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Abstract.With greater emphasis on in-situ testing and the introduction of digital 

data acquisition, geotechnical investigation practice in India is advancing leaps 

and bounds. With a variety of tests now available, the data can be analyzed ef-

fectively to improve the quality of geotechnical parameters and enhance its reli-

ability. Energy correction of SPT offers a scientific way of standardizing the 

energy transferred to the split spoon sampler and minimizes the scatter / error in 

the values. Electric cone penetration test is very reliable since it is independent 

of operator and results are repeatable. Pressuremeter tests have become quite 

popular in India over the last two decades. The test causes minimum disturb-

ance to the in-situ soils. Geophysical tests such as resistivity tests, cross-hole 

seismic tests, SASW / MASW etc. provide a quick assessment of shear wave 

velocity profiles and low-strain dynamic behavior. Various correlations are 

available between CPT, pressuremeter and SPT as well as shear wave velocity 

which are not only consistent but also form the basis of selecting design param-

eters which are representative of the in-situ conditions. The paper highlights the 

various technologies available in the country together with a case study demon-

strating the application of these tests. 

Keywords:SPT Energy Correction, Electric Cone Penetration Test, Geophysi-

cal Tests, Correlations,State-of-Practice, Geotechnical Investigation 

1 Introduction 

Geotechnical investigation practice is rapidly evolving from the classical era of Ter-

zaghi, Horslev, Skempton and other masters of the twentieth century. The develop-

ments and demands of the 21st century geotechnical practices have led to a greater 

emphasis on in-situ tests and introduction of various advanced tools with digital data 

acquisition. 

 

The increasingly complex nature of the problems encountered has presented chal-

lenges to the new generation of geotechnical engineers where interactions with vari-

ous other specialists without civil engineering background require a wider apprecia-

tion of project requirements. The effect of globalization has also introduced new chal-

lenges to geotechnical engineers where understanding of fundamental soil mechanics 

is important to complement local experience for works in different parts of the world. 
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The conventional methods of investigation are just not good enough to design 

complex modern structures such as tall buildings, metro and railway structures, bridg-

es, refineries, thermal, nuclear and solar power plants, dams, hydraulic structures, etc. 

The thrust is on developing more realistic design parameters, encroach upon the factor 

of safety and enhance the factor of reliability [1]. 

 

Several infrastructure projects suffer impacts to schedule or cost due to geotech-

nical issues. Many of these issues relate directly or indirectly to site characterization 

and interpreting geotechnical design parameters from the various in-situ and laborato-

ry tests conducted. Effective site characterization is critical for recognizing potential 

problems that may affect design and construction and for ensuring safe, well-

performing, and cost-effective projects. 

 

There is now a greater emphasis on in-situ tests for a more realistic estimate of de-

sign parameters. Three aspects need to be addressed as listed below: 

 variety of in-situ and laboratory tests so as to predict parameters from different 

tests and develop correlations between various parameters, 

 enhance precision of the tests, quality of data acquisition and reliability of the test 

data, and 

 use local experience regarding the soil behavior to minimize uncertainties in the 

selection of design parameters 

 

Uncertainties in geotechnical investigations include measurement error, natural 

variability, quantifying the variations in measured / computed values and selection of 

appropriate design parameters. One of the best approaches to resolve these issues is to 

perform in-situ tests [2]. Good quality data from in-situ tests such as standard penetra-

tion test, cone penetration test, field vane shear test, pressuremeter test, dilatometer 

test, plate load test and footing load test can enhance the reliability of the design. 

 

The use of finite element method to analyze complex geotechnical problems is in-

creasingly common. The use of powerful finite element software with user-friendly 

interface has generated a demand for more reliable geotechnical input data. Selection 

of suitable constitutive model requires that the quality of geotechnical parameters be 

realistic and correct. 

