deg) Angle of interface friction (between ground and foundation) 

𝐾 - Coefficient of lateral earth pressure 

𝐾𝑎 - Coefficient of active earth pressure 

𝐾𝑎𝑐 - Coefficient of active earth pressure for total stress analysis 

𝐾𝑝 - Coefficient of passive earth pressure 

𝐾𝑝𝑐 - Coefficient of passive earth pressure for total stress analysis 

𝐾0 - Coefficient of earth pressure at rest 

𝐾0𝑛𝑐 - 𝐾0 for normally consolidated soil 

𝐾0𝑜𝑐 - 𝐾0 for overconsolidated soil 

 

(e) Foundations  

  

𝐴 m2 Total foundation area 

𝐴′ m2 Effective foundation area 

𝐵′ m Effective width of foundation 

𝐸𝑠 MN/m3 Modulus of subgrade reaction 

𝑘 MPa/m Rate of change of modulus of subgrade reaction 𝐸𝑠 with depth 𝑧 

𝐿′ m Effective length of foundation 

𝐻 MN Horizontal external force or action 

𝑉 MN Vertical external force or action 

𝑀 MN.m External moment 

𝑇 MN.m External torsion moment 

𝑄 MN Total vertical resistance of a foundation/pile 

𝑄𝑝 MN End bearing of pile 

𝑄𝑠 MN Shaft resistance of pile 

𝑞𝑝 MPa Unit end bearing 

𝑞𝑙𝑖𝑚 MPa Limit unit end bearing 

𝑓 kPa Unit skin friction (or 𝑞𝑠) 

𝑓𝑙𝑖𝑚 kPa Limit unit skin friction 

𝑝 MN/m Lateral resistance per unit length of pile 

𝑝𝑙𝑖𝑚 MN/m Limit lateral resistance per unit length of pile 

𝑠 m Settlement 

𝑡 MN/m Skin friction per unit length of pile 

𝑦 mm Lateral pile deflection 
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Symbol Unit Quantity 

 

𝑧 mm Axial pile displacement 

𝛼 - Adhesion factor between ground and foundation (= 𝑓/𝑠𝑢) 

𝛽 - Adhesion factor between ground and foundation (= 𝑓/𝜎′𝜈  or 𝑓/𝜎′𝜈0) 

𝛿 °(deg) Angle of interface friction (between ground and foundation) 

𝛿𝑐𝜈 °(deg) Constant volume or critical-state angle of interface friction (between ground and foundation) 

𝑁𝑐 , 𝑁𝑞 , 𝑁 - Bearing capacity factors 

𝐾𝑐, 𝐾𝑞 , 𝐾 - Bearing capacity correction factors for inclined forces or actions, foundation shape and depth of 

embedment 

𝑖𝑐, 𝑖𝑞 , 𝑖 - Bearing capacity correction factors for external force inclined from vertical shape 

𝑆𝑐 , 𝑆𝑞 , 𝑆 - Bearing capacity correction factors for foundation shape 

𝑑𝑐, 𝑑𝑞 , 𝑑 - Bearing capacity correction factors for foundation embedment 

 

Signs: 

− A ‘prime’ applies to effective stress. 

− A ‘bar’ above a symbol relates to average properties. 

− A ‘dot’ above a symbol denotes derivative with respect to time. 

− The prefix ‘’ denotes an increment or a change. 

− A ‘star’ after a symbol denotes value corrected for pore fluid salinity. 
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◼ Drill pipe: cylindrical pipe connecting drill rig and drill bit; 

◼ Drill collar: thick-walled drill pipe providing self-weight thrust 

for the drill bit; 

◼ Drill bit: device attached to drill pipe and used as a cutting 

tool to drill into the ground;  

◼ Core bit: device attached to a rotary core sampler and used 

as a cutting tool to drill into the ground; 

◼ Core catcher: device that assists retention of core in the core 

barrel; 

◼ Core box: box with longitudinal separators for the protection 

and storage of (core) sample; 

◼ Bottom hole assembly: lower section of offshore drill pipe 

and drill bit, shaped to permit latching of downhole in situ 

testing and sampling apparatus. 

Coring 

Core drilling is a ground investigation technique comprising 

simultaneous drilling and sampling. Descriptions of apparatus 

are as follows: 

◼ Single tube core barrel: hollow steel tube with a head at the 

upper end threaded for drill pipe, and a threaded connection 

for the core bit at the lower end; 

◼ Double tube core barrel: assembly of two concentric steel 

tubes joined at the upper end by means of a swivel arranged 

to permit rotation of the outer tube without causing rotation 

of the inner tube; the upper end of the outer tube is 

threaded for drill pipe and the lower end is threaded for the 

core bit; 

◼ Double tube core barrel with retrievable inner tube: double 

tube core barrel that permits retrieval of the core-laden inner 

tube assembly to the surface through matching drill pipe 

without the need for withdrawal of the drill pipe. 

Offshore Operations 

Offshore drilling can require additional apparatus, particularly 

when drilling from a vessel:   

◼ Seafloor template (or seabed reaction frame): seafloor-based 

apparatus capable of providing one or more of the following: 

• Improved horizontal and vertical control of the drill pipe; 

• Re-entry of a borehole by drill pipe after earlier 

retraction; 

• Vertical reaction for hard-tie rigging; 

• Vertical reaction for the drill pipe during downhole 

testing and sampling; 

• Vertical control of the drill pipe during drilling, downhole 

testing and sampling (hybrid seafloor/ vessel drilling);  

◼ Heave compensator: apparatus to compensate (passive 

system) the drill pipe or logging tools for vertical motion of a 

vessel; 

◼ Hard-tie rigging: special rigging system incorporating a 

seafloor template and a passive heave compensator, for 

heave-compensated drilling with low drill bit load and/or 

increased depth control of the drill bit.  

Sampling Apparatus 

Drive Sampling 

◼ Drive-weight assembly: device consisting of hammer, 

hammer fall guide, anvil and hammer drop system; 

◼ Hammer: impact mass, which is successively lifted and 

dropped to provide the energy that accomplishes sampler 

penetration; 

◼ Hammer fall guide: guide arrangement for the fall of the 

hammer; 

◼ Anvil: drive-head which the hammer strikes and through 

which the hammer energy passes into the sampling rods; 

◼ Hammer drop system: pick-up and release mechanism by 

which lifting and dropping of the hammer is accomplished; 

◼ Cathead: rotating drum in a rope-cathead hammer drop 

system around which a rope is wrapped to lift and drop the 

hammer by successively tightening and loosening the rope 

turns around the drum; 

◼ Self-tripping release: hammer drop system that ensures a 

free fall of the hammer after lifting by a cable or rope; 

◼ Free-fall winch: hammer drop system that permits a free 

release of the rotating drum of the winch around which a 

cable is wrapped to lift and drop the hammer; 

◼ Hydraulic Percussion: hammer drop system that provides 

rapid impact hammer blows by fluid flow; 

◼ Sampling rods: rods that connect the drive-weight assembly 

to the sampler head. 

Push Sampling Apparatus  

◼ Sampler insertion equipment: apparatus providing relatively 

rapid continuous penetration force; 

◼ Reaction equipment: reaction for the sampler insertion 

equipment; 

◼ Sampling rods: rods that connect the sampler insertion 

equipment to the sampler head. 

Sampler  

◼ Open-tube sampler: sampler with tube that is open at one 

end and fitted to the sampler head at the other end; 

◼ Piston sampler: sampler with close-fitting sliding piston that 

is held stationary during penetration of a sample tube into 

the ground; 

◼ Rotary core sampler: 

• Single tube core barrel: hollow steel tube with a head at 

the upper end threaded for drill pipe, and a threaded 

connection for the core bit at the lower end; 

• Double tube core barrel: assembly of two concentric 

steel tubes joined at the upper end by means of a swivel 

arranged to permit rotation of the outer tube without 

causing rotation of the inner tube; the upper end of the 

outer tube is threaded for drill pipe and the lower end is 

threaded for the core bit;  

• Double tube core barrel with retrievable inner tube: 

double tube core barrel that permits retrieval of the 

core-laden inner tube assembly to the surface through 

matching drill pipe without the need for withdrawal of 

the drill pipe; 

◼ Sampler head: coupling between sampling rods and sample 

tube, and containing a non-return valve to allow free exit of 

water and air above sample; 

◼ Sample tube: cylindrical tube with cutting edge or cylindrical 

tube fitted with separate cutting shoe; 

◼ Liner: cylindrical plastic tube inserted in a sampler to 

preserve sample and reduce friction; 

◼ Thin-walled sample tube: sample tube with area ratio of less 

than 15 % and inside clearance ratio of less than 1 %; 

◼ Thick-walled sample tube: sample tube not meeting the 

requirements of a thin-walled sample tube; 

◼ Core catcher: device that assists retention of the sample in 

the sampler;  

◼ Cutting shoe: replaceable tapered cutting edge of sample 

tube to allow use of core catcher and the selection of inside 

clearance ratio and/or area ratio; 

◼ Stroke length: maximum achievable sample length.  

Table 1 shows dimensions of common samplers.  
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End borehole
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First borehole
 of project
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No

No

Sampling

Method selection

Execution

 

Figure 2: Flow chart 

 

Sampling 

◼ Sampling; 

◼ Logging, such as sample depth and sample inspection at the 

time of sampling; 

◼ Sample handling; 

◼ Selection of subsequent drilling stage. 

Borehole Termination Stage 

◼ Termination of borehole; 

◼ Backfilling of borehole, if appropriate; 

◼ Data processing. 

The set-up stage is at discretion of the equipment operator, 

particularly considering suitability of expected ground type(s), 

accessibility, risk of damage to equipment and safety of persons.  

Set-up requires a reasonably flat, accessible, ground surface with 

a slope of 5o or less. Most onshore drilling systems have levelling 

facilities allowing a vertical start of drilling. Seabed reaction 

frames used for offshore drilling activities typically have no 

levelling facilities. Drill pipe passage through a seabed reaction 

frame must be (near-)vertical.  

For over-water (marine/ offshore activities), additional 

accessibility considerations include:  

◼ Minimum water depth for the selected pontoon, jack-up or 

vessel and the selected drilling, logging, testing and 

sampling equipment; 

◼ Maximum water depth for the selected pontoon, jack-up or 

vessel; 

◼ Maximum depth below water (sea) level for the selected 

drilling, logging, testing and sampling equipment; 

◼ Metocean conditions, particularly wind, waves, currents. 

The stages of logging, testing and sampling can include depth 

overlap. For example: 

◼ Borehole geophysical logging can be conducted in a 

borehole that included earlier in situ testing and/or 

sampling; 

◼ A sequence of (downhole) cone penetration tests can include 

short overlaps for acquiring seamless data coverage; 

◼ A sample can be taken at a depth of a preceding CPT push 

(oversampling). 
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Figure 3: Symbols for sedimentary rocks 

Medium grained rock
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Medium grained rock
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Figure 4: Symbols for metamorphic and igneous rocks 

Water Level 

Water level measurements taken in boreholes can be valuable. 

Interpretation of water levels requires due caution. They may or 

may not be representative of the ground water levels. In any 

case, water levels apply to the time and date of the 

measurements only. They will vary due to seasonal and other 

environmental influences, including construction activities. 

Results of Geotechnical Tests and Correlations 

A geotechnical log can include results of geotechnical tests and 

correlations, presented as numerical values and/or by graphic 

logs. Common examples are derived values of water content, soil 

unit weight, undrained shear strength, relative density and uni-

axial compressive strength. 

Test results and correlations for undrained shear strength are 

commonly shown for a main soil type shown as CLAY. Test 

results and correlations for relative density are commonly shown 

for a main soil type shown as SAND. In some cases, e.g. for 

transitional soils and layered soils, values of both undrained 

strength and relative density can be shown for CLAY, for SILT and 

for SAND. Specific decisions on presentation can be made by 

judgement and by algorithms. An example of a decision 

algorithm is CPT-based calculation using soil behaviour type 

index 𝐼𝑐 . 
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Cone Penetration Test 
Introduction 

The cone penetration test (CPT) involves the measurement of the 

resistance of ground to steady and continuous penetration of a 

cone penetrometer equipped with internal sensors. The 

measurements comprise penetration depth, cone resistance, 

sleeve friction and, optionally, pore pressure and inclination from 

vertical. These measurements permit interpretation of ground 

conditions. 

CPT apparatus and procedures adopted by Fugro are in general 

accordance ISSMGE (1999), ASTM D5778-20, ISO 22476-1:2022, 

and ISO 19901-8:2014. General agreement also applies to 

Eurocode 7 (CEN, 2007).  

Fugro offers CPT systems operated from (1) ground surface and 

seafloor (non-drilling deployment mode) and (2) downhole in a 

borehole (drilling deployment mode).  

CPT Apparatus 

General 

CPT apparatus includes various parts as described below: 

◼ Thrust machine: apparatus providing thrust to the push rods 

so that the recommended rate of penetration (20 mm/s) is 

controlled; 

◼ Reaction equipment: reaction for the thrust machine; 

◼ Push rod: thick-walled cylindrical tube used for advancing 

the penetrometer to the required test depth. Push rods may 

also consist of drill pipe; 

◼ Friction-cone penetrometer (CPT): cylindrical terminal body 

mounted on the lower end of the push rods, including a 

cone, a friction sleeve and internal sensing devices for the 

measurement of cone resistance, sleeve friction and, 

optionally, inclination; 

◼ Piezocone penetrometer (CPTU or PCPT): cylindrical terminal 

body mounted on the lower end of the push rods, including 

a cone, a friction sleeve, a filter and internal sensing devices 

for the measurement of cone resistance, sleeve friction, 

pressure and, optionally, inclination and temperature; 

◼ Measuring system: apparatus and software, including 

sensors, data transmission apparatus, recording apparatus 

and data processing apparatus. 

Deployment from Ground Surface or Seafloor 

Specific additional apparatus for CPT deployment from ground 

surface and seafloor (non-drilling deployment) can include: 

◼ Push rod casing: guide for the part of the push rods 

protruding above the soil, and for the push rod length 

exposed in water or soil, to prevent buckling when the 

required penetration pressure increases beyond the safe limit 

for the exposed upstanding length of push rods;  

◼ Friction reducer to reduce soil friction acting on the push 

rods:  (1) ring or special projections fixed on the outside of 

the push rods, with an outside diameter larger than the base 

of the cone and/or (2) injection of low-friction fluid from the 

push rod at a fixed distance above the cone penetrometer.  

 

 

 

Downhole Borehole Deployment 

Downhole CPT systems latch into a bottom hole assembly at the 

lower end of a drill pipe. System options are:  

1. Operation of a downhole thrust machine by applying mud 

pressure in the borehole; 

2. Remote control of a downhole thrust machine by hydraulic 

pressure transmitted through an umbilical cable connected to 

a surface-based pump unit, together with; 

3. Application of thrust to drill rods where CPT apparatus and a 

short push rod are latched in the bottom hole assembly; the 

thrust machine is at ground surface or seafloor.  

Downhole CPTs require drilling apparatus for advancing the 

borehole. The maximum CPT stroke is generally 1.5 m or 3 m. 

Data recording can be surface-based and/or downhole. 

Cone Penetrometer 

Typical features of Fugro penetrometers (Figure 1) include: 

◼ Cone base areas of 500 mm2, 1000 mm2 or 1500 mm2; 

◼ Cone and friction sleeve sensors placed in series, i.e. 

subtraction-type penetrometers; 

◼ Pore pressure measurements either at the face of the cone 

(𝑢1 location) or at the cylindrical extension of the cone (𝑢2 

location). Multiple-sensor penetrometers (𝑢1, 𝑢2 and 𝑢3 

locations) are also available. The 𝑢3 location is immediately 

above the friction sleeve; 

◼ Inclinometer; 

◼ Temperature sensor, e.g. for cone penetrometer class 0 

specified in ISO 22476-1:2022; 

◼ Storage of signals from the penetrometer in digital form for 

subsequent computer-based processing and presentation.  

Apparatus for Additional Measurements 

Add-on apparatus (and procedures) can apply to specific 

additional measurements, refer to section ‘Additional 

Measurements’ below. 

Procedure 

General 

Figure 2 summarises the test procedure. The procedure includes 

several stages. The stage of Additional Measurements is optional.  
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𝑢1 = pore pressure at the face of the cone, relative to the 

reference level of the test. 

𝑢2 = pore pressure at the cylindrical extension above the 

base of the cone or in the gap between the friction 

sleeve and the cone, relative to the reference level of 

the test.  

𝑢3 = pore pressure immediately above the friction sleeve or 

in the gap above the friction sleeve, relative to the 

reference level of the test.  

  Commonly, no measurement of 𝑢3 applies. An estimate 

can be obtained using 𝑢3 = 0.7 (𝑢2 − 𝑢0) + 𝑢0 

according to SGI (1991). This estimate is independent 

of positive or negative values of 𝑢2 − 𝑢0. 

𝑢0   = hydrostatic pore pressure at the cone, relative to the 

phreatic surface or the seafloor. This is a calculated 

value.  

𝑞𝑡 = corrected cone resistance (also called total cone 

resistance). This includes corrections for hydrostatic 

and transient pore pressures, and cone construction. 

The corrected cone resistance is relative to ground 

surface or seafloor:   

  𝑞𝑡 = 𝑞𝑐 + (1-𝑎)𝑢2  or 

  𝑞𝑡 = 𝑞𝑐 + (1-𝑎)[𝐾(𝑢1 − 𝑢0) + 𝑢0] 

  Historically, equations for downhole tests were:   

  𝑞𝑡 = 𝑞𝑐 + (1-𝑎)𝑢2 + 𝑢0𝑖 or 

  𝑞𝑡 = 𝑞𝑐 + (1-𝑎)[𝐾(𝑢1 + 𝑢0𝑖 − 𝑢0) + 𝑢0] + 𝑎 ∗ 𝑢0𝑖 

  where: 

  𝑎 = net area ratio of the cross-sectional steel area 

at the gap between cone and friction sleeve to 

the cone base area. This ratio is 

penetrometer-type dependent. The 𝑎-factor 

indicates the effect of pore pressure on 

unequal cross-sectional areas of the cone.   

  𝑢0𝑖 =  hydrostatic pore pressure at the bottom of the 

borehole, relative to seafloor. This is a 

calculated value. 

  𝐾 = adjustment factor for the ratio of pore 

pressure at the cylindrical extension above the 

base of the cone to pore pressure on the cone 

face  𝐾 = (𝑢2 − 𝑢0)/(𝑢1 − 𝑢0) 

    The term 𝑢2 − 𝑢0 refers to excess pore pressure 

(with respect to hydrostatic pore pressure). 

Common symbols for excess pore pressure are 

𝑑𝑢2 and 𝑢2. Similarly, 𝑑𝑢1 and 𝑢1 can 

represent the term 𝑢1 − 𝑢0.  

    The 𝐾-factor is only of interest for processing 

of CPTU results with pore pressure 

measurement at the cone face (𝑢1). The factor 

depends on soil characteristics such as fabric, 

overconsolidation ratio, compressibility and 

crushability. The 𝐾-factor (Peuchen et al., 2010) 

can be estimated from: 

  𝐾 = 0.91e−0.09𝑄𝑡
0.47

(
1

1+𝐹𝑟(0.17+0.061(𝑄𝑡−21.6)1/3)
− e−2𝐹𝑟) 

              

𝑞𝑛     = 𝑞𝑡 − 𝜎𝑣𝑜 = net cone resistance. This includes 

corrections for hydrostatic and transient pore 

pressures, in situ stress, and cone construction. The 

symbol for 𝑞𝑛 may also be 𝑞𝑛𝑒𝑡. 

  where:   

  𝜎𝑣𝑜  = total in situ vertical stress at the cone base, 

relative to ground surface or seafloor. This is a 

calculated value.  

