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Kokkuvõte 

Vaiade käitumise täpseks määramiseks konkreetsetes olukordades peetakse 
staatilist vaiakatset kõige usaldusväärsemaks meetodiks, kuigi selle rakenda-
mine on kõrge kulu tõttu piiratud erijuhtudega. Eestis põhinevad vaiade kan-
devõime hinnangud tavaliselt löökpenetratsioonikatse andmetel, mis on 
kogutud enamasti DPSH-A löökpenetromeetriga. Lisaks on mõned Eesti 
uurimisettevõtted hakanud tegema suru-löökpenetromeeterkatseid. Surupene-
tromeeterkatseid ja piesokoonuskatseid on Eestis geotehnilistes uuringutes te-
ostatud piiratud juhtudel. Otseste sondeermistulemuste rakendamisest vaiade 
kandevõime määramisel on saanud eelistatud lähenemisviis. Need meetodid on 
tuntud ka kui otsesed meetodid. Sellised meetodid võivad surupenetromeeter-
katse või standardse penetratsioonikatse andmete kasutamisel pakkuda aga 
piiratud abi, kuna ei võimalda määrata vaia koormuse ja vajumi seoseid täpselt. 
Vaiade kandevõime hindamisel on oluline arvestada koormuse ja vajumi 
vahelist seost. Teadlased on põhjalikult uurinud analüütilisi pinnase mudeleid, 
mis põhinevad pinge, suhtelise deformatsiooni (pine) ja tugevuse andmetel, mis 
on saadud praktilistest katsetest, et paremini mõista seda seost. Väikeste 
deformatsioonide nihkemoodul on nende mudelite oluline parameeter, mille 
määramine toimub sageli seismilise koonuse sondeerimisel pinnasesse. 
Möllides on kruvivaiade kandevõimet hinnatud mehaaniliste, 
piesokoonuskatsete ja seismiliste sondeerimistega. 

Uuringud näitasid, et surupenetromeeterkatse või löökpenetromeeterkatse 
läbiviimisel sügavusel, mis ületab vaia põhja tasapinda mitmed meetrid, 
vähenes arvutatud vaia kandevõime tulemuste varieeruvus oluliselt. Otseste 
meetodite osas, mis põhinevad surupenetromeeterkatsel, selgus, et LCPC-
meetod pakkus Fundex vaiade analüüsimiseks kõige paremaid tulemusi. 
Briaudi ja Tuckeri (1988) meetod eristub erinevate standardsete 
penetratsioonikatsete andmetel põhinevate otseste meetodite seas oma 
erakordse võime poolest täpselt ennustada Fundex vaiade kandevõime 
tulemusi. Kui võrrelda surupenetromeeterkatse ja suru-
löökpenetromeeterkatse põhjal arvutatud vaia kandevõime väärtusi pinnast 
tõrjuvate ja pinnast täielikult tõrjuvate vaiade puhul, leiti, et Eurocode 7 meetod 
näitas kõige paremaid tulemusi. Need uuringud viitavad asjaolule, et kolm 
otsest meetodit (Briaud ja Tucker (1988) meetod, LCPC-meetod ja Eurocode 7 
meetod) sisaldavad kõik s/B=10% vaia kandevõime piiri kriteeriumit ning 
pakkusid rahuldavaid vaia kandevõime tulemusi. Uuringus analüüsiti 
kruvivaiade normaliseeritud operatiivse lõikejäikuse ja normaliseeritud 



pseudo-pine suhet möllides, mille tulemusena esitati töös väga oluline 
korrelatsioon. Kruvivaiade kandevõime ületab teiste vaiatüüpide kandevõimet 
möllides, eriti madala pine tingimustes. 
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1. Introduction 

1.1 Background and motivation 

Soil, unlike other building materials such as concrete or steel, is an anisotropic 

material. Soil properties vary very much between different layers and even in-

side one layer. Before starting construction upon or inside ground sufficient in-

formation of soil behaviour is needed. There are always the questions about how 

much and what kind of investigations should be made. For buildings con-

structed onto soft soils commonly pile foundation would be the only and the 

right solution. The most accurate information how pile behaves in a certain case 

could be figured out using a static pile loading test. As the test is expensive it is 

used only in special cases. In Estonia pile capacity calculations are often based 

on sounding data obtained by dynamic probing (DP), especially by the DPSH-A 

method. This sounding technique is quick, and it can reach significant depths 

by using small-sized devices. In addition, Estonian geotechnical companies re-

fer to the fact that DPSH-A complies with Swedish standard EVN 1997-3; 1005 

for Swedish ram-sounding (HfA). According to Bergdahl and Ottosson (1998), 

the literature reports on HfA, stating that the device receives the same number 

of blows, N20, as the standard penetration test (SPT) device records blows, N30. 

Unfortunately, no local tests have been conducted to substantiate the accuracy 

of the correlation. Therefore, standard penetration test (SPT) correlations with 

DPSH-A sounding data are used in Estonia. However, erroneous outcomes may 

arise when employing DPSH-A in fine-grained soils or below the groundwater 

level (Gadeikis et al., 2010; Žaržojus, 2010). There are many example cases 

where this approach has led to over-designed foundations.  

Cone penetration testing (CPT) or even piezocone penetration testing (CPTu) 

has been employed in Estonia for a limited number of site investigations. This 

method offers consistent, replicable and dependable data. Nevertheless, in cer-

tain instances, the utilization of anchoring or a larger reaction mass becomes 

necessary to penetrate deeper layers during CPT. Compared to DPSH-A sound-

ing, CPT is relatively slower, and the required equipment is more expensive. Ad-

ditionally, both customers and designers lack comprehensive understanding of 

the extent to which CPT can yield better soil data in comparison to DPSH-A. 

Also the static-dynamic probing test (SDT) has been adopted by some Esto-

nian investigation companies. This method, commonly used in the Nordic coun-

tries, combines both static and dynamic penetration tests. In the SDT method, 

the probe is pushed until it reaches the upper anchoring resistance. Once this 

resistance is reached, the denser layers are penetrated using dynamic blows. If 
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there is a weaker layer beneath the denser layer and the anchoring is sufficient, 

the probing can be continued by pushing the probe further. Furthermore, 

Rantala and Halkola (1997) established correlations between SDT and CPT re-

sults. This makes SDT a viable alternative in cases where the CPT method is 

unable to penetrate the required depth, particularly in fine-grained soils. 

As in Tallinn, the capital city of Estonia, many buildings, including those with 

several dozen storeys, are erected, the survey areas were selected from Tallinn. 

The geological conditions in the Tallinn area exhibit significant variations. In 

some regions the average thickness of soil layers is only one metre above a hard 

limestone stratum. Conversely, other areas feature a complex network of an-

cient valleys that intersect with the hard stratum. These valleys are concealed 

beneath dense fluvioglacial sands as well as soft limnoglacial and marine clayey 

sediments, which can reach thicknesses of several tens of metres (Arbeiter, 

1962; Map applications of the Estonian Land Board, 2020). Two ancient valley 

areas were included in the research. Mostly in such geological conditions, it is 

necessary to use piles beneath buildings. Bored piles and displacement piles are 

commonly utilized in Estonia (Mets et al., 2016). Due to the variety of soil types 

and pile installation techniques, predicting the vertical bearing capacity of the 

pile is typically difficult.  

Niazi (2014) presented four alternatives for interpreting the pile axial geotech-

nical capacity based on in situ investigations (Figure 1). In this research, three 

of the four alternatives have been used in the analysis: correlation (empirical 

methods), statistics (analytical methods) and full-scale load test (experimental 

tests). Numerical methods should be included in subsequent research. 

 

 

Figure 1. Alternatives to interpret axial pile response from in situ geotechnical investigations (Ni-
azi, 2014). 

With the analytical method, the axial static compression resistance of a single 

pile (Rc) is determined by summarizing the pile base resistance (Rb) and shaft 

resistance (Rs), Formula 1 is specified in (EN 1997-2:2007): 

 

𝑅𝑐 = 𝑅𝑏 + 𝑅 𝑠 =  𝑞𝑏 ∙ 𝐴𝑏 +  ∑ 𝑞𝑠,𝑖 ∙ 𝐴𝑠,𝑖
𝑛
𝑖=1    (1) 

 

The value of Rb is found by multiplying the unit end bearing or base resistance 

(qb) by the pile base area (Ab). The value of Rs is obtained by summing up the 

product of the unit shaft friction (qs,i) and the outer pile shaft area (Asi) for each 
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soil layer. Finally, the pile’s own weight load is subtracted from the design value 

of pile capacity. 

To find out the geological conditions for construction, The number of in situ 

tests has increased over the years compared to laboratory tests. Simultaneously, 

there has also been an increase in the use of empirical load-bearing capacity 

methods of the piles based on the results of soundings performed on the site 

(Eslami et al., 1997; Cai et al., 2012; Moshfeghi et al., 2016). Methods in which 

the results of sounding are used directly to calculate the load-bearing capacity 

of the pile have become preferable. Such methods are called direct methods (Ni-

azi et al., 2013). Most of all, direct methods are composed for CPT results (e.g., 

Nottingham, 1975; Schmertmann, 1978; de Ruiter and Beringen, 1979; Busta-

mante and Gianeselli, 1982; Eslami and Fellenius, 1997; Kempfert and Becker, 

2010). One of the reasons for this is that the cone penetrometer can be regarded 

as a mini-pile foundation (Bandini and Salgado, 1998; Mayne, 2007; Jardine et 

al., 2013). Several direct methods have also been proposed for the standard pen-

etration test (SPT). One drawback of direct methods based on CPT(u) or SPT 

data can be highlighted as limited assistance in identifying the relations of load 

and settlement of the pile. 

The load–settlement (Q–w) relationship of piles is a crucial factor to consider 

when determining the pile load capacity. Researchers are increasingly investi-

gating the potential of using in situ test results to analyse pile Q–w relation-

ships. To achieve this, many researchers have studied analytical stress–strain–

strength soil models that are derived from actual measurements. Some of these 

researchers include Mayne and Poulos (2001), Berardi and Bovolenta (2005) 

and Niazi (2014). 

The relationship between piles and Q–w performance is significantly influ-

enced by soil heterogeneity. According to Cooke et al. (1979), the operative shear 

modulus (G) is the most important factor that affects the Q–w performance of 

a pile under loading. In addition, the use of shear modulus (G) is preferred over 

Young's modulus (E) in pile Q–w analysis due to two reasons: (1) the shear mod-

ulus is often not affected by whether the loading is in undrained or drained con-

ditions, and (2) the soil mainly deforms in shear along the pile shaft (Niazi, 

2014). 

The determination of a small strain shear modulus (Gmax or G0) is commonly 

achieved by using the measured shear wave velocity (Vs). The assessment of Vs 

in situ is predominantly conducted applying seismic non-destructive tests such 

as multi-channel analysis of surface waves, crosshole seismic testing, or uphole 

and downhole methods. An alternative method for measuring Vs is the imple-

mentation of the seismic cone penetration test with the option of employing ei-

ther crosshole or downhole testing techniques. 

The utilization of Vs values in soil calculations is becoming increasingly prev-

alent. Due to the limited use of the seismic piezocone penetration test (SCPTu) 

in numerous countries, establishing correlations between CPTu and Vs would 

be highly beneficial. Extensive research conducted by various scientists (Hegazy 
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and Mayne, 1995; Mayne, 2006; Trevor et al., 2010; Holmsgaard et al., 2016) 

across the globe has resulted in the development of correlations between CPTu 

readings and Vs values. These correlations have been proposed for different 

types of soils or specific soil conditions. However, it is imperative to assess the 

effectiveness of these existing correlations in diverse soil conditions and, if nec-

essary, formulate new correlations. 