 

There is a need for Indian geotechnical investigation agencies to move out of the 

conventional mindset and upgrade to adopt the new technologies. The paper high-

lights new technologies that are now available in the country and explains how these 

tests can enhance the quality of geotechnical data. A case study is presented that 

demonstrates the benefits accrued and the site-specific correlations that can be devel-

oped using the data. 
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2 Modern Field Tests to Obtain Quality Data 

2.1 Tests Discussed in this paper 

While a host of advanced tests and technologies are now available in the country to 

obtain good quality geotechnical data, this paper addresses the following tests: 

 SPT Energy Measurement; 

 Rock Drilling 

 Electric Cone Penetration Test with pore water pressure measurement; 

 Pressuremeter tests; 

 Electrical Resistivity Tests and Electrical Resistivity Imaging; 

 Geophysical (seismic) tests – Cross-hole seismic tests, seismic refraction test, 

SASW and MASW tests. 

 

2.2 SPT Energy Measurement 

The Standard Penetration Test (SPT) is by far the most popular and commonly used 

penetration test, not only in India but also worldwide. The greatest merit of the test, 

and the main reason for its widespread use, is that it is simple and inexpensive. De-

spite its many flaws, it is usual practice to correlate SPT results with soil properties 

relevant for geotechnical engineering design. 

 

Except for its name, nothing is standard about the test, particularly the way it is 

performed in India. Some of the factors affecting SPT N value include 

 Method of hammer release – manual or automatic 

 Operator efficiency, local practices 

 Number of turns of rope on the cathead 

 Type of hammer – donut, safety, auto-trip 

 Maintenance 

 Rod Type 

 Soil type & depth 

 Verticality of rods 

 Borehole cleaning 

 

Variation in SPT N values have been observed when using different SPT test appa-

ratus and field crew at the same location. Use of automatic trip hammer arrangement 

can help minimize scatter is N-values on account of inconsistent hammer fall and 

should be made mandatory for projects. Hammer energy efficiency should be meas-

ured and SPT N values should be normalized to energy efficiency of 60% to ensure 

accurate interpreted soil properties [3]. 

 

Several different types of SPT hammers are used in the industry to conduct Stand-

ard Penetration Tests. Their varying efficiencies influence the N value. “Non-

standard” SPT systems may deliver highly variable energy values to drive rod. If the 

energy transfer is erratic, the measured N value will not be realistic. Energy meas-
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urement improves the reliability of soil strength estimates used in geotechnical ap-

plications. 

 

Energy measurement may be done digitally using a SPT Analyzer as per the pro-

cedure in ASTM D 4663-16 [4]. It includes a rod instrumented with two calibrated 

strain gauges and two accelerometers. The instrumented section is inserted at the top 

of the drill string between the hammer and the existing sampling rod. The sensors on 

the rod are connected to the SPT Analyzer (computer with the relevant proprietary 

software). The strain gauges and accelerometers obtain force and velocity signals 

necessary for calculation of transferred energy to the drill string for each hammer 

blow. Fig. 1 presents the instrumented rod and SPT analyzer. 

 

Fig.1. SPT Analyzer and instrumented rod. 

The Pile Driving Analyzer (PDA) instrument can also be updated to include the soft-

ware for the SPT analysis, thus making it an effective and economical tool. 

 

Fig. 2 presents a typical data acquired at a project site in Noida. 

 

Fig. 2. Typical SPT energy data acquisition on a project site in Noida. 

Recognizing the importance of energy measurement, the Bureau of Indian Standards 

is currently revising IS: 2131-1981 [5] to incorporate it in the national standard. IRC 

78 Part VI [6] is also being updated to include energy measurement. 
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2.3 Rock Drilling 

The practice of using light-duty “calyx” rigs for drilling through rock with single tube 

core barrel is used by some geotechnical investigation agencies to cut on costs. This 

type of drilling rig does not apply hydraulic pressure on the drill-head due to which 

rate of penetration is slow.Play in drilling alignmentand vibration during drilling re-

sults in low core recovery and RQD due togrinding of the core and its breakage. 