𝐵𝑞   = pore pressure ratio 𝐵𝑞 = (𝑢2 − 𝑢0)/𝑞𝑛 or  

  𝐵𝑞 = 𝐾(𝑢1 − 𝑢0)/𝑞𝑛   

𝑄𝑡   = 𝑞𝑛/𝜎’𝑣0  = normalized cone resistance 

  where:   

  𝜎’𝑣0 = effective in situ vertical stress at the cone base, 

relative to ground surface or seafloor. This is a 

calculated value. 

𝑄𝑡𝑛  = normalized cone resistance with variable stress 

exponent 𝑛, where: 

𝑄𝑡𝑛 = [(𝑞𝑡 − 𝜎𝑣0)/𝑃𝑎](𝑃𝑎/𝜎′
𝑣0)𝑛 

  𝑛 =  0.381 (𝐼𝑐) +  0.05 (’𝑣𝑜 / 𝑃𝑎) –  0.15 and 𝑛 ≤ 1          

     (Zhang et al., 2002) 

  where: 

  𝑃𝑎 = atmospheric pressure  

𝐹𝑟   = 𝑓𝑡/𝑞𝑛 = normalized friction ratio 

𝑈2 = normalized excess pore pressure (𝑢2 − 𝑢0)/𝜎’𝑣0 

𝐼𝐵   = soil behaviour type index (Robertson, 2016) 

  𝐼𝐵 = 100(𝑄𝑡𝑛 + 10)/(70 + 𝑄𝑡𝑛𝐹𝑟) 

𝐼𝑐   = soil behaviour type index (Robertson and Wride,1998) 

  𝐼𝑐 = [(3.47 –  log 𝑄𝑡𝑛)2 + (log 𝐹𝑟 + 1.22)2]0.5  

  𝐼𝑆𝐵𝑇 = [(3.47– log (𝑞𝑐/𝑃𝑎))2 + (𝑙𝑜𝑔 𝑅𝑓 + 1.22)2]0.5  

𝐼𝑆𝐵𝑇 = soil behaviour type index (Robertson, 2010) 

𝐼𝑆𝐵𝑇 = [(3.47 − log (𝑞𝑐/𝑃𝑎))2 + (log 𝑅𝑓 + 1.22)2]0.5 

𝐶𝐷   = contractive-dilative boundary (Robertson, 2016) 

  𝐶𝐷 = (𝑄𝑡𝑛 − 11)(1 + 0.06𝐹𝑟)17 

Presented values for 𝑢2, 𝑞𝑡, 𝑞𝑛 and 𝐵𝑞 may be denoted by 𝑢2
∗ , 𝑞𝑡

∗, 

𝑞𝑛
∗ , 𝐵𝑞

∗, 𝑄𝑡
∗ and 𝐹𝑟

∗ if 𝑢2 is derived rather than measured, for 

example if derived by applying a 𝐾-factor.  

Pore pressure 𝑢2 at the cylindrical extension is commonly 

assumed equal to 𝑢2𝑔 in the gap. The assumption 𝑢2 =  𝑢2𝑔 is 

probably reasonable for deepwater CPTs and associated high 

values of ambient pressure that promote saturated conditions in 

the gap. A similar comment applies to 𝑢3. Note that CPTU 

saturation procedures apply to the pore pressure measuring 

system only. These procedures exclude the gaps below and 

above the friction sleeve. 

Some deployment systems allow monitoring of CPT parameters 

in reverse mode, i.e. upon retraction of the cone penetrometer. 

This optional feature presents additional information that can 

improve interpretation of ground behaviour, for example 

strength sensitivity of fine-grained soil.  

Metrological Confirmation 

CPT results include information on metrological confirmation. 

Examples covered by CPT standards include reporting of 



  

FNLM-GEO-APP-001 | 53 | Cone Penetration Test 

Page 6 of 8 

  
  
  

 ©
 F

u
g

ro
 1

9
9
5
-2

0
2
3
   

 

application class, cone penetrometer class, test category and 

reference readings.  

The ISO standard on metrological confirmation (ISO 10012:2003) 

provides the general framework for assessment of performance 

compliance.  

Cone penetration test standards can follow a ‘prescriptive’ 

approach, whereby specific detailed measures provided a 

‘deemed to comply’ practice. ASTM D5778-20 and ISO 22476-

1:2022 provide examples of this approach.  

The level of detail required by standards can be high. For 

example, ISO 22476-1:2022 includes detailed procedures for 

calibration and verification of CPT systems, with normative 

references to ISO/IEC 17025:2017. Fugro’s calibration laboratory 

holds formal accreditation for cone penetrometer calibration and 

verification according to ISO/IEC 17025:2017. 

Peuchen and Terwindt (2014, 2015) provide guidance on 

uncertainty estimation for cone penetration test results. The 

calculation model for uncertainty estimates for 𝑞𝑐, 𝑓𝑠 and 𝑢 

considers the following uncertainty contributions, where 

applicable: (1) force and pressure sensors, (2) geometry of the 

cone penetrometer, (3) effects from ambient and transient 

temperature, (4) non-axial force on cone penetrometer (bending 

moment), (5) ambient fluid pressure in soil and (6) zero offsets 

for 𝑞𝑐, 𝑓𝑠 and 𝑢 relative to seafloor. 

Temperature Stability of Cone Penetrometer 

Uncertainty considerations for strongly layered soils should allow 

for heat flux phenomena. Heat flux gives an apparent shift in 

cone resistance. For example, friction in dense sand causes a 

cone to heat by about 1oC/MPa cone resistance. Resulting heat 

flux changes cone resistance by an apparent shift in the order of 

100 kPa to 200 kPa for a penetrating probe going from dense 

sand into clay. This is a temporary change lasting about 5 

minutes. Penetration interruption can serve as mitigation 

measure for transient temperature effects. The incorporation of 

one or more add-on temperature sensors in a cone 

penetrometer, and associated data algorithms, can reduce the 

effects from ambient and transient temperature fluctuations 

(Peuchen et al. 2020).  

Pore Pressures 

A CPTU pore pressure measuring system is intended for use in 

water-saturated uncemented fine-grained soil. Pore pressure 

measurements (𝑢) are commonly assumed to represent pore 

water pressures. This assumption is reasonable for soils saturated 

under in situ stress conditions and remaining saturated during 

penetration of the cone penetrometer.  

Pore pressure results obtained for ground conditions such as 

partially saturated soils, very dense sands and cemented soils 

may not be representative and/or repeatable. For example, 

stiffness differences between the steel components of the cone 

penetrometer and the piezocone filter can affect results for very 

dense sands.  

Loss of saturation of the pore pressure measuring system can 

occur during a test (Peuchen et al. 2020). Loss of saturation 

usually causes a sluggish pore pressure response during 

penetration of ground below the zone causing desaturation of 

the pore pressure measuring system. Reasons for loss of 

saturation include: 

◼ Penetration of partially saturated ground, for example 

ground containing significant amounts of gas; 

◼ Reduction of pore pressure to below in situ pore pressure, 

causing gas in solution to become free gas; 

◼ Penetration interruption for a stationary in situ test or for 

add-on of a push rod, that will cause: 

• Abrupt cone penetrometer deceleration and 

acceleration, with a possibility of upward movement of 

the cone penetrometer 

• Change of stress conditions around the cone 

penetrometer, including pore pressure and gas 

migration where applicable 

• Small volume change of the gaps below and above the 

friction sleeve of the cone penetrometer 

◼ For 𝑢2 filter position: proximity of gap between cone tip and 

friction sleeve, i.e. net area ratio 𝑎 < 1. This gap may not be 

water-saturated, which in turn can lead to (1) substantial, 

local (undesired) pore pressure gradients and (2) loss of 

saturation of the 𝑢2 filter itself;  

◼ Measurement of negative pore pressures such that cavitation 

occurs; for example, this is not uncommon for a piezocone 

filter located at the cylindrical extension above the base of 

the cone (𝑢2 location), at the time of penetration of dense 

sand or overconsolidated clay layers. 

Re-saturation of a pore pressure measurement system can take 

place upon further penetration into soil. Particularly, re-

saturation may take place in saturated low-permeability soils 

(clays) that are normally consolidated or lightly overconsolidated 

and where the gap can become saturated by adequate supply of 

water and/or water pressure. 

Measured pore pressures affected by desaturation of the pore 

pressure measurement system may not be representative of soil 

behaviour. Consequently, derived parameter values that use pore 

pressure may also not be representative.  

Shallow Penetration 

Shallow penetration will affect CPT measurements. Values of 𝑞𝑐, 

𝑓𝑠 and 𝑢 for initial penetration of a cone penetrometer below 

ground surface, seafloor or bottom of a borehole will differ from 

a fully embedded cone penetrometer. As a general guide, initial 

penetration effects can be expected for a distance of about 

8 times the diameter of the cone penetrometer for 𝑞𝑐, 𝑢1 and 𝑢2, 

and for a distance of about 15 times the diameter of the cone 

penetrometer for 𝑓𝑠. Initial penetration effects can be deeper for 

downhole borehole deployment. This is because of (1) complex 

ground stress conditions immediately below the required 

borehole and (2) borehole-induced ground disturbance that 

cannot be avoided.  

Use of reaction equipment will affect stress conditions for 

shallow penetration. Particularly, offshore conditions may include 

extremely soft ground at seafloor. Soil disturbance, pore pressure 

build-up and consolidation of near-surface soft soil may take 

place. 

Penetration Rate 

CPT standards typically provide limits of ± 5 mm/s for a nominal 

penetration rate of 20 mm/s. Considerations include: 

◼ A typical thrust machine provides a push speed with an 

uncertainty within ± 5 mm/s under favourable conditions. 

Under adverse conditions, penetration rates may be outside 

these limits, for example with strongly varying thrust and 

towards the thrust limit of a thrust machine; 

◼ The penetration rate is not necessarily equal to the push 

speed because of inevitable vertical movements of the thrust 

machine and length variation and bending of the push-rod 

string.  
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Soil Description and 

Classification 
Scope 

This document applies to soil description and classification as 

laboratory test methods, particularly: 

◼ sample description; 

◼ soil specimen description, whereby a specimen can be all or 

part of sample. 

This document excludes: 

◼ CPT-based description of soil behaviour type; 

◼ rock description and classification; 

◼ specific engineering geological classification systems, such as 

those for detailed identification of peat, chalk, and 

micaceous sand; 

◼ soil stratum description, for example in the format of a 

geotechnical log. 

Standards for Soil Description and Classification 

Fugro employs a range of industry-standard systems for soil 

description, with additional refinements. The more important 

systems are: 

◼ British Standards Institution (BSI) standard 

BS 5930:2015+A1:2020 (Code of Practice for Ground 

Investigations); 

◼ American Society for Testing and Materials (ASTM) standards 

D2487-17 (Standard Practice for Classification of Soils for 

Engineering Purposes – United Soil Classification System) 

and D2488-17e1 (Standard Practice for Description and 

Identification of Soils – Visual-Manual Procedures); 

◼ International Organization for Standardization (ISO) 

standards ISO 14688-1:2017 (Geotechnical Investigation and 

Testing - Identification and Classification of Soil. Part 1: 

Identification and Description) and ISO 14688-2:2017 

(Geotechnical Investigation and Testing - Identification and 

Classification of Soil. Part 2: Principles for a Classification); 

◼ International Organization for Standardization (ISO) standard 

ISO 19901-8:2014 (Petroleum and Natural Gas Industries - 

Specific Requirements for Offshore Structures. Part 8: Marine 

Soil Investigations). 

The standards are similar, as they are (1) based on the Unified 

Soil Classification System (Casagrande, 1947), (2) rely on a range 

of relatively simple visual and manual observations, and (3) 

classify soils primarily according to particle size distribution and 

plasticity. Laboratory particle size distribution and Atterberg 

limits tests are used to confirm the observations. In addition, the 

standards include organic soils characterisation under soil 

particle type description. 

Significant differences between the standards include the particle 

size boundaries and the degree to which plasticity is used as a 

basis for description and classification.  

Where applicable, a classification system for calcareous soil can 

be integrated (for example based on Clark & Walker, 1977). The 

characteristics of calcareous soil deposits can differ substantially 

from those of silica-based soil deposits, primarily because of 

cementation and differences in void ratios.  

Based on identification and description of soils, the standards 

given above provide a means by which soils can be classified into 

groups of similar composition and geotechnical characteristics. 

General Procedure 

The general procedure for soil description and classification is as 

follows:  

1. Select ISO, BS, or ASTM based on local geotechnical practice 

or project specifications and follow the appropriate 

descriptive procedure; for calcareous soils, the process 

described by Clark & Walker (1977) may be used as an 

alternative. 

2. Measure or estimate the particle size distribution and 

plasticity for use in defining the primary and secondary soil 

fractions. 

3. Measure or estimate soil strength according to one of the 

following: (1) relative density of coarse soils, (2) consistency 

and/or undrained shear strength of fine soils, (3) 

cementation of cemented soils, or (4) lithification of soils 

undergoing diagenesis. 

4. Complete the description and classification using additional 

terms for the soil mass characteristics and other features 

such as bedding, colour, and particle shape. 

Soil Description and Classification using BS 5930:2015+A1:2020, 

ISO 14688-1:2017 and ISO 14688-2:2017  

Soil Group 

Soil group subdivides soils into very coarse, coarse, fine, organic, 

and anthropogenic soils.  

Very coarse soils consist of cobbles and boulders, with particles 

larger than 63 mm in diameter. These soil particles are rarely 

sampled using standard soil sampling techniques. They are 

described separately, and not included when determining the 

proportions of the other soil components. 

Characteristics of fine and coarse soils are based on particle size 

distribution of the coarser particles and plasticity of the finer 

particles. A first appraisal of physical properties is made from 

visual description of the soil’s nature and composition, assisted 

by a few simple hand tests. Soils that stick together when wet 

and can be rolled into a thread that supports the soil’s own 

weight (i.e. they have cohesion and plasticity) are matrix-

supported and are described as fine soils. Soils that do not 

exhibit these properties are clast-supported and are described as 

coarse soils. The boundary between fine and coarse soils is on 

the basis of behaviour, not by weight percentage. 

Organic soils contain usually small quantities of dispersed 

organic matter that can have a significant effect on soil plasticity 

and may produce a distinctive odour and have a dark grey, dark 

brown or dark bluish grey colour. Increasing quantities of organic 

matter enhance effects. Soils with a high organic content might 

oxidize and change colour rapidly. Organic soil descriptions in 

BS 5930 are based on organic content by weight determined by 

loss on ignition. Where organic matter is present as a secondary 

fraction in inorganic soil, the terms in Table 1 are used. 

Soils with organic contents of up to approximately 30 % by mass 

and water contents of up to about 250 % behave largely as 

inorganic soils and are described using the terms given in  

Table 1. Such materials are usually transported (geologically) and 

would not be described as peat. 

Soils comprising mainly organic materials are termed peats. They 

are of low density, typically 1.01 Mg/m3 to 1.1 Mg/m3. Peat 

consists predominantly of plant remains, is usually dark brown or 

black, and has a distinctive smell. It is generally classified 

according to the degree of decomposition (fibrous, pseudo-

fibrous, or amorphous) and strength (firm, spongy, or plastic).  
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Structure of Non Particulate Deposits 

Reef 

Soil or rock formed by in situ accumulation or build-up of 

carbonate material by colonial organisms such as polyps (coral), 

algae (algal mats or balls) and sponges. 

Orthochemical 

Orthochemical components precipitated during or after 

deposition. These components can include: (1) pyrite spherulites 

and grains, (2) crystal euhedra of anhydride or gypsum, (3) 

replacement patches and nodular masses of anhydrite and 

gypsum. Single grains are rare. 

Geological Information 

Specific geological terms can assist the geotechnical soil 

description by providing information on stratigraphy, origin 

(genesis) or regional significance (optional). Examples are: 

◼ Time stratigraphy, such as Eemian and Pleistocene; 

◼ Lithostratigraphy, such as Yarmouth Roads Formation; 

◼ Depositional environment, such as marine, glacio-lacustrine, 

and residual soil; 

◼ Regional significance, such as chalk and mud. 
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Geotechnical Laboratory 

Tests 

Scope 

This document summarises geotechnical laboratory test methods 

for soil. Some of the test methods also apply to rock as defined 

by ISO 14689:2017.  

Fugro strives to arrange testing in registered laboratories with 

formal accreditation to ISO/IEC 17025:2017 or equivalent 

standards. This document summarises test methods used by 

many Fugro geotechnical laboratories. Test methods used by 

onsite laboratories are often identical or generally equivalent.  

Laboratory tests are carried out in general accordance with 

standards published by ASTM International (ASTM), British 

Standards Institution (BSI), and International Organization for 

Standardization (ISO). Note that ISO 19901-8:2014 refers mainly 

to test procedures published in other documents, with some 

additional recommendations. In-house test procedures adopted 

for some tests are generally based on published 

recommendations for which no standards are available. Detailed 

work instructions and calibration details are available for 

inspection at the laboratory. 

The focus of this document is on specific laboratory test 

methods. Some geotechnical parameter values can be indirectly 

derived, for example degree of saturation and sensitivity. These 

indirect methods are listed as test method, with descriptions 

given under the first appropriate heading. 

Some of the laboratory tests allow various optional procedures. 

These procedures are not applicable, unless specifically agreed.  

Laboratory test results show depth defined as vertical distance 

between ground surface or seafloor and top of the laboratory 

test specimen, unless indicated otherwise. 

Procedure 

A programme of laboratory testing is performed according to 

project specifications. Commonly, the project specifications are 

part of procedures for site investigation and site characterisation, 

including sampling and sample handling. Depending on the 

project specifications, the following steps apply to laboratory 

testing: 

1. Prepare a laboratory test strategy; 

2. Perform sampling, including sample handling; 

3. Prepare a laboratory test programme, including a pre-test 

applicability assessment; 

4. Select sample(s) with sufficient dimensions and mass for 

performance of a test or a test series;  

5. Assess the feasibility and applicability of a test by sample 

inspection and, if required, selection of alternative 

sample(s) if adequate completion of a test or test series 

proves impracticable; 

6. Assign tests to specific samples or parts of samples; 

7. Where applicable, determine test conditions according to 

the laboratory test strategy; 

8. Select suitable test apparatus, including check of 

calibration certificate(s) where applicable;   

9. Where applicable, perform sample batching to obtain an 

adequate quantity of material for preparation of one test 

specimen or for multiple specimens for a test series; 

10. Prepare test specimen;  

11. Perform pre-test applicability assessment and revise the 

laboratory test programme where required; 

12. Perform test according to the project specifications and 

within applicability of the test type and/or method; 

13. Perform post-test applicability assessment and revise the 

laboratory test programme where required; 

14. Process test results including assessment against quality 

control procedures; 

15. Report test results according to project specifications, test 

methods and standards. 

The steps of the procedure are broadly successive. Loops in the 

procedure can be introduced depending on e.g. (1) a laboratory 

test strategy requiring results from a particular test as input for a 

subsequent test and (2) the results of applicability assessment.   

Sampling and Sample Handling 

The feasibility of a particular laboratory test relates to the 

sampling practice and sample handling for a particular soil and 

depends on factors such as soil type, available amount of sample 

material, and sample quality.  

ISO 22475-1:2021 includes a classification system for five quality 

classes of soil samples, aligned to five categories of sampling 

methods. The quality classes consider feasibility of specific 

geotechnical identification and laboratory tests. A summary of 

these quality classes is as follows: 

Quality Class 1:  strength, stiffness, and compressibility 

Quality Class 2:  permeability, unit weight, boundaries of 

strata - fine 

Quality Class 3: water content 

Quality Class 4: particle size analysis, Atterberg limits, 

boundaries of strata - broad 

Quality Class 5: soil type and sequence of layers 

The higher class includes the laboratory tests of the lower class. 