Mayne (2013) suggests adopting nonlinear load-displacement-capacity be-

haviour for bored pile foundation calculations. For geotechnical parameter in-

put, seismic piezocone penetration tests (SCPTu) are a most efficient and eco-

nomical means because the penetrometer readings provide data for assessing 

the capacity of side and base components, while the shear wave velocity pro-

vides the fundamental stiffness for displacement analyses. Nonlinear stiffness 

parameters are obtained and used in foundation design involving shallow foot-

ings and pile foundations. Niazi and Mayne (2013) concluded that any future 

work on pile–CPT correlations must attempt to include all soil types in general 

and clays, silts and mixed soil types, in particular. Optimal use of all the readings 

of SCPTu must be exploited for tying them together with the complete axial pile 

response. During the last decade SCPTu has been more and more often success-

fully used worldwide in very many different soils (Hegazy and Mayne, 1995; 

Mayne, 2000; Mayne, 2006; Trevor et al., 2010; Tonni et al., 2013; Niazi et al., 

2015; Holmsgaard et al., 2016; Duan et al., 2018; Molina-Gómez et al., 2021; 

Zhang et al., 2022). The applicability and usefulness of DP, CPT, CPTu and 

SCPTu are provided in Table 1. 
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Table 1. The applicability and usefulness of in situ tests (Lunne et al., 1997; updated by Robertson, 
2012). 
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With the growing significance of reliability and economic considerations in 

design, particularly in relation to the latest design codes worldwide, the appli-

cation of the reliability-based design (RBD) method has gained prominence in 

assessing the load-bearing capacity of piles. To determine the load-bearing ca-

pacity of pile using the RBD method, a Monte Carlo simulation (MCS) approach 

was employed, involving 10,000 simulations. This methodological approach al-

lows for a comprehensive analysis of the pile design's reliability and economic 

requirements. 

In conclusion, it is essential to figure out how DPT, SDT, CPT and SCPTu data 

correlate to real behaviour of piles in Estonia. This study focused on three re-

search sites in Tallinn dominated by silty soils. Eleven statically tested casts in 

place displacement piles (screw piles) were included in the study. The study ex-

amined seven Fundex piles, two displacement piles (DSP) and two full displace-

ment piles (FDP). The investigation of the benefits offered by contemporary 

sounding techniques in assessing the load-bearing capacity of a pile compared 

to traditional methods is imperative. It is crucial to ascertain the extent to which 

newer sounding methods outperform older techniques in this regard. After con-

ducting numerous static pile load tests and soundings in parallel, it could be 

enough to do only soundings to get sufficient data for predicting Q–w perfor-

mance of the piles in the future.  

1.2 Research problem 

The utilization of in situ tests to ascertain the load-bearing capacity of piles is a 

widely employed method. However, in Estonia, there is a lack of correlations 

between the load-bearing capacity of piles and the sounding data obtained. This 

discrepancy is particularly evident in challenging soil conditions, such as those 

found in ancient valleys, where accurately determining the load-bearing capac-

ity of a pile remains a significant challenge. To achieve this goal, the following 

Research Questions regarding CPT, CPTu, SCPTu, DCPT and SDT sounding 

data and static pile load data based on three types of cast in situ displacement 

piles (screw piles) such as Fundex, DSP and FDP piles in silty soils were defined: 

 

1. Do the results obtained from sounding the CPT using a truck-mounted 

200kN CPT unit and an anchored-type light CPT unit yield similar out-

comes? Moreover, which of these devices has the capability to pene-

trate to greater depths? 

2. Is it feasible to use CPT devices in Estonia to reach the depths, or po-

tentially deeper, of the bottom of piles situated in silty soils above pri-

meval valleys? 

3. What are the alternative sounding methods for determining the load-

bearing capacity of the pile next to the CPT for piles longer than 10 m 

in silty soils? 
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4. Can SDT probing data be converted to CPT qc readings in silty soils? 

5. What pile load capacity results are provided by the direct CPT methods 

based on CPT, CPTu and SDT sounding data compared to pile static 

test results of screw piles in silty soils? 

6. Could DCPT probing data be used in SPT's direct methods for deter-

mining pile load capacity of screw piles in silty soils? 

7. Do the direct methods of CPT and SPT offer comparable results for 

three different screw piles (Fundex, DSP and FDP) in silty soils? 

8. How much do the load-bearing capacities of the pile differ from relia-

bility-based design and statistical determination based on the LCPC 

direct method of the DSP and FDP piles? 

9. What advantages does SCPTu sounding offer compared to CPT and 

CPTu soundings in determining pile load-bearing capacity? 

10. What dependence of the reduction of the G modulus on the increase in 

strain could be used for screw piles in silty soils? 

11. Which Vs values dominate in silty soils at the three study points, and 

do these values overlap with those proposed by other researchers? 

12. Which CPT–Vs correlation provides the best results for the silty soils 

in Estonia? 

1.3 Objectives and scope 

To address the research questions, a set of objectives were formulated: 

 

1. Compare CPT readings of a truck-mounted 200 kN unit and an an-

chored lightweight CPT device applied at the same study site. 

2. Compare CPT sounding depths with parallel tested piles on three sites 

above primeval valleys in silty soils in Estonia. 

3. Apply CPT, CPTu and SDT readings to direct CPT methods and apply 

DPSH-A readings in SPT direct methods to determine pile load-bear-

ing capacity and compare results with static pile load test results. 

4. Compare the load-bearing capacities of DSP and FDP piles using the 

LCPC direct method and MCS in parallel with statistical methods for 

processing sounding data. 

5. Analyse Q–w relation curves based on G values and analytical elastic 

solution proposed by Randolph and Wroth (1978, 1979) for pile–soil 

interaction. 

6. Compare the results of four CPT–Vs correlations in three test sites in 

parallel with the three new correlations proposed in the current study. 

 

Finding the load-bearing capacity of three types of screw piles (Fundex, DSP 

and FDP) by direct methods of CPT and SPT and comparing the results with the 

results of the static pile load test in silty soils above primeval valleys is the main 
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topics of the dissertation. This topic also explores whether DPSH-A readings can 

be used in SPT’s direct methods for determining the load-bearing capacity of a 

screw pile in silty soils. The advantages of the SCPTu probe in predicting the 

load-bearing capacity of the screw pile compared to the probing methods mainly 

used in Estonia such as DPSH-A, SDT and CPT, are the second main topic of the 

dissertation. The analysis is limited to an analytical elastic solution based on the 

theory of Randolph and Wroth (1978, 1979). In addition, the correlation be-

tween normalised operative shear stiffness (G/Gmax) and normalised pseudo-

strain (γp/γp-ref) is found in pile back-calculations. A secondary topic is finding 

the load-bearing capacity of the screw piles based on reliability design and sta-

tistical determination of sounding data according to Eurocode 7 (EN 1997-

2:2007). Monte Carlo simulation is the only Reliability-based design method.  

1.4 Dissertation structure 

This dissertation is structured as follows: 

 

Chapter 2: Axial pile capacity evaluation from CPT and SPT data (Publica-

tions 1 and 2). 

Chapter 3: Settlement analysis for screw piles based on SCPTu data (Publica-

tion 3). 

Chapter 4: Probabilistic and deterministic analyses of the bearing capacity of 

screw piles in silty soils (Publication 2). 

Chapter 5: Empirical correlations between Vs and CPTu (Publication 3). 

Chapter 6: Test data and data analysis. The results provide answers to Re-

search Question 3 (Publications 1–3).  

Chapter 7: Test sites. The results provide answers to Research Questions 1 to 

4 and 11 (Publications 1–3). 

Chapter 8: Comparison of axial capacity of the piles based on CPT and SPT 

direct methods. The results provide answers to Research Ques-

tions 4 to 8 (Publications 1 and 2). 

Chapter 9: Axial elastic response of a single screw pile in silty soils based on 

SCPTu data. The results provide answers to Research Questions 9 

and 10 (Publication 3). 

Chapter 10: Empirical correlation results between Vs and CPTu in silty soils. 

The results provide answers to Research Question 12 (Publication 

3). 

Chapter 11: Discussion. 

Chapter 12: Conclusions and recommendations for future work. 
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2. Axial pile capacity evaluation from 
CPT and SPT data  

2.1 Direct approaches to define pile capacity 

There are two primary methodologies that have emerged for determining the 

pile capacity based on CPT/CPTu or SPT readings: indirect and direct methods. 

In order to estimate pile bearing capacity indirect penetration methods at first 

employ soil parameters, for instance friction angle and undrained shear 

strength achieved from cone data. Then these strength parameters with formu-

las of semiempirical and theoretical methods are used to calculate the unit end 

bearing capacity of the pile (qb) and the unit skin friction of the pile (qs). Indirect 

methods are considered as more rational as their formulation has been founded 

on well-developed theories. However, direct methods offer more convenience in 

their straightforward approach (Niazi, 2014). Many researchers have pointed 

out that indirect methods are rarely used and particularly are not suitable for 

use in engineering practice (Eslami 1997; Cai et al., 2009, 2011; Benali et al., 

2013; Wrana 2015). Indirect methods will no longer be referred to by the author. 

In direct cone penetration methods based on CPT readings, the cone sleeve 

friction is utilized to calculate the unit shaft resistance, whereas the cone re-

sistance is employed to determine pile axial bearing capacity (Mayne, 2007). 

Direct SPT methods apply N values with some modification factors to ascertain 

the unit shaft resistance and unit end bearing resistance of the pile (Publications 

1 and 2).  

2.1.1 Direct approaches for CPT and CPTu soundings 

The CPT cone and pile are influenced in a similar manner by the mean effective 

stress, compressibility and rigidity of the surrounding soil medium (Eslami and 

Fellenius, 1997; Ardalan et al., 2009). In the process of establishing direct meth-

ods CPT readings are simply scaled up and used to evaluate the load-bearing 

capacity of full-scale piles (Niazi and Mayne, 2013). This concept draws an anal-

ogy between the cone penetrometer and a model pile. And it has led to the de-

velopment of many direct CPT methods around the world. Over 30 distinct di-

rect methods based on CPT and CPTu have been developed (Niazi and Mayne, 

2013). In the current investigation, six direct methods were employed: five CPT 

methods and the Unicone method, which is based on CPTu results. The CPT 

methods are 
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• the Nottingham and Schmertmann method (1975, 1978),  

• de Ruiter and Beringen method (1979),  

• LCPC method (1982; 1997),  

• Eurocode 7 (EN 1997-2:2007) method and  

• German method (EA-Pfähle, 2014).  

 

The Unicone method (Eslami and Fellenius 1995, 1996, 1997; Fellenius and 

Eslami 2000; Eslami 1996; Fellenius 2020) stands out as an exceptional tech-

nique due to its utilization of all three readings of the CPTu sounding (qc is cone 

tip resistance, fs is cone sleeve friction and u2 is porewater pressure measured at 

shoulder position) in the analysis of pile load-bearing capacity. Furthermore, 

the Unicone method has introduced a novel soil profiling chart.  

The selection of these methods was based on their suitability for various soil 

types and a broad range of piles, except for the German method (EA-Pfähle, 

2014), which is specifically designed for sandy soils. In this study, these meth-

ods were applied to piles installed in silty soils. A summary of CPT(u) methods 

used is presented in Table 2.  

Nottingham (1975) provided calculation formulas and charts for different 

types of piles in sand and clay. His studies were based on 108 load tests on large 

model piles. In addition, he investigated the applicability of both mechanical 

and electrical penetrometers to determine the bearing capacity of displacement 

piles. Schmertmann (1978) clarified the method by adding some refinements to 

limiting qb values for different soil types and some non-displacement piles. The 

resistance unit, rt, represents an average value obtained from the cone re-

sistance within a specific influence zone. This zone extends to a distance of 8 

times the pile diameter above the pile base. The exact range within this influence 

zone is either 0.7 times the pile diameter or 4 times the pile diameter, as illus-

trated in Figure 2. 

Table 2. Summary of direct CPT-based pile design methods (modified after Publication 1). 

Method/reference Design formulas 

  

Pile unit shaft friction 

(qs) 

Pile end bearing resistance  

(qb) 

   
Nottingham (1975) and 

Schmertmann (1978) (for 

driven concrete, steel 

and timber piles, and 

drilled shafts in all soil 

types) 

In clay: qs = Kf ∙ fs ≤ 120 

kPa, Kf = 0.2–1.25 

Kf is a function of the 

sleeve resistance 

In sand: qs =cs ∙ qc or fp=k ∙ 

fs 

qb = C ∙ qca ≤ 15 MPa (in sands) and 10 

MPa (in very silty sands) 

C = 0.5–1.0 depending on overconsolida-

tion rate (OCR) 

qca = (qc1 + qc2)/2 
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cs = 0.8–1.8%, k = 0.8–

2.5  

  

 

Dutch method (de Ruiter 

and Beringen, 1979) (for 

offshore piles in all soil 

types) 

In clay: qs = α ∙ su ≤ 120 

kPa; α = 1 for NC clay and 

0.5 for OC clay; su = 

qca/Nkt; Nkt = 15–20 

In sand: qs = min[fs, qc/300 

for compression, qc/400 for 

tension, 120 kPa] 

In clay: qb = Nc su ≤ 15 MPa, su = qca/Nkt, Nc 

= 9; Nkt = 15–20; qca = (qc1 + qc2)/2 

In sand: similar to Nottingham (1975) and 

Schmertmann (1978) method 

 

 

 

  
LCPC or French 

method (Bustamante 

and Gianeselli. 1982; 

Bustamante and 

Frank, 1997) (for all 

pile types in all soil 

types). 