 

Experience has shown that using a hydraulic rotary rig with double tube core barrel 

or preferably triple tube core barrel (particularly in fractured, friable rocks) can great-

ly enhance the quality of rock cores collected [7]. Use of the right kind of drilling 

equipment will ensure an economical design of foundations bearing on rock / piles 

socketed into rock, thus optimizing the foundation design. 

 

A typical comparison of core recoveries and RQD values using calyx rig with sin-

gle tube core barrel versus use of hydraulic rotary rig with triple tube core barrel for 

boreholes for a bridge across River Tapi is illustrated on Fig. 3. 

 

Fig. 3. Comparison of drilling data (recovery and RQD) of single tube core barrel using calyx 

rig and triple tube core barrel using hydraulic rotary drill rig– typical data at Bridge over River 

Tapi, Pier P-6. 

2.4 Electric Cone Penetration Test with Pore Pressure Measurement (CPTu) 

Use of electric piezo-cone (CPTu) or seismic cone (CPTs) is advantageous for better 

assessment of strata conditions and liquefaction assessment. The CPTu records the 

continuous cone penetration resistance, frictional resistance along with pore water 

pressure during penetration at the level of the base of the cone. All measurements are 

made by sensors contained in the penetrometer as per ASTM D 5778-20 [8]. Interpre-

tation of the CPTu data may be done as described by Lunne et al [9]. 
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The CPTu is not covered in IS: 4968 Part 3 [10] currently, but is expected to be in-

cluded shortly. The piezo-cone has a limited presence in India but should become 

more popular in the coming years. The piezocones commonly used [11, 12] are illus-

trated on Fig. 4. The cones with cross-sectional areas of 10 cm2 and 15 cm2 and po-

rous element at u2 position (just above the cone) are popularly used. 

 

Fig. 4. Types of piezocones – porous element at u2 position is popular 

2.5 Pressuremeter Test 

The Menard Pressuremeter and the dilatometer are finding applications in India on 

major power projects, bridges and metro projects, tall buildings, etc. The test is usual-

ly done in pre-bored holes; self-boring pressuremeter is not presently available in the 

country. 

 

The limit pressure and deformation modulus obtained from the test may be used 

for bearing capacity and settlement analysis, etc [13]. The pressuremeter data is also 

useful in assessing in-situ horizontal stresses and can be correlated with various ge-

otechnical parameters such as cohesion intercept, pre-consolidation pressure and 

over-consolidation ratio [14]. Fig. 5 presents a photograph of pressuremeter test in 

progress. 

 

Fig. 5. Pressuremeter test in progress. 
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2.6 Electrical Resistivity Tests and Electrical Resistivity Imaging 

The conventional electrical resistivity test using Wenner’s configuration has been 

used in India for many years now. The data is analyzed using the inverse slope meth-

od to correlate with stratigraphy [15]. Fig. 6 presents a case study where stratigraphy 

along a bridge alignment near Jammu was effectively assessed using resistivity data 

[16]. 

 

Fig. 6. Stratigraphy interpreted from electrical resistivity test – highway project near Jammu. 

Modern advancements include electrical resistivity imaging which helps electronic 

data acquisition and analyzing the data using advanced software to interpret the stra-

tigraphy. Fig. 7 presents resistivity imaging performed by the authors at a station of 

Delhi Metro. Borehole data superimposed on the electrical resistivity image shows a 

good match of the lithology. 

 

Fig. 7. Electrical Resistivity Imaging Results - Kochi. 

2.7 Seismic Test 

Seismic Refraction Tests. The test has been effectively used to assess the depth of 

bedrock and to evaluate geotechnical profile along alignments of highways, me-

trolines, etc. Fig. 8presents a seismic profile from the Delhi Metro project [17]. The 

data from two nearby boreholes shows a good match. 
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Fig. 8. Seismic refraction tests at a station along Delhi Metro alignment. 

SASW and MASW. The tests rely on the dispersive characteristics of Raliegh wave 

to determine the shear wave velocity. Typical results of SASW tests performed at the 

Commonwealth Games village complex in Delhi is presented on Fig. 9[18]. 