The alignment with the five sampling categories is such that 

Sampling Category A enables samples of Quality Classes 1 to 5 

to be obtained and Sampling Category E enables only Quality 

Class 5 to be obtained. 

Sample handling can include multiple stages of sample 

packaging and unpacking. These stages are typically related to 

loops in the general procedure and to sample storage 

requirements. Logistics can apply for transfers of samples 

between a laboratory and a sample storage facility. 

Soil parameter values can vary with temperature. Tests are 

generally conducted at laboratory temperatures of around 20 °C. 

Any tests conducted at specific temperatures and any corrections 

for temperature are explicitly reported. 

Test references: ISO 22475-1:2021, BS 5930:2015+A1:2020, 

ISO 19901-8:2014 

Sample Batching  

The laboratory test strategy can include sample batching of 

coarse soil. The purpose of sample batching is to allow specimen 

preparation for two or more tests on material representative for 

the batch. Sample batching allows comparison and integration of 

multiple laboratory test results for estimation of geotechnical 

characteristics of a particular ground type.  

Test reference: ISO 19901-8:2014 

Applicability Assessment  

Test standards typically provide explicit and indirect indications 

of applicability of a test method. Laboratory testing can include 
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Figure 2: Influence of density of solid particles on soil unit weight 

 

Unit Weight – Derived from Water Content  

Water content (𝑤) allows estimation of soil unit weight () and 

unit weight of dry soil (
𝑑
) if specimen saturation by pore water is 

presumed. This practice requires input on density of solid 

particles (
𝑠
).  

Figure 2 shows water content versus (dry) unit weight presuming 

specimen saturation with non-saline pore water. Correction for 

(high) pore water salinity (contains dissolved solids) is optional.  

Test reference: In-house 

Void Ratio and Porosity 

Void ratio (𝑒) and porosity (𝑛) can be derived from soil unit 

weight (). This practice requires input on density of solid 

particles (
𝑠
).  

The presented diagrams showing void ratio (porosity) versus unit 

weight presume saturation of non-saline pore water.  

Test reference: In-house 

Degree of Saturation 

Degree of saturation (𝑆𝑟) can be derived from porosity (𝑛) and 

water content (𝑤). Theoretical values of 𝑆𝑟 are between 0 and 1 

(or 0 % and 100 %). Inevitable test uncertainties for 𝑛 and 𝑤 can 

result in: 

◼ 𝑆𝑟 > 1;  

◼ 𝑆𝑟 < 1 for a saturated test specimen. 

Test reference: In-house 

Density of Solid Particles – Conventional Pycnometer 

The density of the solid particles of an oven-dried soil sample is 

determined by means of a stoppered-bottle pycnometer, using 

distilled water. The method is considered applicable to solid 

particles that are not soluble in water. For soils with a high 

organic content, a different liquid may be selected.  

Soils with high pore-water salinity (contain dissolved solids) 

require use of a gas pycnometer. This is optional. 

Test references: ASTM D854-14, ISO 17892-3:2015, ISO 19901-

8:2014 

Particle Shape – Descriptive 

Particle shape of coarse soil can be determined by visual 

comparison of, for example, particle roundness and sphericity 

with standard particle shapes. Visual observations can be 

supported by microscopy and photographs. The standard shapes 

are typically presented together with the test results.  

Test references: ISO 9276-6:2008, ISO 14688-2:2017, ISO 19901-

8:2014, Krumbein & Sloss (1963) 

Particle Shape – Image Analysis 

Analysis of digital images can provide particle shape expressed 

by shape coefficients, for example, for particle roundness and 

sphericity. The applicability of the method depends on 

equipment type. For geotechnical purposes, optical equipment is 

common, covering particle sizes ranging from about 0.04 mm to 

20 mm. Specimen preparation includes methods for particle 

dispersion, where applicable.  

Test references: ISO 9276-6:2008, ISO 14688-2:2017, ISO 19901-

8:2014 
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Particle Size Analysis – Sieving and Sedimentation 

Particle size analysis can be performed by means of sieving 

and/or sedimentation methods. Sieving is carried out for 

particles that would be retained on a 0.063 mm (ISO and BS) or 

0.075 mm (ASTM) sieve, while additional sedimentation analysis 

may be carried out when a significant fraction of the material 

passes a 0.063 mm (0.075 mm) sieve.  

In a sieve analysis, the mass of soil retained on each sieve is 

determined and expressed as a percentage of the total mass of 

the sample. Prior to sieving, samples are treated with a 

dispersing agent (sodium hexametaphosphate), rinsed on a 

0.063 mm (0.075 mm) sieve and dried.  

Sedimentation methods (using hydrometer or pipette) allow 

measurement of the density of a suspension consisting of fine 

soil particles and distilled water, to which a dispersion agent is 

added. This suspension is mixed using a high-speed stirrer. 

Testing is performed in a thermostatically controlled water bath 

(25 °C ± 0.5 °C). The particle size is calculated according to 

Stokes’ Law for a single sphere, on the basis that particles of a 

particular diameter were at the surface of the suspension at the 

beginning of sedimentation and had settled to the level at which 

the hydrometer or pipette is measuring the density of the 

suspension. These calculations require a value for the density of 

solid particles. Generally, a value of 2.65 Mg/m3 is assumed. 

When other values are used, this is included in the laboratory 

report. Sedimentation results for selected particle sizes are 

presented as a percentage of the total mass of the soil sample.  

Particle size is presented on a logarithmic scale so that two soils 

having the same degree of uniformity are represented by curves 

of the same shape regardless of their positions on the particle 

size distribution plot. The general slope of the distribution curve 

may be described by the coefficient of uniformity 𝐶𝑈, where 

𝐶𝑈 =  𝐷60/𝐷10, and the coefficient of curvature 𝐶𝐶, where 

𝐶𝐶  =  (𝐷30)2/𝐷10 ×D60. 𝐷60, 𝐷30, and 𝐷10 are effective particle 

sizes indicating that 60 %, 30 %, and 10 % respectively of the 

particles (by weight) are smaller than the given effective size.  

Combined presentation of results from sieving and 

sedimentation methods requires data harmonising in the area of 

overlap, i.e. near the 0.06 mm particle size. 

Test references: ASTM D6913/D6913M-17, ASTM D7928-21e1, 

ISO 17892-4:2016, ISO 19901-8:2014 

Particle Size Analysis – Image Analysis 

Particle size analysis can be performed by analysis of digital 

images obtained by optical or electron detection systems. 

Particle size range depends on equipment type. A single 

instrument can cover common particle sizes, e.g. from 0.04 mm 

to 20 mm. 

Specimen preparation includes methods for particle dispersion, 

where applicable.  

Data presentation is as for ‘Particle Size Distribution – Sieving 

and Sedimentation’. Image analysis for particle size can be 

integrated with (1) supplementary methods for particle size 

analysis, such as percentage fines and sedimentation methods, 

and (2) data that are additional to particle size distribution, e.g. 

particle shape. 

Test references: ISO 13322-1:2014, ISO 13322-2:2021, ISO 19901-

8:2014 

Percentage Fines 

The percentage fines test identifies the proportions of fine 

(< 0.063 mm for BS/ISO and < 0.075 mm for ASTM) and coarse 

(> 0.063 mm) particle sizes of a soil sample by wet sieving 

through a 0.063 mm (0.075 mm) sieve. Prior to sieving, the 

sample is treated with a dispersing agent. The percentage fines 

𝐹𝐶0.063 (𝐹𝐶0.075) is defined as the ratio of dry mass of soil passing 

the 0.063 mm (0.075 mm) sieve to the dry mass of the total soil 

sample, expressed as a percentage.  

Test references: ASTM D1140-17, ISO 17892-4:2016, ISO 19901-

8:2014 

Atterberg Limits 

Atterberg limits are determined on soil specimens with a particle 

size of less than 0.425 mm. If necessary, coarser material is 

removed by dry sieving. The Atterberg limits refer to arbitrarily 

defined boundaries between the liquid and plastic states (liquid 

limit, 𝑤𝐿), and between the plastic and brittle states (plastic limit, 

𝑤𝑃) of fine soils. They are expressed as water content, in 

percentage. The range of water contents over which a soil 

behaves plastically is the plasticity Index, 𝐼𝑃. This is the difference 

between the liquid limit and the plastic limit (𝑤𝐿 − 𝑤𝑃). 

The liquid limit is defined as the water content at which a 

penetration of 10 mm or 20 mm of a standard fall cone into soil 

placed in a standard cup is reached (penetration depending on 

type of fall cone used). Alternatively, the liquid limit can be 

defined as the water content at which a part of soil placed in a 

standard cup and cut by a groove of standard dimensions will 

flow together at the base of the groove when the cup is 

subjected to 25 standard shocks. The four-point liquid limit test 

is usually carried out. Distilled water may be added during soil 

mixing to achieve the required consistency. 

The plastic limit is defined as the water content at which a soil 

can no longer be deformed by rolling into 3 mm diameter 

threads without crumbling. 

Atterberg limits can be presented on a plasticity chart (liquid 

limit versus plasticity index). BS, ISO, and ASTM standards define 

plasticity classifications (e.g. low, high). 

Test references: BS 5930:2015+A1:2020, ASTM D2487-17e1, 

ASTM D4318-17e1, ISO 19901-8:2014, ISO 14688-2:2017, ISO 

17892-12:2018, ISO 17892-12:2018/AMD 1:2021, ISO 17892-

12:2018/AMD 2:2022 

Minimum Index Dry Density 

The minimum index dry density (𝜌d;min) of cohesionless soil is 

determined from the mass of oven-dry material that is deposited 

by slowly withdrawing a soil-filled funnel from a standard mould.  

Test reference: ASTM D4254-16, Knudsen et al. (2020) 

Maximum Index Dry Density – Impact Compaction 

The maximum index dry density (𝜌d;max) of cohesionless soil is 

determined from the mass of oven-dry, compacted soil in a 

standard mould (Table 3). The soil is compacted in five layers, 

with each layer being subjected to respectively 5, 10, 20, 40 and 

80 blows from a standard, hand-held hammer. 

Preference is given to the large mould; actual application 

depends on size of sample available. 
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content is calculated from calibration values and expressed as a 

percentage of dry mass of the original soil.  

Test references: ISO 10693:1995, ISO 19901-8:2014 

Carbonate Content – Rapid Titration 

The carbonate content is determined by using a dried or a 

natural soil specimen and measuring the pressure of dissipated 

carbon dioxide (CO2) upon reaction of the soil with hydrochloric 

acid (HCl). The amount of excess acid is determined by titration 

against sodium hydroxide. The carbonate content is calculated 

from the mass of the specimen, the concentration of 

hydrochloric acid and the volume of sodium hydroxide used. 

Carbonate content is expressed as a percentage of dry mass of 

the original soil.  

Test reference: BS 1377-3:2018, ISO 19901-8:2014 

Carbonate Content – Gas Pressure  

The carbonate content is determined by using a dried or a 

natural soil specimen and measuring the pressure of dissipated 

carbon dioxide (CO2) upon reaction of the soil with hydrochloric 

acid (HCl). The carbonate content is calculated from the mass of 

the specimen and the pressure increase after reaction by 

comparison with calibration values. For a natural soil, a 

correction factor is applied to correct for water content. 

Carbonate content is expressed as a percentage of dry mass of 

the original soil. 

Test references: ASTM D4373-21, ISO 19901-8:2014 

Carbon Content – Elementary Analysis  

Total carbon (TC) content is determined by dry combustion of an 

air-dried soil specimen. The specimen is heated at high 

temperature (at least 900 °C) in a continuous flow of air so that 

any (organic and inorganic) carbon present in the soil is oxidised 

to carbon dioxide (CO2). The gas is then allowed to cool and 

analysed by an infra-red detector. 

For the determination of the total organic carbon (TOC) content, 

soil samples are treated (prior to TC analysis) with phosphoric 

acid to expel any inorganic carbonates. 

Alternatively, TOC content may be calculated by determining TC 

and subtracting the carbon present as carbonate which can be 

determined using one of the methods listed under ‘Carbonate 

Content’. 

Carbon content (TC and TOC) is expressed as a percentage of dry 

mass of the original soil. 

Test reference: ISO 10694:1995 

Sulphate Content 

The acid-soluble sulphate content of a soil sample is determined 

by extracting the sulphate in dilute hydrochloric acid and 

removing the insoluble residue by filtration. The filtrate is made 

up to volume and the concentration of sulphate in the filtrate is 

determined by Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES). This instrument works by injecting the 

liquid extract of the sample into a stream of plasma at a 

temperature around 4 000 °C. This causes ionisation of all 

components of the extract. The ions produced are then analysed 

within the same instrument by optical emission spectrometry, 

comparing the emission levels of the sample with a standard 

calibration graph. 

Acid-soluble sulphate content of soil is reported as % SO4. 

The water-soluble sulphate content of a soil sample is 

determined on a test portion that has been sieved and crushed 

through a 2 mm sieve and oven dried to 110 °C. The test portion 

is mixed with distilled water to prepare a 2:1 water:soil extract. 

The concentration of sulphates in the filtrate is also determined 

by ICP-OES.  

If no other anions are present, the water-soluble sulphate 

content can be expressed either in terms of the concentration of 

sulphates in the extract in mg/L or in terms of percentage of 

water-soluble sulphate (SO4) in the soil sample.  

If water-soluble sulphate content is provided in mg/L SO3 one 

can convert this to mg/L SO4 by multiplying SO3 by a factor 1.2. 

For extractions other than 2:1, the multiplying factor is different. 

If water-soluble sulphates are reported as mg/L SO3 (or SO4) (i.e. 

the sulphates content of the extract) and a percentage is 

required, the reported value should be divided by 5 000 to 

obtain the sulphate content (in %) of the soil, and by 10 000 to 

obtain the sulphate content (in %) of the 2:1 water:soil extract.  

Test reference: BS 1377-3:2018 

Chloride Content 

The acid-soluble chloride content of a soil sample is determined 

by dissolving the chloride in the sample in nitric acid and 

removing the insoluble material by filtration. The dissolved 

chloride is analysed by Volhard’s method. The chloride in 

solution is precipitated with a known excess of standard silver 

nitrate. The excess silver nitrate is titrated against standard 

ammonium thiocyanate using ferric alum as an indicator. The 

colour change is white to orange/red. 

The water-soluble chloride content of a soil sample is 

determined on a test portion that has been sieved and crushed 

through a 2 mm sieve and oven dried to 110 °C. The test portion 

is mixed with distilled water to prepare a 2:1 water:soil extract. 

In the Mohr’s method, a chloride ion will precipitate with silver 

nitrate. The chloride reacts with the silver ion before any silver 

chromate forms, due to the lower solubility of silver nitrate. The 

potassium chromate indicator reacts with excess silver ion to 

form a red silver chromate precipitate. The end point is the 

appearance of the first permanent orange colour. The chloride 

content is expressed as a percentage by mass of dry soil. 

This test method is suitable for analysing solutions with a pH 

between 6.0 and 8.5. 

Test references: in house, BS 1377-3:2018 

Thermal Testing 

Thermal Conductivity – Needle Probe 

Thermal conductivity is defined as the amount of heat that 

passes through a unit cross-sectional area of a substance, under 

a unit thermal gradient, per unit time. The test specimen is 

allowed to reach temperature equilibration. A stainless steel 

thermal needle probe is then inserted into the specimen, 

ensuring that the probe heater is sufficiently buried in the soil 

and that a good probe/soil contact is made. After temperature 

equilibration is confirmed, a current is passed through the heater 

element in the probe. As a result, the temperature of the probe 

and the surrounding soil increases. 

The thermal needle probe is calibrated using a block of material 

of known thermal conductivity.  
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Thermal conductivity of soil is calculated from a suitable part of a 

temperature versus time curve (typically the last 2/3 of the 

values), using the following equation (Brandon & Mitchell, 1989): 

k=
P

4π(T2-T1)
ln (

t2
t1

) 

where: 

𝑘  =  Thermal conductivity [W/(m∙K)] 

𝑃  =  Applied power [W/m] 

T2-T1  =  Temperature change over selected time 

interval [K] 

𝑡1, 𝑡2  =  Start and end of time interval [s] 

Test reference: ASTM D5334-22, ISO 19901-8:2014 

Volumetric Heat Capacity – Needle Probe 

Heat capacity is defined as the amount of heat to be supplied to 

an object to produce a unit change in its temperature. The SI unit 

of heat capacity is joule per kelvin (J/K). Volumetric heat capacity 

𝐶 is the heat capacity per unit of volume (J/m3·K). 

The test specimen is allowed to reach temperature equilibration. 

A stainless steel dual thermal needle probe is then inserted into 

the specimen, ensuring that the probes are sufficiently buried in 

the soil and that a good probe/soil contact is made. After 

temperature equilibration is confirmed, heat is applied to the 

heated needle for a set heating time while temperature is 

measured in the monitoring needle (distance between needles: 

6 mm) during heating and during a cooling period following 

heating. Temperature measurements are taken at 1 s intervals. 

From analysis of the temperature versus time relationship for the 

separated probes, thermal conductivity (𝑘) and thermal 

diffusivity (𝐷) are derived using specific algorithms, volumetric 

heat capacity (𝐶) is subsequently calculated using the following 

equation: 

𝐶 =
𝑘

𝐷
 

where: 

𝐶 = Volumetric heat capacity [MJ/m3·K] 

𝑘  =  Thermal conductivity [W/(m∙K)] 

𝐷  =  Thermal diffusivity [mm2/s] 

Test reference: Bristow et al. (1994) 

Thermal Conductivity and Heat Capacity – Hot Disc 

Thermal conductivity and volumetric heat capacity can be 

determined using a transient plane source (TPS) test using Hot 

Disk® equipment. A hot disc sensor consists of an electrically 

conducting pattern in the shape of a double spiral, which has 

been etched out of a thin metal foil. This spiral is sandwiched 

between two thin sheets of an insulating material (e.g. Kapton). 

When performing TPS measurements, a plane hot disc sensor is 

fitted between the specimen and a disc of insulating material, or 

between two halves of a specimen. An electrical current is 

applied that is strong enough to increase the temperature of the 

sensor between a fraction of a degree up to several degrees. At 

the same time, the resistance (temperature) increase is recorded 

as a function of time. The hot disc sensor is used both as a heat 

source and as a dynamic temperature sensor. 

Test reference: ISO 22007-2:2022 

Electrical Resistivity Testing 

Electrical Resistivity – Disc Electrode 

Electrical resistivity is a measure of the resistance of soil to the 

flow of electric current. The test is performed using the disc 

electrode method. The metal disc electrodes are placed into 

contact with each end of a soil specimen, after which a series of 

direct current voltages is applied. The resulting current flowing 

between the electrodes is measured. The applied voltages are 

typically from 5 V to 10 V in 0.5 V steps, although lower voltages 

can be required in some cases. 

Current readings are plotted against voltage to confirm that a 

linear relationship. If this is the case, the slope of the plot is 

calculated to give the resistance, R. The soil’s resistivity is 

calculated using the following equation: 

 =
𝑅 ∙ 𝐴

1000𝐿
 

where: 

𝜌  =  Soil electrical resistivity [Ω.m] 

𝑅  =  Measured resistance [Ω.s] 

𝐴  =  Cross-sectional area of specimen [mm2] 

𝐿  =  Length of specimen [mm] 

Test reference: BS 1377-3:2018 

Permeability Testing 

Constant Head Permeability – Triaxial Cell 

The effect of stress level on the coefficient of permeability may 

be estimated from constant head tests in a triaxial cell – flexible 

wall permeameter. The specimen is compacted in a split mould 

by tamping of thin layers of moist soil to the required initial 

density, and subsequently mounted in the triaxial cell. Filter 

screens or porous disks are placed at both ends of the specimen. 