Failure criteria: pene-

tration of pile head 

equal 10% of pile di-

ameter 

qs = qside/ks ≤ fp(max) 

ks = 30–150 depending on 

soil type, pile type and instal-

lation procedure 

qb = kb ∙ qeq depending on soil types: 

kb = 0.15–0.375 for non-displacement piles 

kb = 0.375–0.60 for displacement piles 

 

EUROCODE 7 (EN 

1997-2:2007) (for 

all pile types in all 

soil types). 

Failure criteria: 

penetration of pile 

head equal 10% of 

pile diameter 

 

qs = αs · qc,z 

αs = 0.005–0.030 depend-

ing on soil type or pile type 

and installation procedure 

𝑞𝑏 = 0.5 ∙ 𝛼𝑝 ∙ 𝛽 ∙ 𝑠 {
𝑞𝑐,𝐼,𝑚𝑒𝑎𝑛 + 𝑞𝑐,𝐼𝐼,𝑚𝑒𝑎𝑛

2

+ 𝑞𝑐,𝐼𝐼𝐼,𝑚𝑒𝑎𝑛} 

qb,max ≤ 15 MPa; αp = 0.6–1.0 depending on soil 

type, 

pile type and installation procedure; 

β factor that takes into account the shape of the 

pile base; 

s factor that takes into account the shape of the 

bottom of the pile 
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German method 

(EA-Pfähle, 2014) 

(for piles in sandy 

soils) 

Provides upper and lower 

bound estimates of qs (kPa) 

based on qc (measured in 

MPa) 

Provides upper and lower bound estimates of qb 

(MPa) 

based on qc (measured in MPa) 

 

 
Unicone method 

(Eslami and Felle-

nius, 1995, 1996; 

Fellenius and Es-

lami, 2000; Eslami 

1996; Fellenius, 

2020) 

qs = Cse·qE 

qE = qt − u2 

Cse = 0.8–8% (see Fig. 4 for 

Cse) 

qs = Cse·qE 

qb = Cte·qEg; qEg is the geometric average of qc 

Cte is generally taken as 1; for pile diameter d > 

0.4 m 

Cte = 1/(3d) 

 

 

 

 

Figure 2. Scmertmann’s rules for determining the influence zone for toe resistance adapted from 
Titi and Murad (1999). 
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De Ruiter and Beringen (1979) proposed a CPT-method based on pile founda-

tions in the North Sea. This method is also known as the Dutch method or the 

European method. In sand the pile qb is calculated similarly to the Scmertmann 

method, while qs is calculated using the shaft resistance values of the soil layers 

fs and qc. In clay, pile calculations are based on undrained shear strength (su) 

which is first determined from qc values. Upper limits for qb and qs are imposed. 

The method of Bustamante and Gianeselli (1982) is based on 197 full-scale 

static load tests in different soils including silts. Tests were performed on both 

non-displacement and displacement piles. This method is generally known as 

the Laboratoire Central des Ponts et Chausées (LCPC) method or the French 

method.  In this method only qc readings are employed to calculate the toe and 

shaft resistance of the pile. Upper limits for qs are solely imposed depending on 

the soil type, pile type and pile installation method. The determination of the 

unit end bearing capacity of the pile, rt, is based on the cone resistance within a 

specific influence zone located 1.5 times the pile base diameter above and below 

the pile base. This concept is visually depicted in Figure 3 (d is the pile diame-

ter). CPT cone sleeve friction fs is not used in this method. 

 

Figure 3. Determining the influence zone for the pile base resistance in the LCPC method 
adapted from Niazi and Mayne (2013). 

The EUROCODE-7 method (EN 1997-2:2007) allows calculating pile bearing 

capacity of different piles in different soils including silts. qb and qs of the pile 

are calculated based entirely on qc values. The method takes into account the 

shape of the pile base, the shape of the pile cross-section, the type of the pile and 

the installation method of the pile. The vale of pile base resistance is derived 

based on three mean qc values of adequate ranges explained in Figure 4. Upper 
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values of the calculated pile base resistance are limited. The CPT cone sleeve 

friction fs is not used in this method. 

To calculate pile qb according to the formula in Table 2, it is necessary to pre-

determine three qc,mean values. Here qc,I,mean is the mean of the  qc,I value calcu-

lated within a specific depth range, starting from the pile base level and extend-

ing to a level that is at least 0.7 times and at most 4 times in diameter of the 

equivalent pile base (Deq) below the base level; qc,II,mean denotes the mean of the 

lowest qc,II values observed from the critical depth to the pile base, while consid-

ering the depth in an upward direction; the mean value of qc,III is determined by 

averaging the qc,III values over a depth interval that extends from the pile base 

level to a level that is 8 times as high as the pile base diameter, or, in case b (the 

length of the shorter side of the pile base) > 1.5 x a (the length of the longer side 

of the pile base)  to 8 x a higher. This procedure starts with the lowest qc,II value 

used for the computation of qc,II,mean. The unit of all three values is MPa. An ex-

planation for determining qc,I,mean, qc,II,mean and qc,III,mean for a 18.5 metre-long 

pile with a diameter of 0.4 metres is given in Figure 4. 

The Eurocode-7 method does not establish any upper limits for the pile unit 

shaft friction. However, in the current investigation, modifications have been 

made to the Eurocode-7 method, introducing a maximum threshold of 120 kPa 

for the pile unit shaft friction. 

 

Figure 4. Explanation of the method for the determination of qc,I,mean, qc,II,mean and qc,III,mean values 
in the Eurocode-7 method adapted from Reinders et  al. (2016). 
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The German method relies on empirical pile end bearing capacity and pile 

shaft friction data for various pile systems including Fundex piles. Kempfert and 

Becker (2010) developed correlations for piles qs(z) and qb from CPT qc and su. 

They relied on the load test database of up to 1000 piles featuring screw cast-in-

place, cast-in-place concrete, precast concrete, steel pipe and micro piles. They 

presented empirical results for five pile types in the form of lower and upper 

bound charts (Figure 5). In addition, they introduced tables of empirical data 

ranges for the characteristic toe resistance depending on the relative pile head 

settlement in three ranges and shaft resistance for different piles. Fundex piles 

are taken as screw piles and tables are given for non-cohesive soils (see Tables 

3 and 4). 
 

 

Figure 5. Upper and lower empirical values of different piles (including Fundex piles) in coarse-
grained soils for (a) qs(z) and for (b) qb (Kempfert and Becker, 2010). 

Table 3. Empirical data ranges for the characteristic skin friction qs,k for Fundex piles in non-cohe-
sive soils (EA-Pfähle, 2014). 

Mean CPT cone resistance qc Ultimate limit state value qs,k of pile skin friction 

[MN/m2] [kN/m2] 

7.5 35–50 

15 85–115 

≥25 115–145 
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Table 4. Empirical data ranges for the characteristic base resistance qb,k for Fundex piles in non-
cohesive soils (EA-Pfähle, 2014). 

Relative Pile base resistance qb,k [kN/m2] 

pile head settlement for a mean CPT cone resistance qc [kN/m2] 

s/Db 7.5 15 25 

0.02 1300 – 1900 2500–3100 3650–4350 

0.03 1650 – 2500 3250–3950 4650–5550 

0.10 (sg) 3800 – 5500 7200–8800 8300–10000 

Intermediate values may be linearly interpolated 

 
 

The Eslami and Fellenius method (1997) is based on 142 pile load tests on a 

considerable assortment of piles installed in various soils including silts. This 

method, mainly known as the Unicone method, was the first to introduce all 

three CPTu readings (qc, fs, u2). While the other methods described above use 

an arithmetic mean of cone resistance the Unicone method uses a geometric 

mean value.  Additionally, this method developed a new soil profiling chart ap-

plying effective cone resistance qE and sleeve friction fs. A profiling chart is ex-

erted to calculate shaft resistance of piles (Figure. 6).  

The Unicone method offers two alternatives for determining the zone of influ-

ence of the pile's toe, which vary depending on the arrangement of the soil lay-

ers. In the case of installing a pile through a weak soil into a dense soil, the av-

erage is calculated over a zone of influence that extends from 4d below the pile 

base to a height of 8d above the pile base. However, when a pile is installed 

through a dense soil into a weak soil, the average above the pile base is deter-

mined over a zone of influence with a height of 2d above the pile base, which is 

different from the 8d height in the previous scenario. 
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Figure 6. Unicone chart for zone numbers and soil types (Eslami and Fellenius, 1997). 

 

2.1.2 Direct approaches for DCPT based on SPT methods 

The DCPT device DPSH-A adheres to the Swedish standard EVN 1997-3; 1995 

for HfA. According to the literature (Bergdahl and Ottosson, 1988), HfA states 

that the number of blows N20 received by the DCPT device is equivalent to the 

number of shots N30 recorded by the SPT device. This correlation allows for the 

utilization of soil properties developed for SPT in the evaluation process. In Es-

tonia, site investigations often refer to this correlation. However, no local tests 

have been conducted to validate the accuracy of this correlation. In this study, 

six commonly used methods (Shariatmadari et al., 2008; Benali et al., 2013; 

Karimpour-Fard et al., 2013; Shooshpasha et al., 2013) were examined (Table 

5).  

It is important to note that SPT methods do not consider the excessive pore 

water pressure generated during the test; therefore, the results may not be reli-

able in low-permeable soils such as silt and clay. In addition, in all SPT methods 

the pile base bearing capacity and pile shaft resistance are determined by calcu-

lating the arithmetic average of N values around the pile base and along the pile 

body. The energy ratio of N values was not specified in the methods proposed 

by Briaud and Tucker (1988) and Poulos (1989). However, it is important to 

note that this index is directly linked to the pile bearing capacity and has a sig-

nificant impact on the obtained results. 

The SPT methods used for the analysis do not have an upper limit for ultimate 

end bearing resistance. In dense subsoils, absence of the upper limit can signif-

icantly affect the results. For all SPT methods except for the Briaud and Tucker 

(1988) method, a limit value of 15 MPa was applied to the ultimate end bearing 

resistance. The failure criteria for pile bearing capacity except the Poulos (1989) 
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method are given in Table 5. Also, Table 5 shows the zone of influence of all 

methods around the pile base (Publication 1). 

 

Table 5. Current SPT direct methods for the prediction of pile bearing capacity (modified after 
Publication 1). 