 

 
(a) Measured Shear wave velocity along 6 lines at site (b) Average shear wave velocity used for design 

Fig. 9. Shear wave velocity tests using SASW tests at Commonwealth Games Village at Delhi. 

3 Case Study 

3.1 Project Details and Scope of Work 

The project site is within a refinery complex in the Indo-Gangetic alluvium and in-

cludes mounded bullets, large diameter tanks for storage of petroleum products, heavy 

equipment for Propylene Recovery Unit (PRU), and associated facilities. The scope of 

the geotechnical investigation included the following: 

 19 boreholes to 30 m depth; 

 SPT analyzer tests in two boreholes; 
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 nine electric cone penetration tests (eCPTu) with porewater pressure measure-

ment; 

 pressuremeter tests in 4 boreholes; 

 cross-hole seismic test at one location; and 

 five thermal resistivity tests. 

 

The scope also included trial pits, electrical resistivity and thermal conductivity tests, 

field CBR tests, etc. In the paper, data from one borehole (BH-9), one cone penetra-

tion test (eCPT-5), pressuremeter tests (PMT-3) and cross-hole seismic tests (SCH-1) 

performed in the vicinity have been evaluated in detail to bring out the correlations 

and the benefits accrued by performing a variety of tests to assess various geotech-

nical parameters. Fig.10 presents a layout plan identifying the location of the tests 

conducted for the PRU unit. 

 

Fig. 10. Layout Plan – PRU Unit. 

3.2 SiteStratigraphy 

At the PRU, a fill was met at site to 1.0-1.5 m depth. Below this sandy silt/clayey silt 

was met at site to 6.0-7.5 m depth underlain by silty sand/ fine sand to the final ex-

plored depth of 30.0 m. Groundwater was encountered at 4.4-4.9 m depth during the 

period of the investigation. Typical profiles for four selected boreholes are presented 

on Fig. 11. 
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Fig. 11. Typical Borehole Data – PRU Unit. 

3.3 SPT Energy Measurement 

Since two rigs were used at site, SPT energy measurements were done in two bore-

holes, one for each rig at two depths. Typical energy measurement records are pre-

sented on Fig. 12. The test results are summarized on Table 1. 

Table 1.SPT Energy Measurement – Case Study 

RigNo. Depth, m Average Energy Transferred, % Design Value 

RR-4 
7.5 72.8 

73% 
9.0 73.8 

RR-6 
3.0 80.2 

84% 
4.5 88.7 
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Fig. 12. SPT Energy Measurement Tests. 

The SPT value was first corrected for energy; then the overburden and dilatancy cor-

rections were applied. The corrected N value (N60) for one typical borehole is present-

ed on Fig. 13. 

 

Fig. 13. SPT values plot for one typical borehole (BH-9) showing N values corrected for ener-

gy, overburden & dilatancy (PRU). 
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3.4 eCPT 

Nine eCPT tests were conducted at the site (3 Nos. in PRU). Results of one typical 

test (CPT-5) is illustrated on Fig. 14. 

 

Fig. 14. Typical eCPT plot (CPT-5) showing cone tip resistance, friction ratio and pore water 

pressure together with soil behavior type classification (PRU). 

The soil behavior type index, SBTn index proposed and updated by Robertson, 2010 

[19] provides an effective method to classify the soils based on the cone tip resistance 

and friction ratio. Robertson developed a chart to assess the soil behavior index.Fig. 

15 presents plot of normalized cone resistance versus normalized friction ratio to 

identify the soil classification based on SBTn. 

 

Fig. 15. Normalized SBTn plot – eCPT-5 (PRU). 
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3.5 Pressuremeter Tests 

Pressuremeter data from one typical borehole (PMT-3) is presented on Fig. 16 show-

ing theprofile of limit pressure and deformation modulus with depth. 

 
Profile of limit pressure and deformation modulus versus depth 

Fig. 16. Pressuremeter test results – PMT-3(PRU). 