The required stress level is applied, and saturation is achieved by 

flushing with CO2 as followed by controlled flow of de-aired 

water and the application of backpressure. The degree of 

saturation is checked by the pore water pressure response to 

small variations in cell pressure. A hydraulic gradient is applied, 

and the rate of flow is recorded for various time steps. The 

permeability is calculated in accordance with Darcy’s equation 

for laminar flow.  

Test references: ASTM D5084-16a, ISO 19901-8:2014, ISO 17892-

11:2019 

Constant Head Permeability – Permeameter 

Coefficient of permeability can be derived from constant head 

testing in a rigid container, permeameter cell. A specimen is 

compacted in the permeameter by tamping of thin layers of 

moist soil to a required initial density. Filter screens or porous 

disks are placed at both ends of the specimen. Initial flow of 

water through the specimen is achieved by percolation of de-

aired water from the bottom upwards, after which the 

permeameter cell is closed off. An inlet reservoir of de-aired 

water connects to the top of the permeameter cell and a 

hydraulic gradient is applied by adjustment of the inlet reservoir 

height in relation to the permeameter cell. Once a stable head 

condition is observed, the rate of flow is recorded, and the flow-

phase of the test repeated for consistency checks. Permeability is 

calculated in accordance with Darcy’s equation for laminar flow. 

Test references: ASTM D2434-22, ISO 17892-11:2019, ISO 19901-

8:2014 
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One-dimensional Consolidation Testing 

Oedometer – Incremental Loading 

The oedometer test covers determination of the rate and 

magnitude of consolidation of a laterally restrained soil 

specimen, which is axially loaded in increments of constant stress 

until the excess pore water pressures have dissipated for each 

increment. Normally, each load increment is maintained for 

24 hours.  

The test is generally carried out on undisturbed (intact) cohesive 

specimens using a consolidometer (oedometer) apparatus, which 

is placed in a thermostatically controlled room (10 °C). Selection 

of mounting method depends on soil characteristics. Soils that 

show a tendency to swell, such as peat or overconsolidated clays, 

are mounted dry. Moist sponges are placed in the oedometer 

cell to retain sample moisture conditions. Other samples are 

usually mounted using the wet mounting method. Distilled water 

is added to the cell when loads are applied to the loading arm. 

When required, the initial load is increased to prevent swell.  

Key parameters that can be obtained from this test are the 

preconsolidation pressure ’𝑝 and the coefficient of 

consolidation 𝑐𝑣. The preconsolidation pressure is estimated 

using the graphical Casagrande construction. The root time 

method or the log time method is used for determination of 𝑐𝑣. 

Other parameters that may be derived from this test are the 

compression index 𝐶𝑐, the coefficient of volume compressibility 

𝑚𝑣 and the vertical permeability 𝑘𝑣.  

Test references: ASTM D2435/D2435M-11(2020), ISO 19901-

8:2014, ISO 17892-5:2017 

Oedometer – Constant Rate of Strain 

The Constant Rate of Strain (CRS) oedometer test covers 

determination of the rate and magnitude of consolidation of a 

laterally restrained soil specimen when it is drained axially and 

subjected to controlled deformation loading. The rate of 

deformation is selected so that excess pore water pressures are 

between 3 % and 20 % of the applied axial stress. Drainage of 

pore water is permitted from the top of the specimen and pore 

water pressures are measured at the bottom of the specimen. 

The test is generally carried out on undisturbed (intact) cohesive 

specimens using a consolidometer, in a thermostatically 

controlled room (20 °C).  

Key parameters that can be obtained from this test are the 

preconsolidation pressure ’𝑝 and the coefficient of 

consolidation 𝑐𝑣 as a function of axial stress. The 

preconsolidation pressure is estimated using the graphical 

Casagrande procedure, while the coefficient of consolidation is 

determined analytically from the values of axial stress, strain and 

excess pore water pressure. Other parameters that may be 

derived from this test are the compression index 𝐶𝑐, the 

coefficient of volume compressibility 𝑚𝑣, the constrained 

modulus (M), and the coefficient of vertical permeability 𝑘𝑣.  

Test references: ASTM D4186/D4186M-20e1, ISO 19901-8:2014 

Strength Index Testing 

Torvane and Pocket Penetrometer 

The torvane and pocket penetrometer are small hand-held 

instruments for rapid index testing for determining undrained 

shear strength of undisturbed (𝑠𝑢) or remoulded (𝑠𝑢;𝑟) specimens 

of fine (cohesive) soil. Multiple tests can allow calculation of 

sensitivity 𝑆𝑡 = 𝑠𝑢/𝑠𝑢;𝑟. 

The torvane test is carried out by pressing a standard vane into 

the soil and measuring the minimum torque required to rotate 

the vane. The vane size can be selected to suit the expected 

torque up to an equivalent undrained shear strength of the soil 

of 250 kPa. The undrained shear strength is correlated to the 

measured torque by vane size and torvane spring constant.  

The pocket penetrometer test consists of pressing a small solid 

cylinder into the soil, to a specified penetration. The maximum 

force required for penetration is correlated to the undrained 

shear strength. The size of the cylinder can be selected so that 

undrained shear strength values of up to 900 kPa can be 

obtained.  

Test references: ASTM D8121/D8121M-19, ISO 19901-8:2014 

Needle Penetrometer 

The needle penetrometer is a small held-held instrument for 

rapid strength index testing of cemented soil and soft rock. The 

test consists of pressing a needle into a laboratory specimen or 

in situ outcrop. The needle is a thin truncated cone with a 

minimum diameter of 0.3 mm, a maximum diameter of 0.8 mm 

and a cone angle of 20°. The maximum penetration is 10 mm. 

Force and penetration are recorded. Results are expressed as 

𝑁𝑃𝑅 =  𝐹/𝐷, where 𝐹 is the axial force in N and 𝐷 is the 

penetration in mm. The axial force is limited to 100 N. 𝑁𝑃𝑅 can 

be correlated to uni-axial compressive strength 𝜎𝑐 . Ulusay and 

Erguler (2012) suggest 𝜎𝑐  =  0.042 𝑁𝑃𝑅0.929, where 𝜎𝑐 is in MPa 

and 𝑁𝑃𝑅 is in N/mm. 

Test references: ISRM (2014), Ulusay & Erguler (2012) 

Fall Cone 

The fall cone is a rapid index test for determining undrained 

shear strength of undisturbed (𝑠𝑢) or remoulded (𝑠𝑢;𝑟) specimens 

of cohesive soil. Multiple tests can allow calculation of sensitivity 

𝑆𝑡 = 𝑠𝑢/𝑠𝑢;𝑟. 

The test consists of suspending a standard cone of a specified 

mass and apex angle vertically over and just touching the surface 

of the specimen. Subsequently, the cone is released and 

penetrates the specimen under its self-weight. The depth of 

penetration for the selected cone is correlated to the undrained 

shear strength of the soil. Several correlations exist. The cone size 

and shape can be selected to suit the expected undrained shear 

strength of the specimen.  

Test references: ISO 17892-6:2017, ISO 19901-8:2014 

Hand Vane 

The hand vane allows index testing for undrained shear strength 

of cohesive soil. The tool is similar to the laboratory miniature 

vane except for reduced control: manual penetration and 

rotation of the vane.  

Several different types of undrained shear strength are possible: 

a. Intact: undisturbed undrained shear strength (𝑠𝑢) as 

derived using on an intact specimen; 

b. Intact–residual: derived from post-peak data during initial 

shearing of an intact specimen;. 

c. Intact–vane-remoulded: derived after multiple rotations of 

the hand vane after completion of the intact test; 

d. Hand-remoulded: derived from steady state (post-peak if 

exists) resistance of a hand-remoulded test specimen; 

e. Hand-remoulded–vane-remoulded: derived from steady 

state resistance of a hand-remoulded specimen, after 

applying multiple vane rotations. 
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Different values of undrained shear strength of remoulded soil 

(𝑠𝑢;𝑟) are obtained from types b. to e. Multiple tests can allow 

calculation of sensitivity 𝑆𝑡 = 𝑠𝑢/𝑠𝑢;𝑟. 

A specimen may be tested in the sample tube in which it was 

taken, in a block sample or in a mould after removal from a 

sampler. The test apparatus consists of a rectangular vane with a 

short push rod for penetration into the soil. The vane is then 

slowly rotated by hand and the maximum torsional moment is 

recorded. Various vane sizes can be selected depending on the 

consistency of the specimen.  

Calculation of undrained shear strength is based on a cylindrical 

failure surface for which uniform stress distributions are 

assumed. The equation for undrained shear strength is as 

follows:  

𝑠𝑢   =  
𝑇max

π 𝐷2 (
1
2

𝐻  +  
1
6

𝐷)
 

where: 

𝑠𝑢 = (peak) undrained shear strength [kPa]  

𝑇𝑚𝑎𝑥 = maximum torsional moment [kNm]  

𝐷 = vane diameter [m]  

𝐻 = vane height [m]  

Test reference: in-house 

Laboratory Miniature Vane 

The laboratory miniature vane test allows determination of 

undrained shear strength of cohesive soil. CEN (2007) classifies 

the laboratory miniature vane as a strength index test.  

Several different types of undrained shear strength are possible: 

a. Intact: undisturbed undrained shear strength (𝑠𝑢) as derived 

using on an intact specimen; 

b. Intact–residual: derived from post-peak data during initial 

shearing of an intact specimen;. 

c. Intact–vane-remoulded: derived after multiple rotations of 

the hand vane after completion of the intact test; 

d. Hand-remoulded: derived from steady state (post-peak if 

exists) resistance of a hand-remoulded test specimen; 

e. Hand-remoulded–vane-remoulded: derived from steady 

state resistance of a hand-remoulded specimen, after 

applying multiple vane rotations. 

Different values of undrained shear strength of remoulded soil 

(𝑠𝑢;𝑟) are obtained from types b. to e. Multiple tests can allow 

calculation of sensitivity 𝑆𝑡 = 𝑠𝑢/𝑠𝑢;𝑟. 

A specimen may be tested in the sample tube in which it was 

taken or in a mould after extrusion from the sample tube. The 

sample tube or mould is mounted in the test apparatus and a 

rectangular vane is lowered into the soil. The vane is then rotated 

at 10°/min (ISO 19901-8:2014) or at 60/min to 90/min (ASTM 

D4648/D4648M-16) and the maximum torsional moment is 

recorded. A continuous record of rotation versus torsional 

moment can also be made if required (optional). Various vane 

sizes can be selected depending on the consistency of the 

specimen. Calculation of undrained shear strength is based on a 

cylindrical failure surface for which uniform stress distributions 

are assumed. The equation for undrained shear strength is as 

follows:  

𝑠𝑢   =  
𝑇max

π 𝐷2 (
1
2

𝐻  +  
1
6

𝐷)
 

where: 

𝑠𝑢 = (peak) undrained shear strength [kPa]  

𝑇𝑚𝑎𝑥 = maximum torsional moment [kNm]  

𝐷 = vane diameter [m]  

𝐻 = vane height [m]  

Test references: ASTM D4648/D4648M-16, ISO 19901-8:2014 

Unconsolidated Undrained Triaxial  

This type of test is usually performed on undisturbed (intact) 

samples of cohesive soils. Depending on the consistency of the 

cohesive material, the test specimen is prepared by trimming the 

sample or by pushing a mould into the sample. A latex 

membrane with a thickness of approximately 0.2 mm is placed 

around the specimen. A lateral confining pressure of 600 kPa to 

1 000 kPa is maintained during axial compression loading of the 

specimen. Some test procedures consider lateral confining 

pressures that are equivalent to total in situ vertical stress. 

Consolidation and drainage of pore water during testing is not 

allowed. The test is deformation controlled (strain rate of 

60 %/h), single stage, and stopped when an axial strain of 15 % 

or 20 % is achieved. The deviator stress is calculated from the 

measured load assuming that the specimen deforms as a right 

cylinder.  

The presentation of test results includes a plot of deviator stress 

versus axial strain. The undrained shear strength, 𝑠𝑢, is taken as 

half the maximum deviator stress. The stress at 15 % or 20 % 

strain is used to calculate 𝑠𝑢 if a maximum stress has not been 

reached earlier. Derivation of 𝑠𝑢 from a selected value of axial 

strain is also possible, but uncommon. 

undrained shear strength of remoulded soil 𝑠𝑢;𝑟 can be obtained 

by an additional test on a remoulded (compacted) specimen. 

When possible, the tested undisturbed specimen is kneaded in 

the membrane, and then reshaped in a mould prior to testing. 

Stiff to hard specimens are cut into pieces, and reconstituted 

(compacted) by tamping the pieces in layers into a mould, until 

the original specimen dimensions are obtained. Multiple tests 

can allow calculation of sensitivity 𝑆𝑡 = 𝑠𝑢/𝑠𝑢;𝑟. 

Test references: ASTM D2850-15, ISO 17892-8:2018, ISO 19901-

8:2014 

Sensitivity 

Sensitivity is the ratio of undrained shear strength of undisturbed 

soil to undrained shear strength of remoulded soil, 𝑆𝑡 = 𝑠𝑢/𝑠𝑢;𝑟. 

Sensitivity can be derived from the results obtained by tests of 

the same type, performed for intact (undisturbed) and 

remoulded soil conditions. Typically, the material from the same 

soil sample or soil specimen is used, at the same soil unit 

weight 𝛾. Note that values of 𝑆𝑡 can depend on the selected test 

type. Values of 𝑆𝑡 can be less than unity. 

Test reference: ISO 19901-8:2014 

Strength anisotropy ratio - undrained shear strength 

Strength anisotropy ratio 𝑠𝑢;𝑎1/𝑠𝑢;𝑎2 refers to directional 

dependence of a physical property, in this case undrained shear 

strength 𝑠𝑢.  Many soils exhibit strength anisotropy.  

Strength anisotropy ratios can be derived from results obtained 

by tests of the same type, performed in multiple directions 

relative to in situ conditions. A laboratory approach is common. 

An example would be to trim laboratory test specimens from a 

soil sample, such that tests can be conducted in two or more 

directions relative to the in situ orientation of the sample. Note 

that values of 𝑠𝑢;𝑎1/𝑠𝑢;𝑎2 can depend on the selected test type.  

An indication of strength anisotropy ratio can be obtained by 

comparing results of different test types, with different modes 

and/or different directions of shearing. An example of this 

approach would be to compare test results of consolidated 

undrained triaxial extension tests, direct simple shear tests, and 
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consolidated undrained triaxial compression tests, while 

maintaining specimen orientation equal to the in situ orientation 

of the sample. Different test types introduce differences related 

to the test types, which can be difficult to distinguish from 

strength anisotropy. 

Test reference: ISO 19901-8:2014 

Strength and Stiffness Testing 

Ring Shear 

Ring shear tests are performed by deforming remoulded or 

reconstituted (compacted) specimen at a controlled 

displacement rate until a constant minimum drained shear 

resistance is reached on a shear plane, largely determined by the 

configuration of the apparatus. From this, the effective angle of 

internal friction at residual shear conditions (𝜑’𝑅) can be derived. 

The ring shear apparatus enables an annular specimen of soil, 

5 mm thick with internal and external diameters of 70 mm and 

100 mm, respectively, to be subjected to (unlimited) rotational 

shear.  

After completion of an initial consolidation stage, formation of a 

shear plane is induced by manually rotating the test assembly at 

a relatively fast rate (~450 mm/min is often used) for 1 to 2 full 

rotations. The specimen is then reconsolidated prior to a second 

stage of shearing. The second stage of shearing aims for drained 

conditions until ultimate residual shear resistance is achieved; 

this usually requires a displacement of ~20 mm. For the second 

stage, a rate of displacement 0.048 degrees/min is typically 

adequate for a large range of soils.  

Optionally, two or more normal stresses can be applied to a 

single test specimen.  

The presentation of the test results includes a plot of shear stress 

versus displacement at  fast and slow shear stages where 

applicable. 

Test references: ASTM D6467-21e1, ISO 19901-8:2014, ISO 

17892-10:2018 

Direct Simple Shear 

Direct simple shear (DSS) tests provide a simulation of the plane 

strain mode of shearing for undisturbed (intact), remoulded or 

reconstituted (compacted) specimens. Key features of the DSS 

test are essentially constant horizontal dimensions of the 

specimen in the direction of shear, and a constant volume during 

shear to simulate undrained behaviour for a saturated test 

specimen. A constant volume is achieved by maintaining a 

constant specimen height. A constant specimen height is 

achieved by varying the normal load applied to the specimen or 

by fixing the vertical loading ram in place.  

The direct simple shear test is carried out on a cylindrical 

specimen of 50 mm to 66 mm diameter and 16 mm to 30 mm 

height, depending on test apparatus. Lateral confinement of the 

specimen is provided by (1) a membrane in combination with a 

stack of brass shearing washers or by (2) a reinforced membrane. 

There are no facilities for applying back pressure and control of 

drainage.  

The stress state within a test specimen is insufficiently uniform to 

allow fundamental processing of test results. Nevertheless, data 

are commonly presented by shear stresses and strains for the 

horizontal plane and by equivalent pore pressures.  

The peak horizontal shear stress is inferred as the undrained 

shear strength. 

Test reference: ASTM D6528-17, ISO 19901-8:2014 

Direct Shear 

Direct shear testing (or shear box testing) is a method for 

determining drained soil resistance (effective angle of internal 

friction, 𝜑’) for cohesionless and cohesive soils.  

The soil to be tested is placed in a split mould, with internal 

dimensions of 60 mm by 60 mm. A porous stone and loading 

plate are placed on top of the specimen and a normal load is 

applied to the specimen. The sample is then sheared, by 

displacing the top half of the split mould relative to the bottom 

half, at a rate of displacement preventing significant excess pore-

water pressures to be generated. During the test, horizontal 

displacement, load and vertical displacement are recorded. 

On completion of the first stage, the specimen is removed from 

the mould and the unit weight and water content are 

determined. Two further tests may then be performed, at the 

same unit weight, but with increased normal loads.  

The test results are presented in the form of graphs of horizontal 

displacement versus shear stress and normal stress versus 

maximum shear stress.  

Test references: ISO 19901-8:2014, ISO 17892-10:2018 

Consolidated Undrained Triaxial 

The consolidated undrained triaxial test offers the opportunity to 

derive both undrained and drained strength parameters for 

undisturbed (intact) or remoulded (compacted) specimens. 

Specimens are generally prepared by trimming cohesive samples 

to the required dimensions. The wet mounting method is used, 

which includes use of wet porous disks and a water-filled 

drainage system. 

Test procedures include specimen saturation, consolidation and 

compression loading. For cohesive soils, filter paper strips are 

attached to the specimen circumference to promote drainage 

during consolidation. Saturation is obtained by incrementing cell 

pressure and back pressure. The degree of saturation is checked 

by the pore water pressure response to small variations in cell 

pressure. 

In case of isotropic consolidation (CIU) the specimen is usually 

consolidated to a stress level equivalent to the mean in situ 

stress estimated for the appropriate sample depth. For 

anisotropic consolidation (CAU), the specimen is consolidated to 

the estimated vertical and horizontal effective stresses. Various 

consolidation stages may be adopted to simulate the 

consolidation history and the effects of the expected loading 

sequence.  