Method/reference Design formulas 

  Pile unit shaft resistance (qs) Pile end bearing resistance (qb) 

   
Aoki and De`Alencer 

(1975) 

 

𝑞𝑠 = (
𝑎𝑘

3.5
) 𝑁𝑠 

For sand: a = 14 and k = 1 

For clay: a = 60 and k = 0.2 

𝑞𝑏 = (
𝑘

1.75
) 𝑁𝑏 

Nb: average of three values of SPT 

blows around pile base 

 

Failure criteria: Van der 

Veen method  

Energy ratio for N: 70% 

 

Meyerhof (1976) 

Failure criteria: minimum 

slope of load-movement 

curve 

Energy ratio for N: 55% 

 

𝑞𝑠 = 𝑛𝑠𝑁𝑠 

Bored piles (low disp.): ns = 1 

Driven piles (high disp.): ns = 2 

 

 

 

𝑞𝑏 = 0.4𝑁1𝐶1𝐶2 

N1: N value at the base level 

C1 = ((d + 0.5)/2d)n: n = 1, 2 and 3, 

respectively, for loose, medium 

and dens soil when pile diameter 

(d) > 0.5 m, otherwise C1 = 1 

C2 = D/10d when penetration in 

dense layer (D) > 10d, otherwise 

C2 = 1 

 

 

 

 

 

  

Briaud and Tucker 

(1988) 

Failure criteria: penetra-

tion of pile head equal 

10% of pile diameter 

 

𝑞𝑠 =
0.1

1
𝑘𝑠

+
0.1

𝑟𝑠.𝑚𝑎𝑥 + 𝑟𝑠.𝑟𝑒𝑠

− 𝑟𝑠.𝑟𝑒𝑠 

 

 

𝑞𝑏 =
0.1

1
𝑘𝑡

+
0.1

𝑟𝑡.𝑚𝑎𝑥 + 𝑟𝑡.𝑟𝑒𝑠

+ 𝑟𝑡.𝑟𝑒𝑠 

Decourt (1995) 

 

qs = α (2.8 Ns+10) 

 

qb = kb Nb 

Driven and bored piles in sand: kb = 0.325 

Nb is average N value around the pile  

base 

 

 

Failure criteria: Van der 

Veen method  

Energy ratio for N: 60% 

Driven piles and bored piles in 

clay: α = 1 

Bored piles in granular soils: α = 

0.5–0.6 
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Shariatmadari 

et al. (2008) 

qs = 3.65 Ngs  

Ngs: geometrical average of N 

values along the pile 

 

qb = 0.385 Ngb  

Ngb: geometrical average of N values 

between 8d above and 4d below 

pile base 

Failure criteria: Plunging 

Energy ratio for N: 60% 

(only for sandy soils) 

Ns is the average value of N around pile embedment depth; kt = 1868400 ∙ (Nb)0.0065, where Nb is the average 

of SPT blow-count between 4d above and 4d under the pile base (d is pile diameter); ks = 20000 ∙ (Ns)0.27; 

rt,max = 1975 ∙ (Nb)0.36; rs,max = 22.4 ∙ (Ns)0.29; rt,res = 557 ∙ L ∙ ((ks ∙ p)/(At ∙ Ep))0.5, where L: length of pile, p: 

perimeter of pile, At: cross-section area of pile, and Ep: elastic modulus of pile; rs,res = rt,res (At/As), where As: 

surface area of pile. 
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3. Settlement analysis for screw piles 
based on SCPTu data  

3.1 Use of SCPTu data to predict the load-displacement capacity 
of a pile 

The analysis of pile bearing capacity can be best achieved by utilizing calculation 

methods that rely on the outcomes of in situ tests (Eslami et al., 1996; Cai et al., 

2012; Moshfeghi et al., 2016). A crucial aspect in the analysis is to take into ac-

count the load–settlement (Q–w) relationship, which enhances comprehension 

of the piles’ load bearing capability and facilitates the assessment of differential 

settlements. The accurate prediction of pile settlements forms the base for de-

veloping a cost-effective pile foundation. Figure 7 illustrates the comprehensive 

range of methods employed by Niazi (2014) to analyse pile Q–w relationships. 

A simplified analytical method is applied in this study. 

It is essential to consider various factors when selecting an appropriate cate-

gory of analysis and design procedure. Poulos (1989) highlighted the signifi-

cance and scale of the problem, the budget allocated for foundation design, the 

availability of geotechnical data and the complexity of the geotechnical profile 

and design loading conditions as key considerations. By taking these factors into 

account, engineers can make informed decisions and ensure the effectiveness 

and efficiency of their analysis and design approach (Publication 3). 
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Figure 7. A chart illustrating the categorization of analysis methods used to predict the settle-
ments of piles subjected to axial loading (Niazi, 2014). 

Extensive research has been conducted on the use of analytical stress–strain–

strength soil models in combination with the findings from in situ tests to de-

termine the Q–w relationship for various piles in different soil conditions 

(Berardi and Bovolenta, 2005; Mayne and Niazi, 2009; Niazi and Mayne, 2015). 

An effective method is to use the approximate analytical elastic solution pro-

posed by Randolph and Wroth (1978; 1979) for pile–soil interaction. The settle-

ment of the pile top (wt) for a compressive pile that is embedded in a linear 

elastic two-layered soil (see Figure 8) can be determined by employing Formula 

2.  
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Figure 8. Elastic continuum model for axial pile displacement analysis in linear elastic two layered 
soil model after Randolph and Wroth (1978, 1979). 

 

𝑤𝑡 =
𝑄𝑡[1+

4η tanh(𝜇𝐿)𝐿

𝜋𝜆(1−𝜈𝑠)𝜉(𝜇𝐿)𝑟0
]

𝐺𝐿 𝑟0[
4𝜂

(1−ν𝑠)𝜉
+

2𝜋𝜌𝐸 tanh(𝜇𝐿)𝐿

𝜁(𝜇𝐿) 𝑟0
]
   (2) 

   where wt represents the settlement at the pile top; Qt is the load applied at the 

pile top; GL is the operative soil shear modulus at the pile base; η is the factor 

for underreamed piles that take greater loads at the pile base, calculated as η = 

rb / ro; L is the pile length; ro is the radius of the pile shaft; rb is the pile base  

radius for underreamed piles; μL is the measure of pile compressibility, calcu-

lated as μL = 2·[2 / (ζ λ)]0.5·(L / ds); ζ is the measure of influence radius, calcu-

lated as ζ = ln(rm/ro); rm is the maximum radius of influence, calculated as rm = 

L·{0.25 + ξ·[2.5ρE·(1 - νs) - 0.25]}; λ is the pile–soil stiffness ratio, calculated as 

Ep/GL; Ep is the pile modulus; ξ is the factor for end bearing piles resting on a 

stiffer stratum (Gb >> GL), calculated as GL/Gb; Gb is the soil shear modulus be-

low the pile base; ρE is the modulus variation factor, calculated as GM/GL; GM is 

the operative soil shear modulus at the midpoint of the pile embedment depth, 

calculated as GM = (Go + GL)/2; Go is the operative shear modulus at the pile top 

(Z = 0) and νs is the Poisson ratio of soil (Publication 3). 

    Figure 9 illustrates the profile of operative shear stiffness (G) as a function of 

depth along the pile shaft, represented by qualitative shear stress (τ) vs. shear 

strain (γ) plots. It can be observed that the reduction of operative shear stiffness 

(G) varies inversely with depth (z) below the ground surface. As the depth in-

creases, the load transmitted to the pile shaft decreases, resulting in a decrease 

in shearing stresses, influence radii, axial displacements and corresponding 
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reduction in the shear stiffness. The shape of the rm profile can be attributed to 

the horizontal and vertical variations in shearing stresses, which can be ex-

plained by two factors. Firstly, it is hypothesized that the soil stiffness increases 

with depth, leading to greater resistance to shear deformations in deeper layers. 

Secondly, the load applied from the pile top decreases with depth, resulting in 

smaller shear stresses as the soil around the pile shaft is stiffer.  

 

 

Figure 9. Displacement field model and profile of the maximum influence radius after Randolph 
and Wroth (1978, 1979) adopted from Niazi (2014). 

The proposed solution is suitable for addressing soil conditions characterized 

by either constant or linearly increasing stiffness with depth, as per the Gibson-

type model. It encompasses the inclusion of both end-bearing and floating-type 

piles. Nevertheless, it does not directly incorporate the distinctions in pile types 

and installation methods when evaluating the axial load response. To achieve 

accurate analysis of diverse pile types and their load-displacement relation-

ships, it is essential to calibrate the solution using static pile load test data. 

One of the most favourable choices for determining the value of G is to imple-

ment SCPTu. This test is used to determine penetrometer readings including in 

situ shear waves (S). Based on S, Vs can be measured. The determination of Gmax 

or G0 relies on the Vs measurement. The conventional approach involves the as-

sessment of shear waves at regular one-metre intervals within the borehole us-

ing downhole SCPTu. Consequently, both the Vs readings and G0 values provide 

an average representation of the 1-metre interval. 

The initial value of soil stiffness (Gmax or G0) gradually decreases to G as the 

strains increase. To depict the decrease in modulus, a modified hyperbola is em-

ployed. In their research, Fahey and Carter (1993) proposed a modified hyper-

bola formula to describe the behaviour of normally consolidated sands under 

monotonic torsional shearing (3): 
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𝐺

𝐺𝑚𝑎𝑥
= 1 − 𝑓 (

𝜏

𝜏𝑚𝑎𝑥
)

𝑔
    (3) 

 

where f and g are fitting parameters and G is shear modulus calculated as G = 

E / [2(1+ν)], where ν` = 0.2 (drained case) is the approximate value of the Pois-

son ratio of geomaterials at small strains. The ratio τ/τmax can be considered as 

the reciprocal of the factor of safety (FS) or 1/FS. As a result, it can also be per-

ceived as an indication of the mobilized load level, Q/Qult. The material exhibits 

a fnite stiffness at small strains, which can be quantified by the low-strain shear 

modulus as (4): 

 

Gmax = G0 = ρVs
2    (4) 

 

where ρ indicates the total mass density of the material. In both drained and 

undrained conditions, Formula 3 is applicable as the strains of G0 are too small 

to induce excessive porewater pressure (Mayne, 2000). Moreover, an extensive 

study conducted by Jamiolkowski et al. (1994) and Tatsouka et al. (1997) 

demonstrated that the value of G0 remains unchanged irrespective of whether 

the loading conditions are static (monotonic) or dynamic.  

The initial assessment of f = 1 and g = 0.3 provides reasonably accurate ap-

proximations, which have been verified through laboratory tests involving tor-

sional, triaxial and simple shear loading on unaged and uncemented quartzitic 

sands, as well as insensitive and unsaturated clays (Burland, 1989; Tatsuoka 

and Shibuya, 1992; LoPrest et al., 1993; Mayne, 1995; Burns and Mayne, 1996). 

The parameter g, with an approximate value of 0.3 ± 0.1, is suitable for a wide 

range of uncemented and nonstructured soils (Mayne, 2005, 2007) (Publication 

3). 

For determining the value of G0 (MPa), it is crucial to know the ρ (t/m3) values. 

The total mass density of the soils can be determined in the laboratory. How-

ever, the process of collecting soil samples from deep layers beneath the water 

table is time-consuming and complex. Consequently, the formula incorporating 

all three CPTu readings (fs, qc and u2) was included to aid in the calculation of 

the soil unit weight (Mayne et al., 2010). The mass density, ρ, can be obtained 

from the unit weight using Formula 5. Formula 6 is established based on a di-

verse range of sands, clays and silts (Publication 3). 

 

ρ = γt / 9.8    (5) 

 

γt [kN/m3] = 11.46 + 0.33∙log(z) + 3.1∙log(fs) + 0.7∙log(qt) (6) 
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4. Probabilistic and deterministic anal-
yses of the bearing capacity of screw 
piles in silty soils  

4.1 Reliability-based design (RBD) 

The application of the reliability-based design (RBD) method in analysing the 

load-bearing capacity of piles has gained significance due to the growing im-

portance of design reliability and economic considerations, which are closely 

tied to the latest generation of design codes worldwide. 

Direct methods typically assume that the pile is situated within soil layers with 

uniform properties. The presence of irregularities, referred to as 'peaks and 

troughs', in the sounding data can be minimized by employing average values 

(Eslami et al., 1997). However, when the in-situ variability of the soil is signifi-

cant, deterministic analysis relying solely on mean values may prove to be inef-

fective. To address this issue, a potential approach is to incorporate statistical 

distributions of soil properties into a deterministic analysis by using simula-

tions. 

Monte Carlo simulation (MCS) is a widely applied technique in reliability anal-

ysis. It involves a repetitive simulation process that generates a set of values 

based on random variables with known probability distributions. The accuracy 

of the MCS outcome improves with an increase in the number of simulations. 

However, excessively large numbers of simulations can slow down the analysis 

without significantly impacting the results. Typically, the chosen number of 

simulations is N = 104 or 105 (Orr et al., 2008). Each independent variable is 

assigned a probability distribution, such as normal, lognormal or beta. The out-

come of the analysis can be presented in the form of a histogram or by highlight-

ing the average value. Additionally, the RBD is used to determine the probability 

of failure or the reliability index. 

The analysis included four piles on the Soodi site, which were evaluated using 

CPTu and SDT sounding data. Out of these four piles, two were Bauer full dis-

placement piles (FDP) and the other two were displacement piles (DSP). A de-

cision was made to use direct methods that enable the determination of the 
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load-bearing capacity of the pile based on both CPTu and SDT sounding data. 

However, the German method, which relies on tabulated values, could not be 

employed. Similarly, the Eurocode method was excluded due to its complexity: 

it requires three different qc values for calculating the bearing capacity of the 

pile base. Consequently, only the LCPC method was used for the reliability-

based design (RBD) simulations. 

In the current investigation, the soil was partitioned into four distinct layers. 

The analysis focused on three of these soil layers surrounding the piles, while 

the fourth layer was established based on the influence zone for the pile base. 