3.6 Cross-Hole Seismic Tests 

One cross-hole test was performed at the PRU unit. Three boreholes were drilled at a 

spacing of 3-m centre-to-centre. One borehole was used as source borehole and geo-

phones were placed in the other two boreholes (receiver). The primary and shear 

wave velocities were determined from the test. Results were evaluated to assess the 

dynamic shear modulus and dynamic Young’s modulus. The results are presented 

graphically on Fig. 17. 
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Fig. 17. Results of cross-hole seismic test SCH-1 (PRU). 

4 Correlations 

An attempt has been made to compare the CPT correlations proposed by Robertson & 

Cabal [20] with measured field data so as to develop a confidence in the quality and 

reliability of data and to assess the scatter in the various parameters interpreted from 

different tests. 

 

The authors have compared the CPT correlations with correlations based on bore-

hole data, pressuremeter tests and cross-hole seismic tests. For the purpose of com-

parison, results from BH-9, CPT-5, PMT-3 and SCH-1 have been used. 

 

Published CPT based correlations by Robertson and Cabal [20] are summarized in 

Appendix-A. Correlations for pressuremeter(PMT) parametersgivenby Clarke [13] 

are given in Appendix-B. 

 

4.1 SPT value – N60 and Fines Content 

Robertson [21] correlated the (qc/pa)/N60(pa = atmospheric pressure) to soil gradation 

and found a reliable trend. Grain characteristics have been estimated from CPT results 

using SBTn charts. The SBTn charts show a clear trend of increasing friction ratio 

with increasing fines content and decreasing grain size. 

 

The (qc/pa)/N60 ratio ranges from 2 for sensitive fine-grained soils and silt mixtures 

to 3 for sand mixtures and 5 for clean sands. A similar correlation is also given by 
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Bowles [22]. Fig. 18 presents the SPT plot correlation at eCPT-5 compared with N60 

recorded at BH-9. 

 

Fig. 18. Comparison of N60 from boreholes with N60 interpreted from eCPTand % fines as 

interpreted from CPT (friction ratio) - PRU. 

4.2 Total Unit Weight / Bulk Density 

Soil total unit weight or bulk density (t) is best obtained from relatively undisturbed 

samples. When this is not feasible, the total unit weight can be estimated from CPT 

results using the correlation proposed by Robertson and Cabal [20] or SPT correla-

tions given by Bowles [22]. Fig. 19 presents the t values from undisturbed samples 

compared with the values interpreted from CPT. 

 

Fig. 19. Comparison of t from UDS with t interpreted from CPT (PRU). 

4.3 Cohesion Intercept 

Cohesive soil was met from the ground surface to 7.5 m depth. The laboratory c val-

ues from UU triaxial tests have been compared with the c value interpreted from CPT 

as well as pressuremeter test (Baguelin et al [23]) on Fig. 20. The undrained c value 

interpreted from CPT and pressuremeter test are somewhat higher from that obtained 
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from laboratory test (probably due to sample disturbance) suggesting superior quality 

of in-situ test data. 

 

Fig. 20. Comparison of laboratory c values with c interpreted from CPT, SPT and pressure-

metertest (PRU). 

4.4 Angle of Internal Friction  

Sand / silty sand was met below 7.5 m depth. The laboratory c values from CDdirect 

shear tests performed on the sand stratum have been compared with the value inter-

preted from CPT [21] andSPT values(IS: 6403-1981 [24])on Fig. 21.  

 

It may be seen that  interpreted from CPT is generally higher than the laboratory 

values suggesting that the in-situ  is higher than the values determined in the labora-

tory. The  interpreted from SPT is lower than the CPT interpretation to 20-25 m 

depth below which SPT based  is higher and may not be reliable. 

 

Fig. 21. Comparison of laboratory  values with interpreted from CPT and SPT (PRU). 
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The design  value used for the project as illustrated in Fig. 21 was somewhat con-

servative. The authors believe that for well-constructed piles, the value of f can prob-

ably be increased by 2-3°. 

 

4.5 Modulus of Elasticity 

The modulus of elasticity E is correlated from N values as per the correlation given by 

Bowles[22].  Robertson & Cabal [20] state that correlation between qc and 

Young’smodulus (E) is sensitive to stress-strain history, mineralogy, aging and drain-

age conditions.  