Specimen shearing is carried out under conditions of constant 

axial strain rate, while monitoring axial load and pore water 

pressure. A strain rate of 4 %/h is generally applied, except when 

consolidation was slow, in which case a smaller strain rate is 

applied. The deviator stress is calculated from the measured load 

assuming the specimen deforms as a right cylinder. The shearing 

stage is terminated based on effective principal stress ratio (ratio 

of effective axial stress to effective lateral stress ′1/′3), or when 

an axial strain of 15 % or 20 % is reached. The CIU test may 

consist of three consolidation and shearing stages of increasing 

stress level. These stages may be performed on a single 

specimen or on three separate specimens.  

The presentation of test results includes stress-strain data, 

effective stress paths, pore water pressures and shear strength 

parameters. Stress paths may be presented in terms of a mean 
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effective stress (𝑝’ or 𝑠’) and the principal stress difference or 

deviator stress (𝑞 or 𝑡) as follows:  

◼ Cambridge 𝑝′-𝑞 space and ASTM 𝑝′-𝑞 space, with 𝑝′ defined 

as (𝜎′1 + 2𝜎′3)/3 and 𝑞 as 𝜎1 − 𝜎3; 

◼ ISO 17892-9:2018 𝑠′-𝑡 space, with 𝑠′ defined as (𝜎′1 + 𝜎′3)/2 

and 𝑡 as (𝜎1 − 𝜎3)/2. 

The undrained shear strength is defined as half the deviator 

stress at failure, 𝑠𝑢 = 𝑞/2 and is typically reported for the 

following failure criteria: 

1. maximum deviator stress 𝑞𝑚𝑎𝑥; 

2. maximum stress ratio 𝑞/𝑝′𝑚𝑎𝑥. 

The stress at 15 % or 20 % strain is used to calculate undrained 

shear strength when a maximum stress has not been reached. 

Alternative failure criteria include peak pore pressure 𝑢𝑚𝑎𝑥, 

limiting axial strain and (Skempton’s) pore pressure parameter  

Ā = 0.  

A secant angle of internal friction, ′, is determined from  

𝑞 = 𝑀 ∙ 𝑝′ where 𝑀 = (6𝑠𝑖𝑛′)/(3-𝑠𝑖𝑛′) or 𝑠𝑖𝑛′ = 3𝑀/(6 + 𝑀) 

for compression conditions. This definition assumes a zero 

effective cohesion intercept and may be applied to 𝑀𝑚𝑎𝑥 but also 

to other values of 𝑀 and corresponding values of 𝑞 and 𝑝′. 

Similarly, 𝑠𝑖𝑛′ = 𝑡/𝑠’. For tests with three shearing stages, angles 

of internal friction may be determined for each stage separately, 

and from a straight line approximation of the failure points of the 

three stages. The latter method also provides a value for effective 

cohesion intercept 𝑐′.  

Test references: ASTM D4767-11(2020), ISO 19901-8:2014, ISO 

17892-9:2018 

Consolidated Drained Triaxial 

Consolidated drained triaxial compression tests are generally 

performed on samples of cohesionless soils. The specimen of dry 

soil is prepared in the rubber membrane on the base of the 

triaxial cell, without the use of side drains. Soil particles larger 

than 20 % of the diameter of the specimen are removed. 

Specimens are prepared by tamping thin layers of soil to a 

density approximating the estimated in situ dry density. To 

saturate the specimen, CO2 gas is used to expel the air and 

subsequently de-aired water is used to expel the CO2 gas. The 

specimen is further saturated by incrementing cell pressure and 

back pressure, until the pore pressure response to a cell pressure 

increment (B-factor) indicates saturation is complete. The 

specimen is then isotropically or anisotropically consolidated 

(CID and CAD respectively). 

After consolidation the sample is sheared by applying axial load 

at a sufficiently slow rate to permit drainage (usually 6 %/h). The 

lateral confining pressure is kept constant during each loading 

stage. Pore pressure measurements are made at the bottom to 

check if the test is fully drained. The deviator stress is calculated 

from the measured load assuming the specimen deforms as a 

right cylinder. The CID test may have three consolidation and 

loading stages of increasing pressure performed on either a 

single specimen or on three separate specimens. The CAD test is 

limited to a single shearing stage. A shearing stage is terminated 

on the basis of effective stress ratio (ratio of effective axial stress 

to effective lateral stress, ′1/′3), or when an axial strain of 15 % 

or 20 % is reached.  

Results include stress-strain data, stress paths, and volumetric/ 

shear strain of each loading stage. Stress paths may be 

presented in terms of a mean effective stress (𝑝’ or 𝑠’) and the 

principal stress difference or deviator stress (𝑞 or 𝑡) as follows:  

◼ Cambridge 𝑝′-𝑞 space and ASTM 𝑝′-𝑞 space, with 𝑝′ defined 

as (𝜎′1 + 2𝜎′3)/3 and 𝑞 as 𝜎1 − 𝜎3; 

◼ ISO 17892-9:2018 𝑠′-𝑡 space, with 𝑠′ defined as (𝜎′1 + 𝜎′3)/2 

and 𝑡 as (𝜎1 − 𝜎3)/2. 

A secant effective angle of internal friction, ′, is determined 

from 𝑞 = 𝑀 ∙ 𝑝′ where 𝑀 = (6𝑠𝑖𝑛′)/(3-𝑠𝑖𝑛′) or  

𝑠𝑖𝑛′ = 3𝑀/(6 + 𝑀) for compression conditions. This definition 

assumes zero effective cohesion intercept and may be applied to 

𝑀𝑚𝑎𝑥 but also to other values of 𝑀 and corresponding values of 

𝑞 and 𝑝′. Similarly, 𝑠𝑖𝑛′ = 𝑡/𝑠’. For tests with three shearing 

stages, angles of internal friction may be determined for each 

stage separately, and from a straight line approximation of the 

failure points of the three stages. The latter method also 

provides a value for effective cohesion intercept 𝑐′.  

Optionally, the attainment of critical state conditions may be 

assessed from filtering criteria based on Jeffries and Been (2016) 

as follows: 

◼ Dilation rate, 𝐷: samples identified to reach a critical state by 

determining a mean dilation rate 𝐷 < 0.01 towards the end 

of the test: 

𝐷 =
𝑑𝜀𝑣

𝑝

𝑑𝜀𝑞
𝑝 ≈

𝛿𝜀𝑣

𝛿𝜀𝑞

≈
(𝜀𝑣,𝑖+1 − 𝜀𝑣,𝑖)

(𝜀𝑞,𝑖+1 − 𝜀𝑞,𝑖)
 

where 𝛿𝜀𝑣 is change in total volumetric strain, 𝛿𝜀𝑞 is 

deviatoric strain across each increment (𝑖 to 𝑖 + 1) used to 

derive 𝐷, 𝜀𝑣 is volumetric strain 𝜀𝑣 = 𝜀𝑎 + 2𝜀𝑟 , 𝜀𝑞 = 2/3(𝜀𝑎 −

𝜀𝑟) and subscripts 𝑎 and 𝑟 refer to axial and radial directions 

(compression positive); 

◼ Relative density, 𝐷𝑟 : test specimens with an initial estimated 

𝐷𝑟< 75%, i.e. interpretation of critical state is not considered 

reliable for tests performed on initially dense to very dense 

test specimens, since significant shear banding may occur, 

causing localisation of stresses. 

For a test specimen approaching critical state, an approximation 

of effective angle of internal friction at large strain (critical state, 

𝜑′𝑐𝑣) may be derived from principal deviator and mean effective 

stress ratios at large strain. 

Test references: ASTM D7181-20, ISO 19901-8:2014, ISO 17892-

9:2018 

Miniature T-bar Penetration Test and Miniature Ball 

Penetration Test 

The miniature T-bar penetration test (MTPT) involves 

measurement of axial force representing resistance of soil to 

continuous penetration at a steady slow rate of a cylindrical rod 

(T-bar penetrometer) positioned perpendicular to the lower end 

of a push rod. The miniature ball penetration test (MBPT) is 

equivalent to the MTPT except that the T-bar is replaced by a 

sphere. Axial force is measured just above the T-bar or the ball. 

Some systems measure axial force at the top of the push rod. 

Common instrument characteristics are as follows: 

◼ miniature T-bar penetrometer length of 75 mm and diameter 

of 12 mm; 

◼ miniature ball penetrometer diameter of 34 mm; 

◼ 11.3 mm push rod diameter; 

◼ penetration rate of approximately 20 mm/s. 

The applicability of the MTPT and MBPT is soft cohesive soil with 

an undrained shear strength 𝑠𝑢 < 50 kPa. Both tests require a soil 

sample with a height 300 mm < ℎ < 600 mm and a diameter of 

typically > 300 mm. The tests are conducted at atmospheric 

pressure and the sample is typically confined by a sampler (e.g. 

box corer) or by a sample liner.  
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The test procedure consists of recording downward and upward 

penetration and extraction lengths and recording of penetration 

and extraction resistances (𝑞𝑇  or 𝑞𝐵) of the penetrometer. This is 

done from the surface of the sample to about 50 mm above the 

base of the sample. Extraction resistance near the top of the 

sample can be downward if a lump of soil adheres to the 

penetrometer. The definitions of 𝑞𝑇 and 𝑞𝐵 are as follows. 

 𝑞𝑇  or 𝑞𝐵 = 𝑄𝑝/𝐴1– (𝐴2/𝐴1)𝑢0– (𝐴3/𝐴1) · (𝜎𝑣𝑜– 𝑢0)  

where: 

𝑞𝑇 = T-bar penetration resistance.  

𝑞𝐵 = ball penetration resistance. 

𝐴1  =  maximum cross-sectional area of the penetrometer 

perpendicular to the axis of the push rod. 

𝐴2 = cross-sectional (steel) area at the push rod/ 

penetrometer connection. 

𝐴3 =  cross-sectional area of the push rod immediately 

above the penetrometer. 

𝑄𝑝 =  measured axial force on the penetrometer, positive 

for downward push. 

𝑢0   = hydrostatic pore pressure at penetration depth, 

relative to the top surface of the sample. This is a 

calculated value. Calculation takes no account of any 

water on top of the sample and any non-hydrostatic 

pore pressure conditions. 

𝜎𝑣𝑜 = total vertical stress at the midpoint of T-bar or ball, 

relative to the top surface of the sample. This is a 

calculated value.  

If required, penetration resistance 𝑞𝑚 = 𝑄𝑝/𝐴1 can be provided. 

One or more cyclic penetration/ extraction phases can be 

implemented. This is optional. A cyclic phase typically consists of 

10 cycles of upward and downward penetration with stroke 

length of at least 6 times the diameter of the penetrometer. A 

cyclic phase usually starts in the primary downward penetration 

phase.  

MTPT and MBPT results allow derivation of undrained shear 

strength 𝑠𝑢. Derived values of undrained shear strength are 

obtained from 𝑠𝑢 =  𝑞𝑇/𝑁𝑇 or 𝑠𝑢 = 𝑞𝐵/𝑁𝐵, where 𝑁𝑇 is a T-bar 

factor and 𝑁𝐵 is a ball factor. Values for 𝑁𝑇 and 𝑁𝐵 are typically 

about 10 for clay, considering (1) the penetrometer to be 

completely surrounded by soil and (2) a reference laboratory 

strength, i.e. 𝑠𝑢;𝐶𝐴𝑈𝑐 undrained shear strength obtained by 

anisotropically consolidated undrained triaxial compression. 

Lower 𝑁𝑇 and 𝑁𝐵 factors can be considered for penetration 

depths at and close to the surface of the sample. Derivation of 𝑠𝑢 

is optional. 

Remoulded undrained shear strength can be derived from  

𝑠𝑢;𝑟 = 𝑞𝑇𝑛/𝑁𝑇;𝑟 where 𝑞𝑇𝑛 is normally taken as 

(𝑞𝑇 for downward push – 𝑞𝑇 for upward retraction)/2 at cycle 𝑛, 

usually the tenth cycle. Values for 𝑁𝑇;𝑟 (and 𝑁𝐵;𝑟) are in the order 

of 14 to 20, depending on the reference method for 𝑠𝑢;𝑟 . 

Determination of derived values for 𝑠𝑢;𝑟 is optional. 

Test references: In-house, ISO 19901-8:2014 

Piezoceramic Bender Elements  

Bender elements are small piezo-electric elements that can be 

mounted in the base pedestal and top cap of oedometer, triaxial 

or direct simple shear (DSS) apparatus. The bender element 

technique can be used at any stage of a test without interfering 

with the particular test itself. The preparation of the test 

specimen should be in accordance with the requirements for 

oedometer, triaxial and DSS tests.  

The composition of the elements is such that the application of a 

waveform voltage across the plates causes a bending motion 

which, when the elements are installed in a soil specimen, 

propagates a shear wave through the soil. This behaviour is 

reversible to the effect that motion of the receiving element will 

generate a small waveform voltage. After electrical stimulation of 

the transmitter elements, the arrival time of the wave at the 

receiving element is derived using a high frequency oscilloscope. 

S-wave velocity 𝑣𝑠 is calculated from the derived travel time and 

measured spacing between the bender elements. Values of small 

strain shear modulus (𝐺𝑚𝑎𝑥) of the soil can be calculated from 𝑣𝑠 

using the relationship 𝐺𝑚𝑎𝑥 = 𝜌 ∙ 𝑣𝑠
2 where 𝜌 is density of the soil. 

Test references: ASTM D8295-19, ISO 19901-8:2014 

Interface Testing 

Ring Shear – Soil-steel Interface 

Ring shear interface tests are performed with a remoulded or 

reconstituted (compacted) soil specimen and a steel surface with 

a selected surface roughness. The primary parameter derived 

from this test method is the angle of interface friction (𝛿) for the 

soil-steel interface.  

The ring shear apparatus enables an annular specimen of soil, 

5 mm thick with internal and external diameters of 70 mm and 

100 mm, respectively, to be subjected to (unlimited) rotational 

shear.  

The specimen is typically consolidated to a normal stress 

equivalent to a lateral stress condition relevant to  pile design. 

After completion of the initial consolidation stage, the 

subsequent shearing phase consists of two stages. In the first 

stage, the specimen is subjected to a series of fast shearing 

‘pulses’ for a total displacement of at least 1 m. The shearing 

pulses impose displacements of ~200 mm each at a rate of 

~500 mm/min, separated by pause periods (at zero applied 

shear stress) of ~3 minutes. This stage is intended to simulate a 

displacement history of a soil element adjacent to a pile during 

driving. The specimen is then allowed to recover for a period of 

24 h after which the specimen is reconsolidated to simulate a 

lateral stress condition after the pile has been installed. 

Reconsolidation is followed by a second shearing stage aimed at 

drained conditions until steady state conditions are reached (with 

a minimum displacement of ~20 mm). For the second stage, a 

rate of ~0.02 mm/min is typically required for plastic clays, using 

a Bromhead device. 

The presentation of the test results includes a plot of shear stress 

ratio versus displacement, for the fast and slow shear stages 

where applicable. 

Test references: Jardine et al. (2005) (Appendix A), ISO 19901-

8:2014 
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Examples are given below.  

A particular method may not be appropriate for silts, 

sand/clay/gravel mixtures, varved or layered soils, gassy soils, 

underconsolidated soils, peats, carbonate soils, cemented soils, 

and residual soils. These unconventional soils can require 

specialist analysis and interpretation. ISO (2021a) includes a list 

of unconventional soils and potential difficulties. 

Most methods for data acquisition and parameter interpretation 

consider applicability in terms of lower and upper limits of stress, 

strain and temperature. Such limits are typically given or implied 

for a particular test method. Parameter values outside of these 

ranges can be subject to high uncertainty.  

Results of a cone penetration test depend on a standardised 

penetration rate. Inevitably, the penetration rate will (shortly) 

differ from the standardised penetration rate at the start of a test 

and at the end of a test or planned interruption of penetration. In 

some cases, data are clipped to remove sections with a non-

standard penetration rate. 

A transformation model can include assumptions about soil 

(un)disturbance and ambient stress conditions. This can mean 

that laboratory test results for a soil sample taken immediately 

below ground surface or immediately below the bottom of the 

borehole may be outside of the applicability of a transformation 

model. Similarly, a short section of cone penetration data 

immediately below ground surface or immediately below the 

bottom of the borehole can cause a situation of no or limited 

applicability. 

Data Pairing 

Data pairing can be required for obtaining derived values for 

some of the geotechnical parameters. For example, correlation of 

CPT net cone resistance 𝑞𝑛 and laboratory undrained shear 

strength 𝑠𝑢 for clays requires:  

◼ Derived values for 𝑞𝑛; 

◼ Derived values for 𝑠𝑢; 

◼ Pairing of 𝑞𝑛 data points and laboratory 𝑠𝑢 data points 

applicable to a nearby, but not the same, location in space; 

◼ A correlation equation such as 𝑁𝑘𝑡 = 𝑞𝑛/𝑠𝑢, where 𝑁𝑘𝑡 is a 

cone factor. 

Considerations for data pairing typically include: 

◼ Data checks, data detrending and data enhancement by 

integrated geosciences, see above; 

◼ Applicability of methods, including undrained, partially 

drained or drained conditions; 

◼ Uncertainties of the parameter values (source geodata) for 

data pairing; 

◼ Representativeness of soil specimens and/or in situ test zone, 

e.g. bias may be introduced by selecting laboratory test 

specimens from the more cohesive, homogeneous parts of 

samples, particularly where soil conditions are not uniform; 

◼ Geo-spatial proximity between data points selected for 

pairing, particularly with respect to soil homogeneity and soil 

correlation length; 

◼ Decision rules and engineering judgement for screening of 

datasets for retention or removal of data;  

◼ Use of specific weight factors for e.g. data assessed of higher 

of lower quality or importance. 

Low Estimate, Best Estimate, High Estimate Values 

The project requirements can include assessment of low estimate 

(LE), best estimate (BE) and high estimate (HE) values for derived 

values.  

Analysis of derived values for LE, BE and HE values can be 

performed and enhanced by one or more of the following 

methods: 

◼ Application of statistical methods,  

◼ Data pairing, including geodata from multiple sources; 

◼ Use of relevant prior information, including public domain 

information; 

◼ Judgement and opinion. 

This document excludes further details of possible methods for 

geotechnical analysis on this topic. 

CPT-based Interpretation Methods 

CPT interpretation methods are mostly based on empirical 

correlations with limited theoretical backing. Data integration 

with other, complementary investigation techniques (such as 

geological analysis, borehole/sample logging and laboratory 

testing) can improve confidence levels.  

CPT-based interpretation techniques discussed below are subject 

to limitations such as: 

◼ CPT measurements, including measurement uncertainty 

(Peuchen & Terwindt, 2014 and 2015) and effects resulting 

from deployment method, initial embedment of a cone 

penetrometer, penetration interruption and inevitable loss of 

saturation of a pore pressure measuring system; 

◼ CPT interpretation techniques can be indirect, i.e. requiring 

estimates of various other parameters. This is consistent with 

an integrated geotechnical investigation approach. 

Inevitably, this approach also includes some redundancy of 

data; 

◼ Empirical correlations can rely on data pairing, for example 

pairing of CPT net cone resistance at a point in space with 

laboratory undrained shear strength applicable to another, 

nearby spatial position. Data pairing uncertainty can be 

limited by applying judgement; 

◼ Empirical correlations can use reference parameters such as 

the undrained shear strength determined from a laboratory 

single-stage isotropically consolidated undrained triaxial 

compression test on an undisturbed specimen obtained by 

means of push sampling techniques (e.g. Van der Wal et al., 

2010). The reference parameter may not be appropriate for 

the selected geotechnical model, and adjustment may be 

necessary. Also, adjustment for test conditions may be 

necessary, for example in situ temperature versus laboratory 

temperature; 

◼ The cone penetration test offers limited direct information 

on serviceability limit states (deformation), as the penetration 

process imposes large strains in the surrounding soil. In 

comparison to ultimate limit states, better complementary 

data will usually be required; 

◼ The interpretations typically apply to conditions as 

encountered at the time of the geotechnical investigation. 