According to this method, the influence zone extends 1.5 times the diameter (d) 

both below and above the pile base. The variable considered was the qc value. 

Each layer was assigned a mean value and standard deviation. Three out of the 

four layers followed a normal distribution for this variable. However, for the 

layer predominantly composed of clayey soils, a lognormal distribution was em-

ployed. Figure 10 illustrates a representative normal distribution of the qc value 

in one soil layer, while Figure 11 depicts the lognormal distribution. To generate 

10,000 pile capacity values for each pile, the RiskAMP and MCS software were 

utilized. The average value of the results obtained for each pile was then em-

ployed for further analysis (Publication 2).  
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Figure 10. Normal distribution of variable qc. 
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Figure 11. Lognormal distribution of variable qc. 

4.2 Pile bearing capacity analyses based on statistical determina-
tion of sounding data 

Furthermore, the impact of characteristic values of soil properties, as deter-

mined by Eurocode 7 (EN 1997-2:2007), on the outcomes of the direct method 

were examined. The data from the Soodi test site and the LCPC method were 

utilized to incorporate the 95% and 5% fractiles of the soil characteristic val-

ues' distribution. In the case of uniform soil with no discernible pattern in the 

ground, the parameter's characteristic value Xk, serving as a reliable mean 

value at a 95% confidence level, can be derived from a collection of individual 

values following the approach proposed by Frank et al. (2005): 

 

𝑋𝑘 = 𝑋𝑚𝑒𝑎𝑛(1 − 𝑘𝑛𝑉𝑥)    (7) 

 

where Xmean is the arithmetical mean value of the individual sample parameter 

value; 

Vx is the coefficient of variation of the parameter X; 

kn is a statistical coefficient. 

 

𝑉𝑥 =
𝑠𝑥

𝑋𝑚𝑒𝑎𝑛
     (8) 

 

sx is the standard deviation of the n sample test results. 
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The formula for determining the coefficient kn,mean, which represents the value 

used to assess a characteristic value as a 95% reliable mean value, is given by 

the following expression: 

 

𝑘𝑛 = 1.645√
1

𝑛
    (9) 

 

The formula for determining the value of the coefficient kn,low, which is used to 

assess a characteristic value as a 5% fractile value, can be expressed as follows: 

 

𝑘𝑛 = 1.645√
1

𝑛
+ 1    (10) 

 

n is the number of sounding measurements. 
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5. Shear wave velocity and CPT–Vs cor-
relations  

The shear wave velocity (Vs) serves as a fundamental property for a range of civil 

engineering materials, including soil, rock, concrete and steel. Estimating Vs is 

particularly significant in geotechnical problems as it helps in defining the max-

imum soil stiffness at small strains. This is especially crucial due to the highly 

nonlinear stress—strain–strength response exhibited by soils (Jardine et al., 

1986; Burland, 1989). The measurement of stiffness is commonly expressed 

through the low-amplitude shear modulus, Gmax. At very small shear strains (γs 

< 10-3 %), Gmax becomes a significant parameter that influences both the static 

and the cyclic loading behaviour of soils (Tatsuoka and Shibuya, 1992; Lo Presti 

et al., 1993). 

It is important to highlight that Vs and qc, which serve as indicators of soil 

behaviour, represent two distinct and opposing points along the nonlinear 

stress–strain–strength relationship: Vs reflects the true elastic response of the 

soil, corresponding to small strains typically on the order of γs < 10-5 (decimal) 

while qc is associated with the undrained shear strength (su) or the peak shear 

stress at failure strains. The variation of shear modulus with strain level and its 

relevance to geotechnical tests are effectively demonstrated in Figure 12. De-

spite this apparent contradiction, both parameters exhibit a functional depend-

ence on similar factors, including minerology, aging, the effective confining 

stress level and Ko stress state (Mayne and Schneider, 2001). 



 

 

 

 

42 

 
 

Figure 12. The variation in stiffness as a function of shear strain amplitudes is commonly depicted 
in a typical representation. This representation allows for a comprehensive comparison between 
the stiffness ranges observed in typical geotechnical problems and those obtained from a variety 
of geotechnical tests (Obrzud, 2010); SCPT – seismic cone penetration test; PMT – pressureme-
ter test; DMT – Marchetti’s dilatometer test; CPTU – piezocone penetration test. 

The popularity of the SCPTu test has increased globally due to its ability to 

optimize data collection through the combination of downhole shear wave ve-

locity profiles and conventional penetration measurements. However, obtaining 

direct measurements of Vs requires special equipment and technical expertise 

to ensure accurate data acquisition and evaluation. As a result, for low-risk pro-

jects or initial design stages, conducting in situ seismic measurements may not 

be cost-effective. In such cases, empirical correlations between Vs and CPT or 

CPTu data can be potentially useful for obtaining an initial estimate of the small-

strain stiffness of soils. Additionally, the extensive collection of CPT/CPTu data 

on various soil types worldwide offers the opportunity to derive reliable seismic 

properties of soils from conventional cone penetration readings, providing a 

cost-efficient approach to optimize existing measurements and calibrate local 

correlations on different soils. 

The current research included four empirical correlations that established 

connections between CPTu readings and Vs (m/s). The first correlation, as de-

scribed by Hegazy and Mayne (1995), utilizes a comprehensive database encom-

passing sand, silt, clay and mixed soils. This correlation incorporates both cone 

resistance (qc) and shaft resistance (fs) measurements. On the other hand, the 

second correlation formula relies on fs readings and draws values for Vs from a 

database specifically designed for saturated clay, silt and sand obtained from 
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well-documented experimental sites (Mayne, 2006). For soils predominantly 

composed of sandy silt, two additional correlations have been proposed. Trevor 

et al. (2010) introduced a correlation tailored for sandy silt soils, using corrected 

cone resistance (qt) and fs values. Conversely, the correlation proposed by 

Holmsgaard et al. (2016) employs the value of qt and is specifically suitable for 

sandy silt soils with clay stripes. Furthermore, this paper puts forth four corre-

lations specifically designed for silty soils. Table 6 presents the four correlations 

derived from previous studies (Publication 3). 

Table 6. Summary of correlations between shear wave velocity Vs and CPTu output for silty soils 
from this and other studies (modified after Publication 3). 

Reference Correlation Soil type 

Hegazy and Mayne 

(1995) 

Vs = [10.1· log qc - 11.4]1.67 [fs/qc·100]0.3  

(qc and fs in kPa) For all soils 

Mayne (2006) Vs = 118.8 log (fs) + 18.5 (fs in kPa) 

Saturated clays, silts, 

sands 

Trevor et al. (2010) Vs=12.02· 𝑞𝑡
0.319 · 𝑓𝑠

−0.0466 (qt and fs in kPa) Sandy silt soils 

Holmsgaard et al. 

(2016) Vs = 99.45𝑞𝑡
0.428  (qt in MPa) 

Sandy silt with clay 

stripes 
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6. Test data and data analysis  

6.1 Tested piles 

In the field of geotechnical engineering, there exists a broad range of pile types 

that can be used. The behaviour of these piles under loading conditions varies 

significantly depending on the specific installation or construction methods em-

ployed. On one end of the spectrum, we have non-displacement piles, such as 

bored piles or drilled shafts, while on the opposite end, we find full-displace-

ment piles, such as closed-ended pipe piles or precast reinforced concrete piles. 

Three types of piles were studied in the research: Fundex pile, Bauer full dis-

placement pile (FDP) and displacement pile (DSP). Fundex piles can be classi-

fied as augured cast in situ concrete displacement piles (Van Baars, 2018). Cer-

tainly, the FDP and DSP piles can also be grouped together under the same clas-

sification. In Europe, these piles are commonly known as ‘screw piles’ (Basu et 

al., 2010), and they belong to the auger pile type. In the market a wide range of 

auger piling equipment is available, each of which is linked to a specific level of 

soil displacement during the installation process. Figure 13 illustrates the com-

monly employed terminologies for auger piles in North America and Europe. 

 

 

Figure 13. Nomenclature used for auger piles in Europe and North America (after Basu et al., 
2010). 

In the installation process of a Fundex pile (Figure 14), a casing or tube 

equipped with a conical auger tip at its end is used. This casing is rotated in a 

clockwise direction and pushed downwards into the soil. To ensure a watertight 

seal, the joint between the casing and the conical tip is carefully connected. As 
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the casing penetrates the ground, the surrounding soil is displacing laterally. In 

situations where the soil is dense or hard, drilling can be combined with grout 

injection or water jetting through the conical tip to facilitate the process. Once 

the desired depth is achieved, the sacrificial conical tip, which forms an enlarged 

base for the pile, is released. Subsequently, a reinforcement cage is inserted into 

the casing, and concrete is then poured. During the concrete placement, the cas-

ing is extracted in an oscillating motion, moving both upward and downward, 

with alternating 180° clockwise and counterclockwise rotations. This with-

drawal technique, involving rotations in both directions, results in a shaft that 

is nearly smooth in appearance.  

Two numerical values are employed to specify the diameter of Fundex piles. 

The first value denotes the diameter of the shaft, and the second the diameter 

of the pile base. The study examined Fundex piles of two different base diame-

ters: 0.45 and 0.56 metres. Of these, the former has the pile shaft diameter of 

0.35 m, and the latter 0.45 m. 

During the installation process of FDP piles (Figure 15), a displacement tool is 

used to create a cavity in the ground. This displacement tool is designed with a 

widening shape and is inserted into the ground by applying both pushing and 

rotating forces. The tool consists of a starter auger, which initially loosens the 

soil, and a widening displacement tool, which pushes the loosened soil laterally 

into the surrounding area. Once the desired depth is reached, the displacement 

tool is extracted, and simultaneously, the resulting cavity is filled with concrete 

through an opening located at the end of the drill stem. Following this, a rein-

forcement casing is inserted into the wet concrete. At the specific test site, the 

diameter of both the FDP pile base and the shaft measured 0.44 metres. 

 The installation of DSP piles (Figure 16), like that of Fundex piles, involves 

the utilization of 'Lost bit' technology. However, the DSP pile drill head has a 

different shape compared to Fundex pile (see Figures 17 and 19). The DSP piling 

method entails the drilling of a jacket pipe with a closed end into the desired 

depth by means of rotation and pushing. Subsequently, the drill head is un-

screwed and left in the ground to serve as the pile base. As the jacket pipe is 

lifted, concrete is poured into the pile cavity. Two key numbers are used to spec-

ify this pile type. The DSP piles studied in the research had a shaft diameter of 

0.406 m and a pile base diameter of 0.52 m. 

It is essential to take into account that piles such as Fundex and DSP feature 

a pile base which is wider than the shaft. Consequently, during the pile installa-

tion process, the soil in the shaft area begins to loosen (Kemfert et al., 2010). In 

contrast, the screw-shaped pile shaft improves its load-bearing capacity when 

compared to a smooth pile shaft (Basu et al., 2010). Therefore, the accuracy of 

the actual load-bearing capacity of screw piles may not always meet the desired 

level of accuracy (Kemfert et al., 2010). Another aspect to consider is that For-

mula (1) assumes that the base and shaft resistances do not influence each other. 
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In reality, the relationship between these two resistances is interconnected and 

the interconnection is influenced by the prevailing soil conditions. 

In addition, significant alterations in the void ratio and stress state of the in-

situ soil occur during the installation of full-displacement piles. This is primarily 

due to the lateral displacement of the soil surrounding the pile shaft and the 

preloading of the soil beneath the pile base. As a result of these alterations, the 

load-displacement response of displacement piles is noticeably stiffer compared 

to that of replacement piles. This disparity is particularly pronounced in sandy 

soils, as they experience enhanced strength through the process of densification 

(Basu et al., 2010). 

The EA-Pfähle (2014) provides tabular values for various types of piles, in-

cluding driven precast piles, simplex piles, Atlas piles, Fundex piles and bored 

piles, in both sandy and clayey soils. Among these pile types, the DSP pile closely 

resembles the Fundex pile, as they both have an extended pile base, meaning 

that the diameter of the pile base is larger than the diameter of the pile shaft. 

Additionally, the pile head remains in the ground after installation for both 

types of piles. The German method does not include any tables for the compu-

tation of the FDP pile. Driven precast piles and Simplex piles are both catego-

rized as driven piles. On the other hand, when installing the Atlas pile, the 

screw-shape shaft remains intact. It is important to note that bored piles are not 

considered displacement piles. Therefore, the German method of Fundex pile 

tables was also used for the analysis of FDP piles.  