 

Pressuremeter tests give deformation modulus based on volumetric strains. Being an 

in-situ test in the borehole, pressuremeter test causes least disturbance to in-situ con-

ditions and is therefore very reliable. Haberfield [25] proposed that E values obtained 

from geophysical tests may be multiplied by 0.2 to obtain the E value for static load-

ing. 

 

Fig. 22 presents the E values correlated from various tests. It is evident that CPT 

and CHST and pressuremeter give higher values of E in comparison to that interpret-

ed from SPT. The design E value may be considered closer to CPT and CHST. 

 

Fig. 22. E-values interpreted from CPT, SPT, pressuremeter and cross-hole seismic test (PRU). 

Since the E value influences the foundation settlement analysis, the selection of a 

realistic value of E has a great bearing on the foundation design. 
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4.6 Pre-consolidation Pressure and Over-consolidation Ratio 

The pre-consolidation pressure (pc) is usually determined from consolidation tests 

performed in the laboratory. CPT correlations by Robertson are based on correlations 

by Kulhawy and Mayne [26] and Mayne [27].  

 

Clarke [13] also gives a correlation be-tween pre-consolidation pressure and limit 

pressure from pressuremeter tests.Fig.23 presents a plot of pcand over-consolidation 

ratio (OCR) versus depth as interpreted from the various tests. 

 

Fig. 23. Pre-consolidation pressure (pc) and OCR from laboratory tests compared with values 

interpreted from CPT and pressuremeter test (PRU). 

The OCR and pc will influence the consolidation settlement of the foundation. Selec-

tion of realistic values from field tests can be a great advantage. Where critical, con-

ducting dissipation tests using eCPTu to assess the time for dissipation of pore water 

pressure can assist in estimating settlement as well as time for consolidation. 

 

4.7 In-Situ Horizontal Stress 

The in-situ horizontal stress may be determined from pressuremeter test by plotting 

creep volume versus pressure (Ravi Sundaram et al [14]). This has been compared 

with the in-situ horizontal stress from CPT on Fig. 24. A reference line of in-situ hori-

zontal stress computed assuming coefficient of earth pressure at rest (k0) is also plot-

ted on the graph for comparison purpose. A good match is seen between k0 calculated 

from CPT and PMT. 

 

The horizontal earth pressure as well as k0 are used to design pressures on deep ex-

cavation supports, tunnel linings, etc. CPT and pressuremeter tests can be used to 

make a realistic evaluation. 
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Fig. 24. In-situ horizontal stress from pressuremeter compared with stresses interpreted from 

CPT (PRU). 

4.8 Shear Wave Velocity and Dynamic Shear Modulus 

Correlation proposed by Robertson & Cabal [20] and Mayne & Rix [28] for CPT has 

been compared with the measured shear wave velocity and computed dynamic shear 

modulus from cross-hole seismic test (CHST) on Fig. 25. Results show a good match 

to about 18-20 m depth below which measured Vs values are somewhat higher. 

 

Fig. 25. Shear Wave Velocity from cross-hole seismic test compared with values interpreted 

from CPT (PRU). 
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The shear wave velocity is usually used for earthquake analysis and design of dynam-

ically loaded foundations. Where geophysical test for measuring Vs is not done, the 

CPT correlations can be useful and reliable. 

5 Liquefaction Analysis 

Liquefaction analysis has been performed using the SPT values, CPT profile and Vs 

profile (from CHST) in accordance with Annex F of IS: 1893 Part 1 [29]. The highest 

groundwater level was taken at 2 m depth for the worst condition. The CSR, CRR and 

factor of safety are presented on Fig. 26.  