Geological, environmental, and construction/operational 

factors may alter as-found conditions.   

Laboratory Test Methods 

Laboratory test standards often specify procedures for obtaining 

derived values, particularly where it is possible to obtain a 

derived value by means of a conversion model or theory. Such 

derived values are thus part of the laboratory test report. An 

example is the unconsolidated undrained triaxial compression 

test. Normalised load and displacement data are the basic 

measured values. The measured values and the use of theory 

allow the calculation of a derived value of undrained shear 
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strength by consideration of principal stress conditions and a 

theoretical deformation model. 

A project-specific scope design for laboratory test results can be 

of a confirmatory nature. An example would be a limited scope 

that targets confirmation of CPT-based methods rather than 

detailed site-specific integration and correlation of data. 

Non-intrusive Technologies 

Results of non-intrusive technologies can serve as important 

input data for deriving geotechnical parameter values for semi-

continuous profiles along a geophysical survey line (2D) and for 

voxel (3D) models (e.g. ISO, 2021b; Nauroy et al., 1998; 

Carpentier et al., 2021). Key features of this approach typically 

include (1) general input from an initial ground model, (2) a 

training data set of non-intrusive data (e.g. seismic reflection 

data) and ground-truthing data (e.g. CPTs), (3) machine learning 

and (4) correlation of geotechnical parameter values for  spatial 

positions with non-intrusive data points.  

The training phase typically includes validation of derived 

geotechnical parameter values (e.g. CPT cone resistance or  shear 

modulus at small strain) at control locations. The validation 

results at the control locations allow comparison of accuracy of 

the derived values at non-intrusive data points with derived 

values of the ground truthing data. 

CPT Penetration Behaviour 

Soil behaviour during cone penetration testing shows large 

displacements in the immediate vicinity of the penetrometer, and 

small elastic displacements further away from the penetrometer. 

Density/structure, stiffness and in situ stress conditions 

significantly affect the measured parameters.  

The measured cone resistance (𝑞𝑐) includes hydrostatic water 

pressures as well as induced pore pressures resulting from 

stresses and strains related to the penetration process. The 

induced pore pressures are usually negligible for clean sand 

because the ratio of effective stress to pore pressure is high. This 

ratio can be low for penetration into normally consolidated and 

slightly overconsolidated clays. Knowledge of pore pressures 

around the penetrometer can thus be important. CPT parameters 

that take account of pore pressure effects include corrected cone 

resistance (𝑞𝑡), net cone resistance (𝑞𝑛) and pore pressure ratio 

(𝐵𝑞). These parameters can be calculated if piezocone 

penetration test (PCPT or CPTU) data are available. The influence 

of pore pressures on sleeve friction 𝑓𝑠 is relatively small. It is 

common to ignore this influence. Calculation of friction ratio 𝑅𝑓 

(defined as 𝑓𝑠/𝑞𝑐) includes no allowance for pore pressure effects. 

The penetration rate with respect to soil permeability determines 

whether soil behaviour is primarily undrained, drained, or 

partially drained. Partial drainage may also be denoted as partial 

consolidation. In general, soil behaviour during cone penetration 

testing is: 

◼ Drained in clean sand, i.e. no measurable pore pressures 

because of (1) soil displacements and (2) soil volume change 

depending on dilative/contractive soil behaviour; 

◼ Undrained in clay, i.e. no significant soil volume change 

immediately around the cone penetrometer and pore 

pressure change depending on dilative/contractive soil 

behaviour; 

◼ Partially drained in soils with intermediate permeability, such 

as sandy silt, i.e. potential for (1) some soil volume change 

depending on dilative/contractive soil behaviour and (2) 

potential for pore pressure change depending on dilative/ 

contractive soil behaviour. 

Results of a pore pressure dissipation test can provide 

indications for partial drainage conditions. Particularly, partial 

drainage conditions should be considered when 𝑡50 is less than 

about 100 s (DeJong & Randolph, 2012). The term 𝑡50 represents 

the time for 50 % dissipation of excess pore pressure at the 𝑢2 

location of a cone penetrometer. 

CPT parameters can be influenced by the presence of thin 

(< 0.2 m thick) layers in a ground profile. Boulanger and DeJong 

(2018) proposed a method that provides estimates of corrected 

𝑞𝑐 and 𝑓𝑠 values based on an inverse filtering procedure that 

accounts for thin layer and transitional effects during cone 

penetration.  

The following sections mostly consider interpretation of drained 

soil behaviour (sand) and undrained soil behaviour (clay). 

CPT-based Soil Behaviour Type Identification 

Figures 3, 4 and 5 show soil behaviour type identification 

according to procedures given by Robertson (2009), representing 

an update of Robertson (1990) and Robertson (1991) respectively 

by exchange of 𝑄𝑡 with 𝑄𝑡𝑛. The procedures consider a 

normalised soil behaviour classification that provides general 

guidance on likely soil type (silty sand for example) and a 

preliminary indication of parameters such as angle of internal 

friction ′, overconsolidation ratio (OCR) and clay sensitivity (𝑆𝑡). 

Classification is in general possible for 1 ≤ 𝑄𝑡𝑛 ≤ 1000, 0.1 ≤

𝐹𝑟 ≤ 10 and −0.5 ≤ 𝐵𝑞 ≤ 1.4, with exceptions for classification 

using a 𝑄𝑡𝑛-𝐵𝑞 chart for the areas where no classification is 

presented.  

Classification charts use following soil behaviour type zones: 

1. Sensitive, fine grained 

2. Organic soils – peats 

3. Clays – clay 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* 

9. Very stiff, fine grained* 

(*) Heavily overconsolidated or cemented 

 

Figure 3: Classification chart Robertson (1990) with 

exchange of 𝑄𝑡 with 𝑄𝑡𝑛 
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Figure 7: Classification chart according to Robertson (2016a)  

CCS Clay-like – Contractive - Sensitive 

CC  Clay-like – Contractive  

CD  Clay-like – Dilative 

TC Transitional – Contractive 

TD Transitional – Dilative 

SC Sand-like – Contractive 

SD Sand-like – Dilative 

Sand Model – CPT-based Methods 

Unit Weight – Sand 

Unit weight of uncemented (silica) sand, silt and clay soils may be 

derived according to Mayne et al. (2010): 

 𝛾 =1.95𝛾𝑤 (
𝜎′𝑣𝑜

𝑃𝑎
)
0.06

(
𝑓𝑡

𝑃𝑎
)

0.06

  

where total unit weight 𝛾 and unit weight of water 𝛾𝑤 are in 

kN/m3 and effective in situ vertical stress 𝜎′𝑣𝑜 is in kPa. The 

symbol 𝑓𝑡 refers to sleeve friction corrected for pore pressures 

acting on the end areas of the friction sleeve, with units in kPa. 

Atmospheric pressure 𝑃𝑎 is in kPa. 

Unit weight may also be derived according to Lengkeek et al. 

(2018):  

𝛾 =  𝛾𝑟𝑒𝑓 − 𝛽 ∙ (log(𝑞𝑡,𝑟𝑒𝑓/ 𝑞𝑡))/ (log (𝑅𝑓,𝑟𝑒𝑓/𝑅𝑓)) 

where 𝛾𝑟𝑒𝑓 is a reference unit weight at which 𝑞𝑡 is constant 

regardless of friction ratio 𝑅𝑓 , 𝛽 is a factor for unit weight 

contouring, 𝑞𝑡,𝑟𝑒𝑓 is a reference for total cone resistance 𝑞𝑡 at 

which 𝛾 is constant regardless of 𝑅𝑓, and 𝑅𝑓,𝑟𝑒𝑓 is a reference 

friction ratio. The default values are: 𝛾𝑟𝑒𝑓 = 19 kN/m3, 𝛽 = 4.12, 

𝑞𝑡,𝑟𝑒𝑓 = 5 MPa, and 𝑅𝑓,𝑟𝑒𝑓 = 30 %. The correlation allows 

development of project-specific estimation of unit weight.  

Shear Wave Velocity – Sand 

If no in situ measurements of shear wave velocities (𝑣𝑠) are 

available, then empirical correlation with CPT parameters may be 

considered. Hegazy and Mayne (2006) published a statistical 

correlation derived from 73 sites worldwide representing a range 

of soil types including sands, clays, soil mixtures and mine 

tailings (Figure 8). The correlation considers a normalized cone 

resistance (𝑞𝑐1𝑁_ℎ𝑚) and a soil behaviour type index (𝐼𝑐_ℎ𝑚) as 

follows: 

𝑣𝑠 =  0.0831𝑞𝑐1𝑁 _ ℎ𝑚(𝜎′𝑣𝑜/𝑃𝑎)
0.25e(1.786𝐼𝑐 _ ℎ𝑚) 

 (Hegazy & Mayne, 2006) 

where shear wave velocity 𝑣𝑠  is in m/s and 𝑞𝑐1𝑁_ℎ𝑚 and 𝐼𝑐_ℎ𝑚 are 

dimensionless. Calculations for 𝑞𝑐1𝑁_ℎ𝑚 and 𝐼𝑐_ℎ𝑚 require iteration 

and consider cone resistance 𝑞𝑐 or corrected cone resistance 𝑞𝑡, 

sleeve friction 𝑓𝑠, total in situ vertical stress 𝑣𝑜, effective in situ 

vertical stress ′𝑣𝑜 and atmospheric pressure 𝑃𝑎.    

 
Figure 8: vs – qc correlation according to Hegazy & Mayne 

(2006) 

Robertson and Cabal (2015) present a 𝑣𝑠 correlation 

incorporating net cone resistance 𝑞𝑛 (=  𝑞𝑡 –  𝑣𝑜) and soil 

behaviour type index (𝐼𝑐) as defined by Robertson and Wride 

(1998): 

𝑣𝑠 = [𝛼𝑣𝑠(𝑞𝑡 − 𝜎𝑣𝑜)/𝑃𝑎]
0.5 where 𝛼𝑣𝑠 = 10(0.55 𝐼𝑐+1.68)  

 (Robertson & Cabal, 2015) 

where shear wave velocity 𝑣𝑠 is in m/s and corrected cone 

resistance 𝑞𝑡, total in situ vertical stress 𝑣𝑜 and atmospheric 

pressure 𝑃𝑎 are in kPa. The method can be applied to a wide 

range of soil behaviour types, notably uncemented Holocene to 

Pleistocene age soils. Older deposits could have a higher shear 

wave velocity. Exceptions are Zones 1, 8 and 9 of Robertson 

(1990 and 2009). 

Baldi et al. (1989) derived a correlation between shear wave 

velocity 𝑣𝑠 and cone resistance 𝑞𝑐 for uncemented silica sands. 

This correlation is based on data from CPT, cross-hole, and 

Seismic cone penetration tests (SCPTs) performed in quaternary 

deposits of the predominantly silica Po River sand and Gioia 

Tauro sand with gravel.  

 𝑣𝑠 = 277𝑞𝑐
0.13𝜎′𝑣𝑜

0.27
 (Baldi et al., 1989) 

where shear wave velocity 𝑣𝑠 is in m/s and cone resistance 𝑞𝑐 and 

effective in situ vertical stress 𝜎’𝑣𝑜 are in MPa. 

Shear wave velocity may be normalised according to Robertson 

and Cabal (2015): 

 𝑣𝑠1 = 𝑣𝑠 ⋅ (𝑃𝑎/𝜎′𝑣𝑜)
0.25  (Robertson & Cabal, 2015) 

In Situ Stress Conditions – Sand 

A knowledge of in situ stress conditions is required for 

estimation of parameters such as relative density 𝐷𝑟 and angle of 

internal friction of a sand deposit 𝜑′. The effective in situ vertical 

stress 𝜎′𝑣𝑜 may be calculated with a reasonable degree of 

accuracy but the effective in situ horizontal stress 𝜎′ℎ𝑜 = 𝐾0 ∙ 𝜎′𝑣𝑜 

is generally unknown. Usually, it is necessary to consider a range 

of conditions for 𝐾0 (coefficient of earth pressure at rest). The 

range can consider overconsolidation as inferred from a 

geological assessment, preconsolidation pressures of 

intermediate clay layers and/or theoretical limits of 𝐾0.  
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Geological factors concerning overconsolidation include ice 

loading, soil loading and groundwater fluctuations (influence 

from desiccation). Possible subdivisions for these factors are 

mechanical, suction, cyclic and ageing consolidation.  

The following approach can be applied for direct estimation of 

𝐾0 based on Agaiby and Mayne (2019): 

𝐾0 = 0.45√(𝑂𝐶𝑅) 

using:   𝑂𝐶𝑅 =
𝜎𝑝

′

𝜎𝑣0
′       𝜎𝑝

′ = 0.33 ∙ 𝑞𝑛
𝑚′

      𝑚′ = 1 −
0.28

1+(
𝐼𝑐

2.64
)
25 

where 𝑂𝐶𝑅 is overconsolidation ratio, 𝜎𝑝
′  is effective 

preconsolidation stress, 𝜎𝑣0
′  is effective in situ vertical stress, 𝑞𝑛 is 

net cone resistance in kPa and 𝐼𝑐 is soil behaviour type index. 

Typical values for 𝑚′ are 0.72, 0.8 and 0.85 for clean sands, silty 

sands, and silts respectively. 

The 𝐾0 − 𝑂𝐶𝑅 relationship represents a schematisation of  

𝐾0 = (1 − 𝑠𝑖𝑛𝜑′) ∙ 𝑂𝐶𝑅𝑠𝑖𝑛𝜑′ proposed by Mayne and Kulhawy 

(1982). Mayne and Kulhawy (1982) investigated mechanical 

overconsolidation of reconstituted laboratory specimens for over 

170 different soils. For many soil types (e.g. Mayne, 2020), it can 

be shown that the 𝐾0 = 0.45√(𝑂𝐶𝑅) equation provides similar 

statistics to the Mayne and Kulhawy correlation using 𝜑′ 

(effective angle of internal friction):   

𝐾0 = (1 − 𝑠𝑖𝑛𝜑′) ∙ 𝑂𝐶𝑅𝑠𝑖𝑛𝜑′    

Figure 9 presents an approximate CPT-based correlation for K0 

according to Robertson (2016b). 𝐾0 limits are typically set to 0.5 

and 2. Linear interpolation is applied for the region between 

𝐾0 = 0.5 and 𝐾0 = 2. 

 

Figure 9: K0 correlation according to Robertson (2016b) 

No laboratory study can fully capture in situ behaviour. 

Particularly, 𝐾0 may be underestimated if effects such as ageing 

and cyclic loading are relevant.  

In general, in situ 𝐾0 values are limited to the range 𝐾0 = 0.5 to  

𝐾0 = 1.5. For many situations, Ko values are believed to be 

relatively low at greater depths (say 𝐾0 < 1 for depths exceeding 

50 m). Jamiolkowski et al. (2003) recommend using a limiting 

value 𝐾0 = 1 in practice, for limit states where low values of soil 

resistance and soil stiffness are critical. 

Relative Density – Sand 

The relative density concept applies to sands with a percentage 

fines of less than about 15 %.  

Relative density is defined as 𝐷𝑟 = (𝑒𝑚𝑎𝑥 − 𝑒)/(𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛), 

where 𝑒𝑚𝑎𝑥 is maximum index void ratio, 𝑒 represents in situ void 

ratio and 𝑒𝑚𝑖𝑛 is minimum index void ratio. Maximum and 

minimum index void ratios are defined by laboratory testing. 

Relative density can exceed 100 %, because in situ void ratio can 

be lower than laboratory values for minimum index void ratio. 

Determination of laboratory minimum and maximum index void 

ratios forms the basis for the relative density concept (loose, 

dense sand, etc.). No internationally agreed procedure is 

available.  

CPT-based correlations are commonly used for estimation of in 

situ relative density. These correlations rely on database results 

of CPTs carried out in sand samples reconstituted in laboratory 

calibration chamber tests. Use of such correlations implies 

dependence on, for example:  

◼ soil type of database versus soil type in situ; 

◼ reference laboratory test method for determination of index 

void ratios, particularly sensitivity to minimum index void 

ratio; 

◼ range of stress levels and 𝐾0 values for calibration testing; 

◼ results applicable to reconstituted sand samples, sample 

preparation method and soil stress history simplifications. 

Calibration chamber test results apply to a limited range of stress 

conditions, typically:  

 50 kPa  <  ′𝑣𝑜 < 400 kPa  

 0.4 < 𝐾0 < 1.5   

Sample preparation for laboratory chamber tests is usually by 

means of dry pluviation. Soil stress history application is by 

mechanical overconsolidation. 

Jamiolkowski et al. (2003) proposed the following relationship 

between 𝑞𝑐 and 𝐷𝑟 for normally and overconsolidated silica (dry) 

sands: 

𝐷𝑟(𝑑𝑟𝑦) =
1

2.96
ln

[
 
 
 
 
 
 

𝑞𝑐

𝑃𝑎

24.94(
𝜎′𝑣𝑜 (

1 + 2𝐾𝑜

3
)

𝑃𝑎
)

0.46

]
 
 
 
 
 
 

   

and for saturated sands:  

𝐷𝑟(𝑠𝑎𝑡) =(
−1.87 + 2.32 ln

𝑞𝑐

(𝑃𝑎 ∗  𝜎′𝑣𝑜)
0.5

100
+ 1)

𝐷𝑟(𝑑𝑟𝑦)

100
 

where relative density 𝐷𝑟 is a fraction. The correlation for 

saturated sands results in relative densities that can be up to 

about 10 % higher compared to the correlation for dry sands.  

It is understood that Jamiolkowski et al. (2003) used results from 

one of the ASTM vibratory table methods for determination of 

minimum index void ratio. It is not clear which specific ASTM 

method was used, i.e. a vibratory table method requiring oven-

dried soil or wet soil. 

Kulhawy and Mayne (1990) proposed:  

 𝐷𝑟
2 = 𝑄𝑡𝑛∗/𝑄𝑓              where: 𝑄𝑡𝑛∗ = (

𝑞𝑡

𝑃𝑎
) (

𝜎𝑣0
′

𝑃𝑎
)

0.5

⁄  

and 𝑞𝑡 is corrected cone resistance,  𝑃𝑎 is atmospheric pressure, 

𝜎𝑣0
′  is effective in situ vertical stress. Kulhawy and Mayne (1990) 

suggested using 𝑄𝑓 = 280 for highly compressible normally 

consolidated sands and 𝑄𝑓 = 450 for highly compressible 

overconsolidated sands (overconsolidation ratio of > 8) based on 
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their dataset. Robertson and Cabal (2015) suggested 𝑄𝑓 = 350 

for clean, uncemented, medium compressible quartz sands of 

about 1 000 years old. Values for 𝑄𝑓 can be closer to 300 for fine 

sands and closer to 400 for coarse sands. Furthermore, 𝑄𝑓 

increases with age and increases significantly when age exceeds 

10 000 years. 

Krogh et al. (2021) consider an empirical correction for 𝐷𝑟 

estimates as obtained according to Jamiolkowski et al. (2003). 

The correction is for the upper few metres below ground surface 

(𝜎𝑣0
′ < 50 kPa). The equations are as follows: 

𝐷𝑟(𝑠𝑎𝑡) =(
−1.87+2.32 ln

𝑞𝑐
(𝑃𝑎∗ 𝜎′𝑣𝑜)0.5

100
+ 1)

𝐷𝑟(𝑑𝑟𝑦)

100
  

where 𝐷𝑟(𝑑𝑟𝑦) is given by 

𝐷𝑟(𝑑𝑟𝑦) =
1

2.96
ln

[
 
 
 𝑞𝑐

𝑃𝑎

24.94(
𝜎′𝑣𝑜(

1+2𝐾𝑜
3

)

𝑃𝑎
)

0.46

]
 
 
 

   

and where 𝑞𝑐 is cone resistance, 𝑃𝑎 is atmospheric 

pressure, 𝜎𝑣0
′  is effective in situ vertical stress and 𝐾0 is 

coefficient of earth pressure at rest.  