 

 

Figure 14. The principle of installing a Fundex pile (Basu et al., 2010). 
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Figure 15. The principle of installing an FDP pile https://www.trevispa.com/en/Technologies). 

 

Figure 16. The principle of installing a DSP pile (https://www.trevispa.com/en/Technolo-
gies). 
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6.2 Axial static pile load test 

The piles were tested in accordance with EVS-EN 1997-1:2006 (based on EN 

1997-1:2004) before the other parts of the pile field were constructed. The du-

ration of the load level for the pile was one hour, and the loading step did not 

exceed 1/8 of the expected bearing capacity of the pile. Two or four hydraulic 

jacks with a force development of 200 tonnes each were used to load the piles, 

along with an oil pump and a pressure gauge with a precision class of 40 kPa 

and a measurement range of 25 000 kPa. The force applied to the pile was de-

termined based on the oil pressure measured by the pressure gauge, using cali-

bration tables for the jacks. The reaction force of 8 tonnes was obtained for the 

jack from a steel frame, on which a maximum of 390 tonnes of metal or concrete 

weights were placed. The settlement of the pile was measured using three 

Maksimov-type wire settlement gauges (wire diameter 0.3 mm, measurement 

accuracy 0.1 mm). The scheme of the static pile load test is presented in Figures 

17 and 18.  

The test piles were loaded after a period of two to four weeks after installation. 

At the test sites, the groundwater level was found to be positioned roughly one 

metre below the ground level. The presence of high groundwater levels, espe-

cially in cohesive soils containing fine-grained particles, has a notable influence 

on both the sounding outcomes and the duration required for the pile to attain 

its load-bearing capacity. The duration for the pile to attain its load-bearing ca-

pacity is influenced by various factors, including the type and length of the pile. 

Additionally, it is crucial to differentiate whether the clayey soil layers are pre-

sent around the base of the pile or solely above it. In cases where approximately 

50% of the pile shaft is surrounded by clayey soils, the load-bearing capacity of 

the pile shaft may continue to increase for a period of up to 100 days following 

the completion of pile construction (Togliani et al., 2014). 

In Estonia, it is customary to wait for three weeks (21 days) before subjecting 

the piles to load. Mets (1997) suggested that a two-week waiting period is suffi-

cient for soft silts. However, in clayey soils, the shaft resistance of the pile con-

tinues to increase even after four weeks. This is advantageous for the pile capac-

ity, providing additional safety margin. Since the test sites predominantly con-

sisted of silty soils, a similar increase in capacity was not expected. Therefore, it 

was estimated that the adhesion did not significantly impact the overall load-

bearing capacity of the piles. 
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Figure 17. Scheme of a static pile load test. 

 

Figure 18. Scheme of a static pile load test. 

During the loading test, the axial displacements are carefully measured in re-

lation to the incremental axial load. This data is then used to generate a com-

prehensive load-displacement (Q–w) curve. The main challenge lies in deter-

mining the capacity value along this curve, as there exist a multitude of defini-

tions for axial pile capacity, with as many as 45 different definitions identified 

by various researchers (Hirany and Kulhawy, 1988; Dećourt, 1999; Niazi, 2014). 

Unfortunately, the lack of consensus among these definitions leads to signifi-

cantly divergent results, as illustrated in Figure 19. 
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 sin

 

Figure 19. Comparison of capacity interpretation criteria from axial pile load tests (Niazi, 2014). 

One of the earliest definitions of pile-bearing capacity refers to the point at 

which the movement of the pile exceeds 10% of its diameter. This particular cri-

terion is commonly referred to as the French criterion, as documented by Vesić 

in 1977, and is used in the Eurocode. However, since the piles were not subjected 

to loading until reaching their ultimate capacity based on the French criterion, 

an alternative approach was employed.  

The Chin extrapolation method (1970) along with load–settlement curves, was 

used to estimate the ultimate capacity of the piles. The assumption made by 

Chin is that the load–settlement relationship can be characterized as hyperbolic. 

To examine this hypothesis, the settlement values are divided by their corre-

sponding load values. Subsequently, these ratios are graphed against the settle-

ment measurements. Notably, the plotted data points exhibit a close alignment 

with a straight line. The inverse of the slope of this line serves as an indicator 

for the Chin–Kondner extrapolation limits.  

 The practical implementation of Chin's extrapolation method, as established 

by Kondner (1963), is well known and widely practiced (Al-Homoud et al., 

2003; Basu et al., 2010; Elsamee, 2012; Niazi, 2014; Camacho et al., 2018). This 

method, in accordance with the 10% criterion, allows for the determination of 

the ultimate resistance of the pile, even if the settlement of the pile head does 

not reach 10% of the pile base diameter (Holeyman et al., 1997; Borel et al., 

2004; De Cock, 2009; Basu et al., 2010). Table 7 presents the measurements of 

the statically tested piles, along with their maximum testing loads and corre-

sponding settlement values. The piles at the Ahtri site are denoted by the letter 

'A', the piles at the Paldiski mnt site by the letter 'P' and the letter 'S' is used to 

indicate the piles at the Soodi site. 
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Table 7. Summary of static pile load test data for all tested piles 

Pile name A-1 A-2 A-3 A-4 P-1 P-2 P-3 S-1 S-2 S-3 S-4 

Pile type 
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Pile length (m) 27.0 26.0 23.2 23.5 15.5 15.5 15.0 12.7 11.3 12.4 12.5 

Measured max 

load from 

pile load  

test (t) 

 

360 

 

 

324 

 

360 

 

216 

 

120 120 120 187 170 187 187 

Max settlement 

from 

 pile load test 

(mm) 

4.9 6.2 22.0 50.7 6.3 6.5 15.0 35.3 22.8 17.0 22.7 

 

 

The CPT sounding conducted at the Ahtri site failed to reach the bottom depth 

of the pile base. Concurrently, the DPSH-A test demonstrated consistent or 

greater depth penetration in three test locations, with the exception close to pile 

A-1. However, the drilling resistance data presented in Table 8 indicate that the 

soil beneath both piles A-1 and A-2 exhibited comparable strength in the pile 

base zone during installation. This suggests that the soil beneath pile A-1 pos-

sesses similar strength characteristics to those beneath pile A-2. Furthermore, 

previous research conducted in the surrounding area by Saks et al. (1985) con-

firms that the soil strength increases up to a maximum depth of 75 m. 

 

Table 8.  Drilling resistance near the pile base on piles A-1 and A-2 to depths of 27 m and 26 m, 
respectively (modified after Publication 1). 

Pile A-1 
 

Pile A-2 

Depth (m) Resistance (bar) 
 

Depth (m) Resistance (bar) 

22.50 70–110 
 

21.50 70–100 

23.00 70–110 
 

22.00 70–100 
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23.50 70–110 
 

22.50 180–200 

24.00 160–180 
 

23.00 180–200 

24.50 160–180 
 

23.50 180–200 

25.00 220–240 
 

24.00 180–200 

25.50 220–240 
 

24.50 220–240 

26.00 220–240 
 

25.00 220–240 

26.50 220–240 
 

25.50 220–250 

27.00 240–260 
 

26.00 220–250 

 

 

In addition, the reliability of the Chin method was assessed by examining the 

existing literature on similar soils and Fundex piles. Two Fundex 380/450 piles 

located in Belgium were selected for the comparison. These piles were subjected 

to testing until a settlement equal to or greater than 10% of the pile diameter 

was achieved. The first pile, A1bis, was tested in Limelette according to 

Maertens et al. (2003), while the second pile, designated as P3, was tested in 

Ghent as reported by Holeyman (2001). By comparing the extrapolated results 

obtained using the Chin method (Qu,Chin10%) with the measured values (Qu,SLT), 

an assessment of the accuracy of the Chin method for different pile settlements 

can be made. The results for the two piles at four different settlements are pre-

sented in Table 9.  

The findings indicate that the extrapolation results for the A1bis pile exhibit a 

high level of reliability, even at very small settlements. On the other hand, the 

results for pile P3 highlight the need to consider the accuracy of the extrapola-

tion results, particularly for smaller settlements, where an accuracy of around 

20% should be taken into account. Based on the findings of Publication 1, it is 

suggested that the Chin method can be utilized to determine the French crite-

rion for screw piles in silty soils. 

Table 9.  Accuracy of determining the settlement of piles A1bis and P3 by the Chin method on the 
basis of four different settlements; accuracy within 10% is marked in green and accuracy above 
10% is marked in red (modified after Publication 1). 

Pile ID s/B (%) Qu,Chin 10%/Qu,SLT Accuracy (±%) 

A1bis 1.1 0.90 10.0 

A1bis 1.4 0.94 6.2 

A1bis 3.5 1.03 2.7 

A1bis 6.0 1.03 2.6 

P3 1.2 1.09 9.3 

P3 1.5 1.24 23.9 

P3 2.8 1.13 13.3 

P3 6.0 0.99 0.7 
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6.3 Sounding methods 

6.3.1 CPTu soundings 

The Cone Penetration Test (CPT) has been extensively utilized, studied and ad-

vanced worldwide over the past century (Massarsch, 2014). This method offers 

a rapid and cost-effective approach. Typically, the probe used in the CPT has a 

base area of 1,000 mm2 and a sleeve surface area of 15 000 mm2. The drive rod 

shares the same diameter as the probe, measuring 35.7 mm. Throughout the 

test, the probe is steadily pushed at a speed of 20 mm/s until it reaches the de-

sired depth or until the compressive force is exhausted. By obtaining readings 

of the cone tip resistance (qc) and sleeve friction (fs) at short depth intervals 

(ranging from 10 to 20 mm), a nearly continuous representation of the soil lay-

ers can be established. In cases where the CPTu is employed, pore pressure (u2) 

data are also collected. These three independent parameters can be applied for 

soil identification and classification as well as for the evaluation of various soil 

properties, including strength and deformation characteristics.  

A lightweight truck (Figure 20) was used along with ground anchors. The 

length of the anchor in the soil was approximately three metres. In certain loca-

tions, predrilling was conducted due to the presence of impenetrable fill in the 

upper layer. The truck in Figure 20 is equipped with a pre-drilling nozzle. A 

Nova cone produced by Geotech AB with a capacity of 50 MPa was used (Figure 

21). The CPT Geotech Nova system meets the standards EN ISO22476-1 and 

ASTM D-5778 (2000). With a 60° apex angle, the instrumented probe features 

a conical tip. The tip has a cross-sectional area (Ac) of 1000 mm2, while the 

sleeve area (As) measures 15 000 mm2. The procedures of the testing concurred 

with Lunne et al. (1997). 
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Figure 20. Lightweight truck equipped with a pre-drilling nozzle. 

 

Figure 21.  Piezocone penetrometer cone. 
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The pore water pressure measuring filter can be positioned in three different 

locations: u1, u2 and u3 (Figure 22). The ISSMFE Reference Test Procedures 

specify that the preferred filter location is right behind the cone (u2) (Lunne et 

al., 1997). In soft fine-grained saturated soils, where the pore pressure can be 

relatively high compared to the cone resistance, it is crucial to correct the pore 

water pressure (Jamiolkowsky et al., 1985; Robertson and Campanella, 1988; 

Lunne et al., 1997). The corrected cone tip stress, denoted as qt, is determined 

as follows: 

 

qt = qc + u2(1-a)    (11) 

 

In this context, the net cone area ratio (a) represents the relationship between 

the cross-sectional area of the load cell or shaft (An) and the projected area of 

the cone (Ac), as illustrated in Figure 23. Typically, cone manufacturers deter-

mine this parameter through geometric analysis and a calibration process, and 

the value is generally between 0.70 and 0.85. The cone area factor a=0.859 was 

provided by the manufacturer. 

 

Figure 22. Pore pressure filter locations of piezocone penetrometer cone. 
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Figure 23. Unequal end area effects on cone tip and friction sleeve (Lunne et al., 1997). 

Figure 24 displays the typical profiles of qt, fs, Rf and u2 for the Ahtri site. The 

friction ratio can be calculated as Rf = fs/qt × 100%. On the left side, the chart 

illustrates the types of soil layers determined through CPTu and the soil behav-

iour type (SBT) according to Robertson (2010). The water table is represented 

as u0 (hydrostatic pressure is marked in green). The soil profiles of all three sites 

predominantly consist of silty soils, with a limited presence of clayey soils. An 

increase in the pore water pressure serves as an excellent indicator of clayey 

layers. 