 

The liquefaction analysis was done for the following conditions: 

 

Design Earthquake Magnitude  : 6.5 on Richter scale 

Peak Ground Acceleration   : 0.24g 

 

Liquefaction is likely in the sand stratum below 7.5 m depth. Results indicate that 

the depth of liquefaction may range from 7.5 m depth to10-20 m for a factor of safety 

of 1.0. The analysis using Vs indicates liquefaction to deeper depth.However, SPT and 

CPT based analysis suggests liquefaction to 9-14.5 m depth. For design purpose, the 

authors suggest that the liquefaction may be considered occur between 7.5 and 14.5 m 

depth (FOS = 1). 

 

Fig. 26. Results of liquefaction analysis using SPT, CPT and Shear wave velocity (PRU). 

6 Design Profile 

Reviewing all the correlations from the various tests, the design profile for the PRU 

facility as interpreted from the geotechnical investigation is given in Fig. 27. 
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Fig. 27. Design Profile as interpreted from the various tests conducted (PRU). 

The updated design profile prepared after review of parameters from a variety of tests 

ensured a more reliable and economical design of the foundation system for the PRU 

unit. 
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7 Concluding Remarks 

With a variety of in-situ tests available, modern geotechnical investigations need to 

effectively collate data from various tests to select a realistic design profile for foun-

dation analysis. Improved ability to and characterize the subsurface is important to 

evaluate geotechnical issues on projects. Improved data acquisition and digital data 

processing can assist in analysis of large quantum of data. This improves the geotech-

nical engineer’s ability to characterize soil variability and the uncertainty in soil prop-

erties to reliably predict soil behavior. 

 

The modern testing techniques highlighted in the paper are now available in the 

country and are being used effectively to enhance the quality of geotechnical investi-

gations on major projects. There is a need to make these technologies mandatory and 

common practice in the Indian industry so as to match international practices and 

norms. 

 

Published correlations are available for a host of geotechnical parameters using 

CPT and pressuremeter data.Some of these are summarized in Appendices A and B. 

There is a need for evaluating and updating these correlations based on data from sites 

in India. This requires building up of a large data base from Indian sites to develop 

correlations that are reliable and universally applicable. 
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Appendix-A: Correlations of qc with geotechnical parameters 

Corrected Cone Resistance, qt 

qt = qc + u2 (1 − a) 
Where a = net area Ratio determined from 

laboratory calibration (typical value is between 

0.70 and 0.85). In sands, qt = qc 

Normalized Cone Resistance, Qt 

Qt = ⌈
qt − σv0

σ′v0
⌉ 

Friction Ratio, Rf (%) 

Rf= ⌈
fs

σv0
⌉ x100% 

Normalized Friction Ratio, Fr (%) 

Fr = ⌈
fs

qt − σv0
⌉  x 100 

Soil Behavior Type Index, Ic 

Ic = (3.47 − log Qt)2 + (log Fr + 1.22)2)0.5 

Ic_cutoff= Ic limit for cohesive  and granular soil  

If Ic>2.6, soil is classified as cohesive 

If Ic<2.6, soil is classified as granular 

Normalized Cone Resistance, Qtn(Atmosphere) 

Qtn = [
qt − σv0

Pa
] (

Pa

σ′v0
)

n

 

n = 0.381Ic + 0.05 ⌈
σ′v0

Pa
⌉ − 0.15 

Unit Weight, (kN/m3) 

γ = γw ⌈0.27log⌈Rf⌉0.36log ⌈
qt

Pa
⌉ + 1.236⌉ 

SPT N60 

N60 = [
qc

Pa
]

1

101.1268−0.2817 Ic
 

Young’s Modulus, Es (MPa) 

Es = [qt − σv0]0.015. 100.55.Ic+1.68 

Note: Applicable only to Ic<2.6 

Relative Density, Dr (%) 

Dr = 100√
Qtn

KDR
 

Note: Applicable only to SBTn: 5, 6, 7 and 

or Ic<Ic_cutoff 

Undrained Peak Shear Strength, Su(kPa) 

Su =
[qt − σvo]

Nkt
Nkt = 10.5 log[Fr] 

 

Note: Applicable only to SBTn: 1, 2, 3, 4 and 9 

or Ic>Ic_cutoff 

Friction Angle, ϕ°(Degree) 