Effective Angle of Internal Friction – Sand 

The effective shear strength parameter ′ is not a true constant. 

It depends on factors such as density, stress level, shearing mode 

and mineralogy. There is evidence that overconsolidation ratio, 

method of deposition and in situ stress anisotropy is less 

important.  

Correlation of angle of internal friction ′ to cone resistance 𝑞𝑐 

may be done at various levels of sophistication. Simple 

procedures rely on a conservative assessment of soil behaviour 

classification. A more sophisticated empirical correlation consists 

of: 

a. Estimation of in situ stress conditions ′𝑣𝑜 and ′ℎ𝑜 

b. Estimation of relative density 𝐷𝑟 

c. Empirical correlation of angle of internal friction ′ with 𝐷𝑟 , 

′𝑣𝑜 and ′ℎ𝑜. 

Estimation of stress conditions and relative density has been 

discussed above. 

The empirical procedure proposed by Bolton (1986 and 1987) is 

used for estimation of ′. This correlation applies to clean sands 

and considers peak secant angle of internal friction in 

Isotropically Consolidated Drained triaxial compression (CID) of 

reconstituted sand. This procedure requires estimation of the 

dilatancy index and the critical state angle of internal friction. 

Kulhawy and Mayne (1990) determined an equation based upon 

20 data sets obtained from calibration chamber tests. This 

equation is almost identical to the empirical formula determined 

earlier by Trofimenkov (1974) which was based on mechanical 

cone data. Mayne (2007) validated the use of total cone 

resistance 𝑞𝑡 instead of cone resistance 𝑞𝑐 used in the equation 

from Kulhawy and Mayne (1990). 

 𝜑′ = 17.6 + 11.0 log((
𝑞𝑡

𝑃𝑎
) / (

𝜎′𝑣𝑜

𝑃𝑎
)

0.5

)   (Mayne, 2007) 

Undrained Shear Strength – Sand 

Kaltekis and Peuchen (2022) presented the following site-specific 

correlation between net cone resistance 𝑞𝑛 and undrained shear 

strength 𝑠𝑢 of sand and transitional soil (Figure 10): 

𝑠𝑢

𝜎𝑣0
′ = {

0.0096 ∙
𝑞𝑛

𝜎𝑣0
′ − 0.4823  , for 

𝑞𝑛

𝜎𝑣0
′ ≥ 124

0.703                                , for 
𝑞𝑛

𝜎𝑣0
′ < 124

 

where 𝑠𝑢, 𝑞𝑛 and effective in situ vertical stress 𝜎𝑣0
′  are in kPa. 

The definition of 𝑠𝑢 considers: 

◼ Consolidated undrained triaxial test (ISO, 2018) as reference; 

◼ Reconstituted specimens prepared by moist reconstitution 

and intact specimens; 

◼ (𝜎′1/𝜎′3)𝑚𝑎𝑥 as failure criterion for undrained shear strength,  

where 𝜎′1 and 𝜎′3 are the effective principal stresses.  

The applicability of this correlation to soils other than those of 

the source data (Southern North Sea) is unknown. 

 

Figure 10: 𝑠𝑢 − 𝑞𝑛 correlation according to Kaltekis and 

Peuchen (2022) 

Constrained Modulus – Sand 

Kulhawy and Mayne (1990) derived two formulas for the 

determination of the constrained modulus for both normally 

consolidated and overconsolidated sands by indicating that the 

modulus is a function of relative density. The determination of 

relative density can be done with, for example, the methods 

indicated above. 

 𝑀 = 𝑞𝑐 ∗ 101.09−0.0075𝐷𝑟   

               (normally consolidated sands, Kulhawy & Mayne, 1990) 

 𝑀 = 𝑞𝑐 ∗ 101.78−0.0122𝐷𝑟  

           (overconsolidated sands, Kulhawy & Mayne, 1990) 

where 𝐷𝑟 is in %, and 𝑞𝑐 and 𝑀 in kPa respectively. 

Young’s Modulus – Sand 

A common guideline is an empirical correlation given by Baldi et 

al. (1989). The correlation is for silica-based sand and considers 

cone resistance 𝑞𝑐, in situ stress conditions and secant Young's 

modulus for drained stress change 𝐸′. The ratio of 𝐸′/𝑞𝑐 typically 

ranges from about 3 to 5 for recently deposited normally 

consolidated sands up to about 𝐸′/𝑞𝑐 = 6 to 𝐸′/𝑞𝑐 = 25 for 

overconsolidated sands. The correlation has been inferred from 

laboratory conditions; including CPTs in a calibration chamber 

and conventional triaxial compression tests on reconstituted 

sand samples. It takes account of the degree of deformation and 

overconsolidation. In this regard, it is noted that secant 

deformation moduli are strongly dependent on strain level: the 
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elastic modulus increases with decreasing strain to an upper limit 

at about 10-4 % strain.  

Shear Modulus at Small Strain – Sand 

For estimation of initial (small strain) or dynamic shear moduli, 

ratios of 𝐺𝑚𝑎𝑥/𝑞𝑐 of between about 4 and 20 can be considered, 

in accordance with Baldi et al. (1989). The basis for this 

correlation is similar to that of secant Young's modulus, except 

that laboratory resonant column tests serve as reference instead 

of triaxial compression tests. Results of limited in situ seismic 

cross-hole and downhole tests provide an approximate check of 

this correlation.  

Interpretation of small strain shear modulus can also be 

estimated from a correlation proposed by Rix and Stokoe (1991) 

in which data from calibration test measurements is compared to 

the correlation obtained between 𝐺𝑚𝑎𝑥 and 𝑞𝑐 by Baldi et al. 

(1989). 

 𝐺𝑚𝑎𝑥 = 1634(𝑞𝑐)
0.25(𝜎′𝑣𝑜)

0.375  

  (Rix & Stokoe, 1991) 

where 𝐺𝑚𝑎𝑥 , 𝑞𝑐 and 𝜎′𝑣𝑜 are in kPa. 

Clay Model – CPT-based Methods 

Unit Weight – Clay 

Empirical correlation between unit weight of clay and CPT 

parameters is as described in ‘Unit Weight – Sand’ above.  

Shear Wave Velocity – Clay 

Hegazy and Mayne (2006) and Roberson and Cabal (2015) 

present empirical correlations between shear wave velocity and 

CPT parameters for a wide range of soils including clays, as 

described in ‘Shear Wave Velocity 𝑣𝑠  – Sand’ above. The Hegazy 

and Mayne correlation is sensitive to use of 𝑞𝑐 or 𝑞𝑡. It should be 

used with caution for soils showing undrained or partially 

drained CPT response. 

Mayne and Rix (1995) derived a correlation between shear wave 

velocity 𝑣𝑠 and cone resistance 𝑞𝑐 for intact and fissured clays. A 

database from Mayne and Rix (1993) was used including 31 

different clay sites. 

 𝑣𝑠 = 1.75𝑞𝑐
0.627     (Mayne & Rix, 1995) 

where shear wave velocity 𝑣𝑠 is in m/s and cone resistance 𝑞𝑐 is 

in kPa. 

In Situ Stress Conditions – Clay  

Similar to sand, a knowledge of in situ stress conditions is 

generally necessary for estimation of other parameters such as 

consistency (soft, stiff, etc.) of a clay deposit and compressibility.  

Calculation of the effective in situ vertical stress 𝜎′𝑣𝑜 is 

reasonably accurate. A more approximate estimate applies to the 

effective in situ horizontal stress 𝜎′ℎ𝑜, or 𝐾0 as 𝜎′ℎ𝑜 = 𝐾0 ∙ 𝜎′𝑣𝑜.  

Direct correlations for interpretation of the coefficient of earth 

pressure at rest 𝐾0 are the same as described for the Sand Model. 

For normally consolidated clays and silts, 𝐾0𝑛𝑐 may be correlated 

with angle of internal friction, in accordance with Jaky (1944), or 

more simply, in accordance with Mayne and Kulhawy (1982): 

 𝐾0 = (1 − 𝑠𝑖𝑛𝜑′) ∙ 𝑂𝐶𝑅𝑠𝑖𝑛𝜑′    

where 𝑂𝐶𝑅 is overconsolidation ratio and 𝜑′ is effective angle of 

internal friction. For many types of clay (e.g. Agaiby & Mayne, 

2020), this equation can be approximated by 𝐾0 = 0.45√(𝑂𝐶𝑅). 

The plasticity index together with 𝑂𝐶𝑅 may also be used for 

preliminary estimates of 𝐾0𝑜𝑐 as indicated by Brooker and Ireland 

(1965). 

Overconsolidation Ratio – Clay 

Overconsolidation ratio is defined as 𝑂𝐶𝑅 =  ′𝑝/′𝑣𝑜 where ′𝑝 

is the effective preconsolidation stress considered to correspond 

with the maximum vertical effective stress to which the soil has 

been subjected in the past, and ′𝑣𝑜 is the current effective in situ 

vertical stress. The effective preconsolidation stress approximates 

a stress level where relatively small strains are separated from 

relatively large strains occurring on the virgin compression stress 

range. The reference 𝑂𝐶𝑅 is usually based on laboratory 

oedometer tests carried out on undisturbed samples. It may thus 

be influenced by factors such as sample disturbance, strain rate 

effects and interpretation procedure.  

The following approach can be applied (Agaiby and 

Mayne, 2019):  

𝑂𝐶𝑅 =
𝜎𝑝

′

𝜎𝑣0
′        𝜎𝑝

′ = 0.33 ∙ 𝑞𝑛
𝑚′

      𝑚′ = 1 −
0.28

1+(
𝐼𝑐

2.65
)
25 

where 𝑂𝐶𝑅 is overconsolidation ratio, 𝜎𝑝
′  is effective 

preconsolidation stress, 𝜎𝑣0
′  is effective in situ vertical stress, 𝑞𝑛 is 

net cone resistance in kPa and 𝐼𝑐 is soil behaviour type index. 

Typical values for 𝑚′ are 𝑚′ = 0.9 for sensitive clays and organic 

clays, 𝑚′ = 1.0 for intact clays and 𝑚′ = 1.1 for fissured clays. 

Chen and Mayne (1996) presented the following correlation for 

205 clay sites around the world:  

 𝑂𝐶𝑅 = 0.317 ∙ 𝑄𝑡  

Overconsolidation ratio may also be inferred indirectly from a 

geological assessment and from undrained strength ratios. 

Geological factors concerning overconsolidation have been 

discussed under ‘in situ stress conditions - sand’. An empirical 

procedure for estimation of 𝑂𝐶𝑅 based on undrained strength 

ratio 𝑠𝑢/′𝑣𝑜 is given by Wroth (1984). The procedure uses the 

strength rebound parameter . Guidance for selection of  and 

normally consolidated undrained strength ratio is given by 

Mayne (1988). Historically, much use has also been made of the 

Skempton (1957) relationship between normally consolidated 

undrained strength ratio and plasticity index 𝐼𝑃. This equation is 

useful for preliminary estimates, considering that 𝐼𝑃 probably 

relates to ′ in some complex manner. 

Undrained Shear Strength – Clay 

No single undrained shear strength exists. The in situ undrained 

shear strength 𝑠𝑢 depends on factors such as mode of failure, 

stress history, anisotropy, strain rate and temperature.  

Various theoretical and empirical procedures are available to 

correlate 𝑞𝑐 with 𝑠𝑢. Theoretical approaches use bearing capacity, 

cavity expansion or steady penetration solutions, all of which 

require several simplifying assumptions. Empirical approaches 

are more common in engineering practice because of difficulties 

in realistic soil modelling. An empirical correlation for soft to stiff, 

intact, and relatively homogeneous clays is given by Battaglio et 

al. (1986) as follows: 

 𝑠𝑢 = (𝑞𝑐  − 𝑣𝑜)/𝑁𝑐 

where 𝑠𝑢, 𝑣𝑜 and 𝑞𝑐 are in kPa. 𝑁𝑐 is an empirical factor that 

typically ranges between 10 and 25. The higher 𝑁𝑐 factors 

typically apply to clays with a relatively low plasticity index 

and/or apply to heavily overconsolidated clays. Lower 𝑁𝑐 factors 

are generally appropriate for normally consolidated and slightly 

overconsolidated clays. The reference undrained shear strength 
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is that determined from in situ vane test results. The term 𝑣𝑜 

(total in situ vertical stress) becomes insignificant for stiff clays at 

shallow depth so that the equation reduces to 𝑠𝑢 = 𝑞𝑐/𝑁𝑐. 

If piezocone test data are available, then improved correlations 

are feasible because of the pore pressure information. Empirical 

correlations of piezocone test results with laboratory undrained 

shear strengths are commonly expressed, as follows: 

 𝑠𝑢 = 𝑞𝑛/𝑁𝑘𝑡  

𝑁𝑘𝑡 ranges typically between 8 and 30 with the higher 𝑁𝑘𝑡 factors 

applying to heavily overconsolidated clays.  

Mayne and Peuchen (2022) account for 𝑁𝑘𝑡 variation according  

to 𝐵𝑞: 

 𝑁𝑘𝑡 =  10.5 –  4.6 ∙  𝑙𝑛 (𝐵𝑞  +  0.1) 

where 𝐵𝑞 > −0.1. The equation is based on 497 paired CPT and 

laboratory test results from 70 clay sites, particularly 

anisotropically consolidated triaxial compressive strength. 

Factoring of 𝑁𝑘𝑡 can be applied by multiplying the calculated 𝑁𝑘𝑡 

factor by, for example, 0.85 and 1.2. 

Mayne et al. (2015) recommend a mean 𝑁𝑘𝑡 = 12 with a standard 

deviation of 2.8 for correlation with laboratory anisotropically 

consolidated triaxial compressive strength. The 

recommendations are based on a study of 51 onshore and 

offshore clays and apply to normally consolidated to slightly 

overconsolidated clays with 𝑞𝑛 values of typically less than 8 

MPa. Slightly higher 𝑁𝑘𝑡 values can be expected for average 

laboratory undrained shear strength, defined as the average of 

laboratory triaxial compression, simple shear and triaxial 

extension.  

Clay Sensitivity 

The sensitivity of a clay (𝑆𝑡) is the ratio of undisturbed undrained 

shear strength to remoulded undrained shear strength. 

Sensitivity may be assessed from the CPT friction ratio 𝑅𝑓, in 

accordance with Schmertmann (1978): 

𝑆𝑡 = 𝑁𝑠/𝑅𝑓 

where 𝑁𝑠 is a correlation factor typically ranging between 5 and 

10. The correlation is expected to be inaccurate for sensitive clays 

where uncertainty in very low values for sleeve friction may 

dominate results. 

The reference 𝑆𝑡 value is often taken to be that determined from 

undisturbed and remoulded laboratory unconsolidated 

undrained triaxial tests. This reference 𝑆𝑡 value may differ from 

that determined from other tests, for example laboratory 

miniature vane tests. This is partly related to the definition of 

sensitivity. For vane tests, several measurements of undrained 

shear strength are possible:  

◼ Intact (I) = undisturbed undrained shear strength as 

measured on an intact/undisturbed specimen; 

◼ Intact-Residual (I-R) = measured post peak during initial 

shearing of the intact specimen; 

◼ Intact-Vane Remoulded (I-VR) = measured after multiple-

quick rotations of the vane after completion of the intact 

test; 

◼ Hand Remoulded (HR) = steady state (post-peak if exists) 

resistance of hand remoulded test specimen; 

◼ Hand Remoulded – Vane Remoulded (HR-VR) = steady state 

resistance of hand remoulded specimen measured after 

applying multiple-quick vane rotations. 

Skempton and Northey (1952) present a correlation of sensitivity 

and laboratory liquidity index 𝐼𝐿. This correlation may allow a 

check on CPT-based interpretation of sensitivity. 

Effective Shear Strength Parameters – Clay  

Measurement of pore water pressures during penetration testing 

has led to development of interpretation procedures for 

estimation of effective stress parameters of cohesive soils. 

Background information may be found in Sandven (1990). 

Currently available procedures are evaluated to be ‘experimental’ 

and are yet not commonly adopted. 

In general, CPT interpretation of effective shear strength 

parameters for clay and silt relies on soil behaviour-type 

classification.  

It is noted that significant silt and sand fractions in a clay deposit 

will increase ′, while a significant clay fraction in silt will 

decrease ′.   

Masood and Mitchell (1993) provide an equation for the 

determination of ’ by combining sleeve friction with the 

Rankine earth-pressure theory. The equation is based on the 

following assumptions: 

◼ Unit adhesion between soil and sleeve is negligible; 

◼ Friction angle between soil and sleeve =  ’/3; 

◼ Lateral earth pressure coefficient during penetration is equal 

to the Rankine coefficient of lateral earth pressure under 

passive conditions. 

 
𝑓𝑠

𝜎′𝑣𝑜
= tan2( 45° +

𝜑′

2
) tan(

𝜑′

3
)  

  (Masood & Mitchell, 1993) 

Mayne (2001) proposed an approximation of the Masood and 

Mitchell equation, as follows: 

 𝜑′ = 30.8 [log(
𝑓𝑠

𝜎′𝑣𝑜
) + 1.26]        (Mayne, 2001) 

Mayne (2001) also proposed the following approximation of 

friction angle 𝜑’ based on pore pressure ratio 𝐵𝑞 and the cone 

resistance number 𝑁𝑚 (Senneset, Sandven and Janbu, 1989):  

 𝜑′ = 29.5𝐵𝑞
0.121(0.256 + 0.336𝐵𝑞 + log𝑁𝑚)  

  (Mayne, 2001) 

where 

 𝑁𝑚 =
𝑞𝑡−𝜎𝑣𝑜

𝜎′𝑣𝑜+𝑎
 

where the cone resistance number 𝑁𝑚 is dimensionless, total 

cone resistance 𝑞𝑡, total in situ vertical stress 𝑣𝑜 and effective 

in situ vertical stress ’𝑣𝑜 are in kPa.  

Senneset et al. (1989) use the attraction value 𝑎 as a function of 

soil type. In general, the attraction value ranges from 5 to > 50 

for both sands and clays and may be estimated directly from CPT 

results. The correlation is valid if the angle of plastification 𝛽 is 

zero. In general, a plastification angle of zero applies to medium 

sands and silts, sensitive clays and highly compressible clays. 

Constrained Modulus – Clay 

Mitchell and Gardner (1976) present an approximate correlation 

of cone resistance with constrained modulus 𝑀 (or coefficient of 

volume compressibility 𝑚𝑣, where 𝑀 =  1/𝑚𝑣). Typical ratios of 

𝑀/𝑞𝑐 range between 1 and 8 for silts and clays. Refinements 

include 𝑞𝑐 ranges and soil type (silt, clay, low plasticity, high 

plasticity, etc.). The correlation relies on the results of 

conventional laboratory oedometer tests carried out on 

undisturbed clay and silt samples.  
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Kulhawy and Mayne (1990) correlated constrained modulus 𝑀 

with net cone resistance data. This relationship is based on data 

from 12 (clay) test sites, with constrained moduli up to 60 MPa. 

The published standard deviation is 6.7 MPa. 

 𝑀 = 8.25 𝑞𝑛         (Kulhawy & Mayne, 1990) 

Young’s Modulus – Clay 

Young’s modulus 𝐸𝑢 can be derived as follows: 

◼ Estimation of undrained shear strength 𝑠𝑢 from CPT data, as 

outlined above; 

◼ Estimation of secant Young's moduli for undrained stress 

change in general accordance with correlations based on 𝑠𝑢, 

as presented by Ladd et al. (1977).  