 

 

Figure 24. Results of the piezocone test at the Ahtri site. qt, cone resistance corrected for the 
pore pressure effects; fs, sleeve friction; Rf, friction ratio; u2, pore pressure (Publication 1).  
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Previous CPTu soundings 

Additionally, the assessment encompassed earlier soundings performed at the 

Ahtri site by utilizing CPT tests in addition to the CPTu soundings conducted as 

part of the research. The HYSON device, equipped with a 200-kN counter-

weight, was used to carry out the piezo-cone tests. The PAGANI CPTu penetra-

tion cone, featuring a base area of 1,000 mm2 and a sleeve surface area of 15,000 

mm2, was employed in the testing process. This cone facilitated the determina-

tion of base and side resistance, pore water pressure and cone inclination. 

6.3.2 DCPT soundings 

The Dynamic Cone Penetration Test (DCPT) is an economical and straightfor-

ward technique for investigating soil properties. It involves driving a penetro-

meter into the ground and recording the number of blows required to reach the 

desired depth. Initially, dynamic cone penetrometers were developed to collect 

both quantitative and qualitative information on soil resistance to penetration. 

Their primary purpose was to assess the compactness of cohesionless soils, 

which often pose difficulties in sampling. 

Four types of probes, namely Dynamic Probing Light (DPL), Dynamic Probing 

Medium (DPM), Dynamic Probing Heavy (DPH) and Dynamic Probing Super 

Heavy (DPSH), can be differentiated based on the size of the cone, the weight of 

the hammer, and the height of the drop. A selection of dynamic penetrometer 

nozzles are shown in Figure 25. Additionally, as per EN ISO 22476-2 (2005), 

DPSH is further classified into two subcategories: DPSH-A and DPSH-B. In the 

case of DPSH-A, the hammer is dropped from a height of 0.5 metres, while in 

DPSH-B, it is dropped from a height of 0.75 meters. In Estonia, the first variant, 

DPSH-A, has been extensively used in recent decades. It is worth noting that 

when the diameters of the piezocone probe and rod are equal, the external di-

ameter (d) of the DCPT probe is larger than the outer diameter (dt) of the rod, 

as depicted in Figure 26. 

In the present study the DPSH-A test with a GEOTECH 504 geomachine was 

employed. The hammer used in the tests had a weight of 63.5 kg, while the rods 

weighed 6 kg/m with a diameter of 32 mm. The hammer was released from a 

drop height of 0.5 m. The cone tip area was 1600 mm2. The tests involved meas-

uring the number of blows per 200 mm. 
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Figure 25. A selection of dynamic probing cones.  

 

 

Figure 26.  Disposable DPSH-A cone.  

 

Figure 27. SDT penetrometer cone. 
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6.3.3 Static dynamic testing 

The static dynamic testing (SDT) method was originally developed in Finland 

during the early 1980s, with a particular focus on research conducted within the 

Department of Geotechnics in the City of Helsinki. This method has been exten-

sively studied and used for several years (Melander, 1989; Rantala and Halkola, 

1997). The SDT method combines both static and dynamic penetration tests to 

assess soil properties. Initially, the test begins as a static penetration test, where 

the drill rods with the cone are pressed and rotated simultaneously. The equip-

ment used typically has a maximum compressive force of 30 kN. Once the max-

imum compressive force is reached, the device transitions into the dynamic pen-

etration phase, involving hammering. If the number of blows (N20) within a 0.4 

m interval is less than or equal to five, the dynamic phase switches back to static 

penetration. Throughout the test, various parameters such as compressive 

force, torque, number of strokes, sounding depth and rotation speed are meas-

ured at intervals of 20 mm to 40 mm (Finnish Geotechnical Society, 2001). 

The SDT method employs a loosely fitted cone that typically remains in the 

ground when the rods are extracted. The cone has a diameter of 45±0.2 mm and 

a length of 90±2 mm. It possesses an apex angle of 90°. The cross-sectional area 

of the cone's tip measures 1600 mm2, while the area of its side surface is 12700 

mm2. The diameter of the drive rod is 32 mm, which is smaller than the cone's 

diameter of 45 mm (Figures 27 and 28). The dimensions of the SDT cone and 

rods are the same as those of the DPSH-A cone. Throughout the compression 

stage, the rods are compressed at a consistent velocity of 20±5 mm/s. For dy-

namic penetration, a hammer weighing 63.5±0.5 kg is utilized, along with a low-

ering height of 0.5 m (Finnish Geotechnical Society, 2001). 

 

Figure 28. SDT penetrometer cone (the same as DPSH-A penetrometer cone). 

SDT penetrometer coneThe determination of geotechnical parameters using the 

SDT method relies on calculation formulas specifically developed from CPTu 

sounding. Unlike the CPTu, the SDT cone has a larger diameter than the driving 
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rod. Consequently, it is crucial to understand the relationship between the SDT 

and CPT test results. Through laboratory experiments, Rantala and Halkola 

(1997) discovered that the cone tip resistance (qc,CPT) of the CPTu can be derived 

from the SDT results of static pressure penetration using Formula 12. According 

to the Sounding guidelines 6-2001 by the Finnish Geotechnical Society (2001), 

the net resistance of the static pressure penetration in the SDT test can be cal-

culated based on the values of total torque (Mtot) and total compressive force 

(Qtot) using Formula 13. Additionally, Formula 14 can be employed to convert 

the blow numbers obtained from the dynamic penetration of the SDT test into 

the cone tip resistance (qc,CPT) of the CPTu. The net stroke rate Nn is defined by 

Formula 15, which utilizes the total stroke rate (N20) and total torque (Mtot) 

(Finnish Geotechnical Society, 2001). 

 

𝑞𝑐,𝐶𝑃𝑇 = 1.07 ∙ 𝑞𝑛,𝑆𝐷𝑇  (12) 

𝑞𝑛,𝑆𝐷𝑇 =
𝑄𝑡𝑜𝑡

1000∙𝐴𝑐
− 𝑘𝑝 ∙ (𝑀𝑡𝑜𝑡 − 𝜇1 ∙ 𝑄𝑡𝑜𝑡) (13) 

𝑞𝑐,𝐶𝑃𝑇 = 0.83[
MPa

𝑙

0.2m

] ∙ 𝑁𝑛  (14) 

𝑁𝑛 = 𝑁20 − 0.04 ∙ 𝑀𝑡𝑜𝑡  (15) 

 

qc,CPT is the cone tip resistance of the CPT; 

qn,SDT is the net resistance to the  static pressure penetration [MPa] of the SDT; 

Qtot is the total compressive force [kN] of the SDT; 

kp is a standard (kp = 1/(Ac∙r∙106)=0.039 (1/m3)); 

Mtot is the total torque value [Nm] of the SDT; 

µ1 is a device-specific constant (e.g. for GM4000 µ1 = 1 Nm/kN) to estimate the effect of axial 

loading of the compression phase on the friction of the transmission thrust bearing; 

Nn is the net stroke rate [l/0.2 m] of the SDT; 

N20 is the total stroke rate [l/0.2 m] of the SDT. 

6.3.4 SCPTu soundings 

The seismic piezocone test (SCPTu) has found extensive use in determining the 

small strain shear modulus (G0) through the measurement of shear wave veloc-

ity (Vs). The modulus G0 is a significant dynamic characteristic of soil that finds 

applications in various fields of geotechnical and earthquake engineering. It is 

employed in diverse applications such as seismic site response analysis, foun-

dation design for vibrating equipment, soil–structure interaction and the anal-

ysis of dynamic behaviour of offshore structures subjected to wave loading. 

The determination of shear wave velocity Vs was accomplished by conducting 

an SCPTu downhole test, wherein the energy source was situated on the ground 

and the receiver was positioned within the cone. For the calculation of Vs 
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Formula 16 is used (Campanella and Steward, 1992; Sully and Campanella, 

1995; Howie and Amini, 2005): 

 

𝑉𝑠 =
𝐿2−𝐿1

𝑡2−𝑡1
=

∆𝐿

∆𝑡
    (16) 

     

The slant distances between the source beam and the cone sensor for the first 

and second depths are denoted as L1 and L2, respectively, with a depth interval 

of 1 m. The time intervals for the first and second depths are represented by t1 

and t2, respectively. An electronic trigger, which is connected to the metal plate, 

enables the acquisition of the exact timing of the strike. The calculation of the 

time interval (∆t = t2 - t1) can be performed using different methodologies. In 

this research, the well-established reverse polarity (or cross-over) method has 

been employed to compute the time interval and, consequently, ascertain the 

shear wave velocity. 

When both a left and a right steel plate are utilized, the impact of hammer 

blows on these plates generates reversed shear wave signals. These signals ex-

hibit a reversed amplitude pattern, facilitating the identification of the first 

cross-over point as the point where the main shear waves arrive and change 

signs. The first clear cross-over point of the two shear waves corresponds to the 

arrival time of the shear wave. The time interval is determined by subtracting 

the arrival time for the first depth from that of the second depth (Robertson et 

al., 1986; Campanella et al., 1989; Campanella and Steward, 1992; Areias and 

Impe, 2004; Liao and Mayne, 2006). 

The SCPTu soundings were carried out using a Geotech AB Nova cone with a 

seismic module (Fig. 29, 30), which was installed on a lightweight truck. The 

description of the truck with anchors has already been presented in section 

6.3.1. A friction-reducing module for rods was installed behind the seismic mod-

ule (refer to Figure 30). The shockwaves known as S-waves were initiated by the 

collision between a sledgehammer (Figs 29 and 31) and a steel plate situated at 

the surface. The connection between the sledgehammer and the steel plate, fa-

cilitated by a triggering cable and crocodile clamps, was further enhanced by the 

inclusion of a SCPT signal conditioning unit. To generate a polarized shear 

wave, two steel plates were positioned and aligned on each side of the sounding 

hole. These plates, having an "L" shape, were equipped with transverse teeth to 

ensure optimal contact with the ground. Within the sounding hole, a SCPT 

adapter (accelerometer) was connected to the cone. When the hammer struck 

one of the steel plates, a polarized shear wave was triggered, and the time taken 

for this wave to travel a known distance to the sounding hole was measured. 
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Figure 29. Shematic design of the seismic cone penetration test.  
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Figure 30. On top of the sounding rods is a CPTu probe connected to the seismic module and 
cable.  

 

Figure 31. Sledgehammer connected to cable. 

Seismic tests were carried out at regular intervals of one metre along the bore-

hole, resulting in consistent Vs values. The obtained minimum and maximum 

Vs values from all six soundings, ranging from 37 to 352 m/s, are presented in 

Table 10. Furthermore, the table provides the difference between the maximum 

and minimum Vs values, denoted as ΔVs. In terms of qt and fs values, 
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measurements were taken every 20 mm, and the average values of one-metre-

thick layers were utilized for the analysis. Table 10 also presents the minimum 

and maximum qt and fs values for all six SCPTu soundings. 

The database quality was enhanced by analysing the measured Vs values and 

eliminating outliers using statistical methods. The identification of outliers was 

done using the '2σ' statistical criteria, where σ represents the standard deviation 

of the variable Vs. As a result, a 95% confidence interval criterion was estab-

lished for the data. In total, two Vs values (37 and 352 m/s) were identified as 

outliers and subsequently excluded from the analysis, leaving a database of 108 

values for further examination. 

Table 10. Summary of Vs values alongside the minimum and maximum results of average qt and 
fs values for 1-m-thick layers (Publication 3). 

  Vs-min Vs-max Δ Vs qt-min qt-max Δqt fs-min fs-max Δfs 

  
m/s m/s m/s MPa MPa MPa kPa kPa kPa 

SCPTu-A1 46 259 213 0.5 4.3 3.7 7.9 76.9 69.0 

SCPTu-A3 44 203 159 0.5 8.0 7.5 3.4 107.5 104.1 

SCPTu-A4 58 352 294 0.6 4.8 4.2 2.3 91.1 88.8 

SCPTu-P1 37 233 196 0.4 17.7 17.3 0.6 157.3 156.6 

SCPTu-P2 57 270 213 0.3 25.6 25.3 2.8 144.4 141.5 

SCPTu-S1 76 248 172 0.4 18.5 18.1 0.5 137.1 136.6 
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7. Test sites 

7.1 Ahtri test site 

The Ahtri test site, situated in the northern region of Estonia, is located in the 

northern side of Tallinn, as depicted in Figure 32 (Map applications of the Es-

tonian Land Board, 2024). This r site is positioned above Quaternary sediments 

that conceal old valleys. The various deposits within the Ahtri site include ma-

rine, lacustrine and alluvial deposits, which consist of clay, silty sands, sandy 

silts and sand. The hard stratum at the Ahtri test site extends to a considerable 

depth of dozens of metres, as shown in Figure 33. Figure 33 provides a visual 

representation of a rigid stratum with consistent height lines, along with the 

precise location of the designated test site (Map applications of the Estonian 

Land Board, 2024). Additionally, the map highlights an obscured ancient valley 

region, marked by a pink fiddle-shaped symbol. A total of the in-situ tests car-

ried out on the Ahtri test site is shown in Table 11. 