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

Note: Applicable for 0.10 <Bq<1.00 

Bq =
∆u

qn
∆u= u2 − uoqn = qt − σv0 

Over-consolidation Ratio, OCR 

KOCR = [
Qtn

0.20

0.25(10.50 + 7 log(Fr))
] 

OCR =  KOCRQtn 

Note: Applicable only to SBTn: 1, 2, 3, 4 and / 

or Ic> Ic_cutoff 

In situ Stress Ratio, k0 (coefficient of earth pressure 

at rest) 

k0 = [1 − sin  ϕ°]OCRsin ϕ°
 

Note: Applicable only to SBT n: 1,2,3,4 and 9 or Ic or 

Ic> Ic_cutoff 

Shear Wave Velocity, Vs (m/s) 

Vs = [
Go

ρ
]

0.5

 

Small Strain Shear Modulus, Go (MPa) 

Go =  [qt − σv0]0.0188. 100.55 Ic+1.68 

Permeability, k (m/s) 

k =  100.952−3.04 IC      for 1.0<Ic<3.27 

k = 10-4.52-1.37.IC            for 3.27<Ic ≤ 4.0 

1-D constrained modulus, M (MPa) 

MCPT = ɑ [qt − σv] 
If Ic> 2.20 

ɑ = 14 for Qtn> 14     ɑ = Qtn for Qtn≤ 14 

If Ic< 2.2, ɑ = 0.0188[100.55Ic+1.68] 
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where    

 : Unit weight, kN/m3 Ic : Soil behavior type index 

w : Unit weight ofwater, kN/m3 Ic_cutoff : Ic limit for cohesive soil i.e., >2.6 

qc : Cone tip resistance, kPa Qtn : 
Normalized cone resistance, 

(Atmospheric) 

fs : Sleeve friction, kPa qt : Corrected cone resistance, kPa 

Su : Undrained shear strength, kPa ϕ° : Friction angle (Degree) 

Pa : 
Atmospheric pressure = 100 

kPa 
NKt : Cone factor value 

σv0 : 
Total overburden pressure, 

kPa 
Fr : Normalized friction ratio. % 

’vo : 
Effective overburden pres-

sure, kPa 
n : Stress exponent 

Rf : friction ratio. % SBTn : Soil behavior type index number 

Bq : Pore pressure ratio ∆u : Excess pore-water pressure, kPa 

Qt : Normalized cone resistance u2 : Pore-water pressure, kPa 

KOCR : OCR number u0 : Initial pore-water pressure, kPa 

OCR : Over-consolidation ratio G0 : Small-strain shear modulus, MPa 

MCPT : 
1-D Constrained modulus, 

MPa 
N60 : 

SPT value corresponding to 60% 

energy transfer 

k0 : In situ stress ratio p : Mass density of soil, 

k : Permeability, m/s Vs : Shear wave velocity, m/s 

ɑ : Soil factor a : Net area ratio 

Appendix-B: Correlations of PMTbased geotechnical parameters 

V

p
kE



   PMT probe dimensional coefficient )(2)1( 0 mVVk    

p

L
u

N

pp
s

)( 0
    Correlation factor      )3/ln(1 ump sEN  where ln=(log)e 

M

s
p u

c

4
   Critical state parameter     M = 6 sin /(3-sin ) 

where: 

E =pressuremeter modulus or deformation modulus 

µ =Poisson’s ratio 

p = change in pressure corresponding to change in radius of cavity r 

V = volume of the cavity at the instant when (measured in the pseudo-elastic phase of test) 

V= change in volume corresponding to change in pressure p 

V0 = initial or at rest volume of the measuring cell 

Vm = mean additional volume injected (read directly on the sight tube of Menard Pressuremeter) 

su = undrained shear strength (= 2c) 

pL = limit pressure determined from pressuremeter test 

p0 = in-situ horizontal stress 

pc = pre-consolidation pressure 

su = undrained shear strength 

 = effective angle of shearing resistance, determined from CU triaxial tests 