Laboratory undrained triaxial tests carried out on undisturbed 

clay specimen form the basis for the Eu versus 𝑠𝑢 correlations. 

Typical 𝐸𝑢/𝑠𝑢 ratios at a shear stress ratio of 0.3 range between 

about 300 and 900 for normally consolidated clays and  

𝐸𝑢/𝑠𝑢 = 100 to 𝐸𝑢/𝑠𝑢 = 300 for heavily overconsolidated clay. 

Higher 𝐸𝑢/𝑠𝑢 ratios would apply to lower shear stress ratios, and 

vice versa.   

Shear Modulus at Small Strain – Clay 

Mayne and Rix (1993) determined a relationship between 𝐺𝑚𝑎𝑥 

and 𝑞𝑐 by studying 481 data sets from 31 sites all over the world. 

𝐺𝑚𝑎𝑥 ranged between about 0.7 MPa and 800 MPa. 

 𝐺𝑚𝑎𝑥 = 2.78 𝑞𝑐
1.335       (Mayne & Rix, 1993) 

where 𝐺𝑚𝑎𝑥  and 𝑞𝑐  are in kPa. 

References 

Agaiby, S.S. & Mayne, P.W. (2019). CPT evaluation of yield stress 

in soils. Journal of Geotechnical & Geoenvironmental Engineering 

145(12).  

Baldi, G., Bellotti, R., Ghionna, V.N., Jamiolkowski, M., & Lo Presti, 

D.C.F. (1989). Modulus of sands from CPTs and DMTs. In 

Proceedings of the 12th international conference on soil 

mechanics and foundation engineering, Rio de Janeiro, 13–18 

August 1989 (pp. 165–170). Balkema. 

Battaglio, M., Bruzzi, D., Jamiolkowski, M., & Lancellotta, R. 

(1986). Interpretation of CPTs and CPTUs, part 1: Undrained 

penetration of saturated clays. In Field instrumentation and in-

situ measurements: Proceedings of the fourth international 

geotechnical seminar, 25–27 November 1986, Mandarin Hotel, 

Singapore (pp. 129–143). Nanyang Technological Institute. 

Bolton, M.D. (1986). The strength and dilatancy of sands. 

Géotechnique, 36(1), 65–78. http://www-

civ.eng.cam.ac.uk/geotech new/people/bolton/mdb pub/14 Ge

otechnique No36 Is1 65 78.pdf 

Bolton, M.D. (1987). Author’s reply to discussion of the strength 

and dilatancy of sands. Géotechnique, 37(2) 225-226 

https://doi.org/10.1680/geot.1987.37.2.219  

Boulanger, R.W. & DeJong, J.T. (2018). Inverse filtering procedure 

to correct cone penetration data for thin-layer and transition 

effects. In M.A. Hicks, F. Pisanò & J. Peuchen. (eds.) Cone 

Penetration Testing 2018: Proceedings of the 4th International 

Symposium on Cone Penetration Testing (CPT18): Delft, The 

Netherlands, 21-22 June 2018 (pp. 25-44). CRC Press 

Brooker, E.W. & Ireland, H.O., 1965. Earth pressures at rest 

related to stress history. Canadian Geotechnical Journal, 2(1), 1–

15. https://doi.org/10.1139/t65-001  

Chen, B.SY., & Mayne, P.W. (1996). Statistical relationships 

between piezocone measurements and stress history of clays. 

Canadian Geotechnical Journal, 33(3), 488–498. 

doi.org/10.1139/t96-070 

DeJong, J.T. & Randolph, M.F. (2012). Influence of partial 

consolidation during cone penetration on estimated soil 

behavior type and pore pressure dissipation 

measurements.  Journal of Geotechnical and Geoenvironmental 

Engineering, 138(7) 777-788. 

European Committee for Standardization. (2009). Eurocode 7: 

geotechnical design - part 1: general rules (with corrigendum EN 

1997-1:2004/AC, February 2009) (EN 1997-1:2004). 

https://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP PROJECT

,FSP ORG ID:12442,6231&cs=1D03CC06CB9166EAAA1C6CE997C

DA87C2  

European Committee for Standardization. (2010).  Eurocode 7 - 

geotechnical design – part 2: ground investigation and testing (EN 

1997-2:2007+ AC:2010) https://standards.cen.eu/dyn/www/ 

f?p=204:110:0::::FSP PROJECT,FSP ORG ID:23735,6231&cs=14A2

DCCA6BF367BFBD54D9FC0822BE0ED. 

Hegazy, Y.A., & Mayne P.W. (2006, June). A global statistical 

correlation between shear wave velocity and cone penetration 

data [conference presentation]. GeoShanghai International 

Conference, Shanghai, China. ASCE. 

https://doi.org/10.1061/40861(193)31 

International Organization for Standardization. (2018). 

Geotechnical investigation and testing – laboratory testing of soil - 

Part 9: Consolidated triaxial compression tests on water saturated 

soils (ISO 17892-9:2018). 

https://www.iso.org/standard/70954.html 

International Organization for Standardization. (2015). General 

principles on reliability for structures (ISO 2394:2015). 

https://www.iso.org/standard/58036.html 

International Organization for Standardization. (2019). Petroleum 

and natural gas industries – general requirements for offshore 

structures (ISO 19900-2019). 

https://www.iso.org/standard/69761.html 

International Organization for Standardization. (2021a). 

Petroleum and natural gas industries – specific requirements for 

offshore structures – part 8: marine soil investigations (ISO/DIS 

19901-8:2021). https://www.iso.org/standard/83302.html 

International Organization for Standardization. (2021b). 

Petroleum and natural gas industries – specific requirements for 

offshore structures – part 8: marine geophysical investigations (ISO 

19901-10:2021). https://www.iso.org/standard/77017.html 

Jaky, J. (1944). The coefficient of earth pressure at rest. Magyar 

Mérnök és Epitész Egylet Közlönye, 78(22) 355-358. (in 

Hungarian). 

Jamiolkowski, M., Lo Presti, D.C.F., & Manassero, M. (2003). 

Evaluation of relative density and shear strength of sands from 

CPT and DMT. In J.T. Germaine, T.C. Sheahan & R.V. Whitman 

(Eds.), Soil behavior and soft ground construction (pp. 201–238). 

American Society for Civil Engineers. 

https://doi.org/10.1061/9780784406595 

Kaltekis, K. & Peuchen, J. (2022). A CPT-based method for 

estimation of undrained shear strength of sands and transitional 

soils. In G. Gottardi & L. Tonni (eds.). Cone Penetration Testing 

2022: proceedings of the 5th International Symposium on Cone 

Penetration Testing (CPT'22), 8-10 June 2022, Bologna, Italy (pp. 

486-490). CRC Press. DOI: 10.1201/9781003308829-68 



  

FNLM-GEO-APP-012 | 57 | Geotechnical Parameter Values 

Page 11 of 12 

  
  
  

 ©
 F

u
g

ro
 1

9
9
6
-2

0
2
3
   

 

Krogh, L., Quinteros, S., Engin, H. K. & Lunne, T. (2022). Revisiting 

interpretation of relative density from shallow depth CPTs in 

sand. Canadian Geotechnical Journal, 59(6), 808-826. 

https://doi.org/10.1139/cgj-2021-0200 

Kulhawy, F.H., & Mayne, P.W. (1990). Manual on estimating soil 

properties for foundation design. (Report EL-6800). Electric Power 

Research Institute. 

Ladd, C.C., Foott, R., Ishihara, K., Schlosser, F. & Poulos, H.G. 

(1977). Stress-deformation and strength characteristics. In 

Proceedings of the ninth international conference on soil 

mechanics and foundation engineering, 1977, Tokyo (volume 2) 

(pp. 421-494). Japanese Society of Soil Mechanics and 

Foundation Engineering 

Lengkeek, H.J., De Greef, J. & Joosten, S. (2018). CPT based unit 

weight estimation extended to soft organic soils and peat. In 

M.A. Hicks, F. Pisanò & J. Peuchen (eds.) Cone Penetration Testing 

2018: Proceedings of the 4th International Symposium on Cone 

Penetration Testing (CPT18): Delft, The Netherlands, 21-22 June 

2018 (pp. 389-394). CRC Press 

Masood, T. & Mitchell, J.K. (1993). Estimation of in situ lateral 

stresses in soils by cone-penetration test. Journal of Geotechnical 

Engineering, 119(10) 1624-1639: doi.org/10.1061/(ASCE)0733-

9410(1993)119:10(1624)  

Mayne, P.W. (1988). Determining OCR in clays from laboratory 

strength. Journal of Geotechnical Engineering, 114(1) 76-92  

Mayne, P.W. (2001). Geotechnical site characterization using cone, 

piezocone, SCPTu, and VST. Georgia Institute of Technology. 

Mayne, P.W. (2020). The 26th Széchy Lecture: Use of in-situ 

geotechnical tests for foundation systems. Proceedings of the 

Széchy Károly Emlékkonferencia, published by the Hungarian 

Geotechnical Society, Budapest: 12-73 

Mayne, P.W. (2007). In-situ test calibrations for evaluating soil 

parameters. In T.S. Tan, K.K. Phoon, D.W. Hight & S. Leroueil 

(eds.) Characterisation and Engineering Properties of Natural Soils 

(Volume 3) (pp. 1601-1652). Taylor & Francis. 

Mayne, P.W., & Kulhawy, F.H. (1982). K0-OCR relationships in soil. 

Journal of the Geotechnical Engineering Division, 108(6), 851–872. 

Mayne, P.W. & Rix, G.J. (1993). Gmax-qc relationships for clays. 

Geotechnical Testing Journal, 16(1) 54-60 

https://doi.org/10.1520/GTJ10267J  

Mayne, P.W., & Rix, G.J. (1995). Correlations between shear wave 

velocity and cone tip resistance in natural clays. Soils and 

Foundations, 35(2), 107–110. 

https://doi.org/10.3208/sandf1972.35.2 107 

Mayne, P.W., Peuchen, J. & Bouwmeester, D. (2010). Soil unit 

weight estimation from CPTs. In CPT’10: 2nd International 

symposium on cone penetration testing, Huntington Beach, 

California: conference proceedings. 

Mayne, P.W., Peuchen, J. & Baltoukas, D.B. (2015). Piezocone 

evaluation of undrained strength in soft to firm offshore clays. In 

V. Meyer (ed.) Frontiers in Offshore Geotechnics III: proceedings of 

the Third International Symposium on Frontiers in Offshore 

Geotechnics (ISFOG 2015), Oslo, Norway, 10-12 June 2015. (pp. 

1091-1096) CRC Press. 

Mayne, P.W. & Peuchen, J. (2022). Undrained shear strength of 

clays from piezocone tests: a database approach. In G. Gottardi 

& L. Tonni (eds.). Cone Penetration Testing 2022: proceedings of 

the 5th International Symposium on Cone Penetration Testing 

(CPT'22), 8-10 June 2022, Bologna, Italy (pp. 546-551). CRC Press. 

DOI: 10.1201/9781003308829-78 

Mitchell, J.K. & Gardner, W.S. (1976). In situ measurement of 

volume change characteristics. In Proceedings of the conference 

on in situ measurement of soil properties, June 1-4, 1975, Raleigh, 

North Carolina: Specialty Conference of the Geotechnical 

Engineering Division, ASCE, II (pp. 279-345). American Society of 

Civil Engineers.  

Nauroy, J.-F., Dubois, J.-C., Colliat, J.-L., Kervadec, J.P. & Meunier, 

J. (1998). The Geosis method for integrating VHR seismic and 

geotechnical data in offshore site investigations. In D.A. Ardus et 

al. (eds.). Offshore site investigation and foundation behaviour: 

‘new frontiers’: proceedings of an international conference held in 

London, UK, 22/23/24 September 1998 (pp. 175-198). Society for 

Underwater Technology. 

Peuchen, J. & Terwindt, J. (2014). Introduction to CPT accuracy. 

In 3rd International symposium on cone penetration testing 

CPT14: May 12-14 (2014) - Las Vegas, Nevada. 

Peuchen, J. & Terwindt, J. (2015). Measurement uncertainty of 

offshore cone penetration tests. In V. Meyer (ed.) Frontiers in 

offshore geotechnics III: proceedings of the third international 

symposium on frontiers in offshore geotechnics (ISFOG 2015), 

Oslo, Norway, 10-12 June 2015. (pp. 1209-1214) CRC Press. 

Rix, G.J. & Stokoe II, K.H. (1991). Correlation of initial tangent 

modulus and cone penetration resistance. In A.B. Huang (Ed.). 

Calibration chamber testing: proceedings of the first international 

symposium on calibration chamber testing, ISOCCT1, Potsdam, 

New York, 28-29 June 1991 (pp. 351–362). Elsevier. 

Robertson, P.K. (1990). Soil classification using the cone 

penetration test. Canadian Geotechnical Journal, 27(1), 151–158. 

https://doi.org/10.1139/t90-014  

Robertson, P.K. (1991). Soil classification using the cone 

penetration test: Reply. Canadian Geotechnical Journal, 28(1), 176–

178. https://doi.org/10.1139/t91-024 

Robertson, P.K. (2009). Performance based earthquake design 

using the CPT. In T. Kokusho, Y. Tsukamoto, & M. Yoshimine 

(Eds.), Performance-based design in earthquake geotechnical 

engineering: From case history to practice (pp. 3–20). CRC Press.  

Robertson, P.K. (2010). Soil behaviour type from the CPT: an 

update. In 2nd International symposium on cone penetration 

testing, Huntington Beach, CA, Vol. 2. (pp. 575-583) 

Robertson, P.K. (2016a). Cone penetration test (CPT)-based soil 

behaviour type (SBT) classification system — an update. 

Canadian Geotechnical Journal, 53(12) 1910-1927 

https://doi.org/10.1139/cgj-2016-0044 

Robertson, P.K. (2016b). Estimating K0 in sandy soils using the 

CPT. In B.M. Lehane, H.E. Acosta-Martinez & R.B. Kelly (eds.) 

Geotechnical and geophysical site characterization 5: proceedings 

of the fifth international conference on geotechnical and 

geophysical site characterization (ISSMGE TC-102 - ISC'5), Gold 

Coast, Queensland, Australia, 5-9 September 2016 (pp. 515-518). 

Australian Geomechanics Society  

Robertson, P.K. & Cabal, K.L. (2015) Guide to cone penetration 

testing for geotechnical engineering. (6th ed.) Gregg Drilling & 

Testing. 

Robertson, P.K. & Wride (Fear), C.E. (1998). Evaluating cyclic 

liquefaction potential using the cone penetration test. Canadian 

Geotechnical Journal, 35(3), 442-459. https://doi.org/10.1139/t98-

017 



  

FNLM-GEO-APP-012 | 57 | Geotechnical Parameter Values 

Page 12 of 12 

  
  
  

 ©
 F

u
g

ro
 1

9
9
6
-2

0
2
3
   

 

Robertson, P.K., Woeller, D.J. & Finn, W.D.L. (1992). Seismic cone 

penetration test for evaluating liquefaction potential under cyclic 

loading. Canadian Geotechnical Journal, 29(4) 686-695 

https://doi.org/10.1139/t92-075  

Sandven, R. (1990). Strength and deformation properties of fine 

grained soils obtained from piezocone tests [Thesis]. Norwegian 

Institute of Technology, Department of Civil Engineering  

Schmertmann, J.H. (1978). Guidelines for cone penetration test: 

Performance and design (Report no. FHWA-TS-78-209). Federal 

Highway Administration, US Department of Transportation. 

Senneset, K., Sandven, R., & Janbu, N. (1989). The evaluation of 

soil parameters from piezocone tests. Transportation Research 

Record, 1235, 24–37. 

http://onlinepubs.trb.org/Onlinepubs/trr/1989/1235/1235-

003.pdf 

Skempton, A.W. (1957). Discussion on Airport Paper No. 35: The 

planning and design of the new Hong Kong Airport. Proceedings 

of the Institution of Civil Engineers, 7(2) 306. 

Skempton, A.W., & Northey, R.D. (1952). The sensitivity of clays. 

Géotechnique, 3(1), 30–53. 

https://doi.org/10.1680/geot.1952.3.1.30 

Trofimenkov, J.G. (1974). Penetration testing in USSR: state-of-

the-art report. in Proceedings of the European symposium on 

penetration testing ESOPT, Stockholm, June 5-7, 1974, 1 (pp. 147-

154). National Swedish Building Research. 

Van der Wal, T., Goedemoed, S. & Peuchen, J. (2010). Bias 

reduction on CPT-based correlations. In CPT’10: 2nd international 

symposium on cone penetration testing, Huntington Beach, CA: 

conference proceedings. 

Wroth, C.P. (1984). The interpretation of in situ soil tests. 

Géotechnique, 34(4), 449–489. 

https://doi.org/10.1680/geot.1984.34.4.449 

https://www.icevirtuallibrary.com/doi/pdf/10.1680/geot.1984.34.

4.449 

Zhang, G., Robertson, P.K. & Brachman, R.W.I. (2002). Estimating 

liquefaction induced ground settlements from CPT for level 

ground. Canadian Geotechnical Journal, 39(5) 1168-1180. 

https://doi.org/10.1139/t02-047 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 









  

FNLM-GEO-APP-029 | 29 | Positioning Survey and Depth Measurement 

Page 4 of 4 

  
  
  

 ©
 F

u
g

ro
 1

9
9
4
-2

0
2
3
   

 

Peuchen, J., Adrichem, J. & Hefer, P.A. (2005). Practice notes on 

push-in penetrometers for offshore geotechnical investigation. In 

S. Gourvenec and M. Cassidy (Eds.) Frontiers in offshore 

geotechnics ISFOG 2005: proceedings of the first international 

symposium on frontiers in offshore geotechnics, University of 

Western Australia, Perth, 19-21 September 2005.  (pp. 973-979). 

Taylor & Francis. 

Peuchen, J. & Wemmenhove, R. (2020). Depth accuracy of data 

points in marine soil investigation. In Z. Westgate (ed.). 4th 

International Symposium on Frontiers in Offshore Geotechnics 

(ISFOG 2020): proceedings (pp. 1036-1045). Deep Foundations 

Institute. 

Peuchen, J., Murali, M., Modenesi, C. & Lebbink P. (2023). Soil 

spatial variability at monopile scale. In Society for Underwater 

Technology Offshore Site Investigation and Geotechnics 

Committee (ed.) Offshore Site Investigation and Geotechnics: 

innovative geotechnologies for energy transition: proceedings of 

the 9th international conference 12-14 September 2023. Royal 

Geographical Society (accepted for publication). 

 

 

 

 

 

 





Neptune Energy Netherlands B.V. 

F225236/01 | 04 

Page 1 of 1 

 

Contents Appendix F: Supplementary Information about 

Document  

List of Documents 

F.1 Quality Management Record  

F.2 Sustainability  

F.3 Document Issue Record  

 





Neptune Energy Netherlands B.V. 

F225236/01 | 04 

Appendix F | Page 2 of 3 

F.2 Sustainability 

Fugro is committed to conducting its business ethically and responsibly and contributing to 

sustainable development. This requires balancing short and long term interests of our 

stakeholders and integrating economic, social, and environmental considerations into 

decision making. Fugro’s vision is to contribute to a safe and liveable world. With its 

solutions, Fugro delivers an essential contribution to sustainability, as Fugro’s services enable 

clients to make sustainable use of the Earth and its resources and build assets. 

Fugro is participant in the United Nations Global Compact 

https://www.unglobalcompact.org/. 

  