Table 11. Summary of in-situ tests carried out on the Ahtri test site. 

Test name Number 

Static axial pile load test with Fundex 450/560 pile 4 

DCPT (DPSH-A) 3 

CPT  3 

CPTu 4 

SCPTu 3 

 

Within the soil profile, there is a layer of fill that spans a range of 0.6–3.2 me-

tres in thickness. Beneath this fill layer, one can find silty sand and sandy silt 

soils, extending downwards to a depth of up to 9 metres. Situated beneath these 

soils is a sensitive fine-grained soil layer, measuring approximately 2–3 metres 

in thickness. Below this layer, clay and silty clay soils are present, forming layers 

that are a few metres thick. At a depth of 19 metres, a combination of silt and 

sand mixtures occurs beneath the clayey layers. At a depth of 19–29.2 metres, 

sporadic thin layers of silty clay and clayey silt can be observed atop a dense 

sandy deposit. These layers serve as a trap for silty soils, which possess a natural 

water content ranging from 24.75% to 38.49%. The water table in this area lies 

1.2–1.8 meters below the ground surface. In the year 2016, the construction of 
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a facility building involved the installation of numerous Fundex-type piles. 

However, the construction was halted, leading to the filling of the upper ends of 

these piles. 

Figure 34 illustrates the site plan of 3 Ahtri Street, showcasing the presence of 

existing piles, tested piles (SLT) and sounding points. Furthermore, it provides 

the shortest distance in metres from the nearest pile for the SCPTu-A1 to 

SCPTu-A4 sounding points.  

 

 

Figure 32. The location of the research point in Tallinn (Map applications of the Estonian Land 
Board, 2024). The red mark indicates the location of 3 Ahtri Street. 
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Figure 33. Hard stratum relief around the survey site (Map applications of the Estonian Land 
Board, 2024). The red mark indicates the location of 3 Ahtri Street. 

 

Figure 34. Site plan of 3 Ahtri Street with existing piles (light blue circles), tested piles (SLT) and 
sounding points. DPSH-A-DP points indicate dynamic probing positions. SCPTU-A1 to SCPTU-
A4 indicate seismic CPTu soundings. Distances are shown in metres (modified after Publication 
1). 
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7.1.1 Static pile load test data 

In 2006, a static pile load test was performed on four Fundex 450/560 piles. A 

load of up to 3600kN was applied in the tests. The settlements of the pile head 

ranged from 4.9 to 50.7 mm. The testing of the piles at this site was conducted 

two to four weeks after their installation. It is important to note that the piles 

were tested prior to the completion of the entire pile field. To determine the 

ultimate capacity of the piles, Chin's (1970) extrapolation method and load-set-

tlement curve were used. The analysis incorporated pile loads, resulting in a set-

tlement of 10% of the pile base diameter. The extrapolation results for all four 

piles are summarized in Figure 35. The test plot of pile A-4 differs significantly 

from the plot of the other three pile tests (Figure 35). This refers to a possible 

breakage in the pile A-4 during the test and the results of this pile must be 

treated with caution. 

 

 

Figure 35. Load-displacement curve of the pile load test and the extrapolation results for the four 
piles at the Ahtri site. 

Table 12 presents a summary of load tests of four piles at the Ahtri site. Table 

12 is including the values of the maximum sounding readings and the depths of 

the soundings. Table 12 shows the soundings that are closest to the test piles. 
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Table 12. Pile case records summary with the pile load test data at the Ahtri site (modified after 
Publication 1). 

Pile name A-1 A-2 A-3 A-4 

Pile type 
Fundex 
450/560 

Fundex 
450/560 

Fundex 
450/560 

Fundex 
450/560 

Pile length (m) 27.0 26.0 23.2 23.5 

Max load from pile load test (kN) 3600 3240 3600 2160 

Max settlement from pile load test (mm) 4.9 6.2 22.0 50.7 

s/B (%) 0.9 1.1 3.9 9.1 

Max depth of CPT sounding (m) 20.7 20.33 22.67 22.67 

Max depth of CPTu sounding (m) 23.5 20.94 22.98 22.98 

Max depth of DPSH-A sounding (m) 23.6 26.0 23.6 23.6 

Max qc reading from CPT (MPa) 15.5 18.5 9.5 9.5 

Max qc reading from CPTu (MPa) 48.9 33.5 22.6 22.6 

Max N20 reading from DPSH-A 285 467 285 285 

 

The data presented in Table 12 show clearly that CPTu's soundings with a 

light-anchored machine penetrated to a greater depth than CPT soundings car-

ried out with a heavy truck. Additionally, it is evident that the qc values for all 

CPTu soundings exceed those recorded for CPT soundings. Moreover, it is evi-

dent from Table 12 that the DPSH-A soundings consistently achieved greater 

depths compared to the CPTu soundings (Publication 1). 

7.1.2 Sounding data 

DCPT tests 

Thirteen DPSH-A soundings were conducted at the Ahtri site approximately one 

year prior to the commencement of piling work. Out of these thirteen soundings, 

two DCPT probings (DPSH-A-DP 5 and DPSH-A-DP 8) were included in the 

work, specifically carried out in close proximity to the tested piles. In order to 

account for the weight of the growing rods and subsequently reduce the impact 

energy, the number of blows required to penetrate 200 mm was adjusted. How-

ever, due to the dense subsoil, it was not possible to probe DPSH-A deeper than 

the pile base. The distance between the tested piles and DPSH-A soundings var-

ied between 8.1 and 20.0 metres. The precise locations of the test points can be 

observed in Figure 34. The results of the two DCPT tests, together with a de-

scription of the soils, are shown in Figure 36. 
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Figure 36. Soil description and the results of DPSH-A tests at the Ahtri site with tested piles. 
DPSH-A-DP 5 (blue) and DPSH-A-DP 8 (green). N20, the number of blows per 200 mm. 

CPT and CPTu tests 

Ten CPTu soundings were conducted at the Ahtri site before the piles were 

erected. Piezocone tests were performed. The cone allowed determining the 

base and side resistance, pore water pressure and cone inclination. During these 

investigations, the measurement of pore pressure was solely conducted for the 

purpose of the dissipation test. A total of three sounding points (CPT2, CPT3 

and CPT4) were included in the analysis. As a part of the supplementary studies 

conducted in 2019, four (referred to as SCPTU-A1, SCPTU-A2, SCPTU-A3 and 

SCPTU-A4) SCPTu soundings were performed at the Ahtri site. The machine 

used for sounding is described in sections 6.3.1 and 6.3.4. These soundings were 

specifically conducted between the piles. The minimum distance between the 

centre of the piles and the three SCPTu sounding points varied from 1.8 to 2.7 

metres. A fourth SCPTu testing point (SCPTu-A3) was situated at a distance ex-

ceeding 5.5 metres from the piles. The purpose of sounding SCPTu-A3 was to 

compare the results obtained from the other three SCPTu tests and the previ-

ously conducted CPT tests, as shown in Figure 34. The profiles of qt, fs, Rf and 

u2, which are representative of the Ahtri site soils, are illustrated in Figure 24. 
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At the Ahtri site, the SCPTu soundings were carried out before the piles were 

installed, whereas the CPTu soundings were executed between the piles five 

years later. This raises the question of whether there are significant variations 

in the CPTu sounding results between the piles compared to the previously con-

ducted CPT data. To investigate this, the closest CPT and CPTu sounding results 

were examined side by side, as illustrated in Figures 37 and 38. In the compar-

ison of CPTu readings, the designation CPTu-A1 to CPTu-A4 has been used in-

stead of SCPTU-A1 to SCPTU-A4. 

The majority of CPT and CPTu tests yield similar cone resistance values, ex-

cept for CPTu-A2, which presents notable differences (see Figures 37 and 38). 

It is important to highlight that the sounding point for CPTu-A2 is situated clos-

est to the previously installed piles. The installation of these piles has resulted 

in an increase of soil density. As a result, both cone resistance and sleeve friction 

values have increased. These alterations must be taken into consideration when 

assessing the load-bearing capacity of pile A-2 relying on the data derived from 

CPTu-A2 (Publication 1). 

 

 

Figure 37. Values of CPT and CPTu cone resistance at the Ahtri site. qc, cone resistance (Publi-
cation 1). 
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Figure 38. Values of CPT and CPTu sleeve friction at the Ahtri site. fs, sleeve friction (Publication 
1). 

SCPTu tests 

In 2019, a total of four SCPTu soundings were carried out at the Ahtri site, with 

a maximum depth of 23.5 metres. The machine used for sounding is described 

in section6.3.1 and 6.3.4. These soundings were conducted thirteen years after 

the installation of the piles. The distance between the tested piles and SCPTu 

soundings varied from 3 to 28 metres, as illustrated in Figure 34. It is worth 

noting that the readings obtained from the sounding CPTU-A2 differed signifi-

cantly from those of the other CPT soundings, as illustrated in Figures 37 and 

38. Consequently, the data from CPTU-A2 sounding were not included in the 

SCPTu figures and analyses. Furthermore, it is important to mention that the 

SCPTu soundings only reached the bottom plane of two piles. None of the 

SCPTu soundings managed to penetrate deeper than the bottom of the pile. The 

results of three SCPTu soundings are shown in Figure 39 (Publication 3). 
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Figure 39. Results of the piezocone test at the Ahtri site. qt, cone resistance corrected for the 
pore pressure effects; fs, sleeve friction; u2, pore pressure; Vs shear wave velocity (Publication 3). 

7.2 Paldiski mnt test site 

The Paldiski mnt test site, situated in the northern region of Estonia, is located 

on the western side of Tallinn, as indicated in Figure 40 (Map applications of 

the Estonian Land Board, 2024). This site is positioned above Quaternary sedi-

ments that conceal old valleys. Within the Paldiski mnt site, there are various 

deposits including marine, lacustrine and alluvial deposits, consisting of clay, 

silty clay, sand and silty sand. The test site's hard stratum extends to a consid-

erable depth of several dozens of metres (Figure 41). Figure 41 provides a depic-

tion of a rigid stratum with consistent height lines, along with the precise loca-

tion of the designated test site (Map applications of the Estonian Land Board, 

2024). Additionally, the map showcases an obscured ancient valley region, rep-

resented by a pink fiddle-shaped symbol. A total of the in-situ tests carried out 

on the Paldiski mnt test site is shown in Table 13. 

Table 13. Summary of in situ-tests carried out on the Paldiski mnt test site. 

Test name Number 

Static axial pile load test with Fundex 350/450 pile 3 

DCPT (DPSH-A) 2 

SCPTu 2 

 

The Paldiski mnt site is positioned on the slope of the buried Kopli valley. At 

this site, the presence of alternating strata consisting of clay and silty soils can 

be observed. These layers are of varying thickness, ranging from 6.4 to 7.0 me-

tres. Below these layers, there exists a deposit of clayey silt, measuring 6.2 to 

11.0 metres in thickness, followed by a dense silty fine sand layer with a thick-

ness of 2.6 to 6.8 metres. The natural water content of the clayey silt falls within 
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the range of 24.3% to 29.5%. The silty sand contains weak interlayers. Starting 

from a depth of 19.2 to 22.6 metres, a layer of fine sand is present. The water 

table is situated 1.0 to 1.7 metres below the ground surface. 

Figure 42 presents the plan of the Paldiski mnt site, highlighting the presence 

of tested piles (SLT) and sounding points. It is important to mention that the 

SCPTu soundings were conducted after the completion of the building, leading 

to their location being situated 17 to 47 metres away from the test piles. 

 

 

Figure 40. The location of the research point in Tallinn (Map applications of the Estonian Land 
Board, 2024). The red mark indicates the location of 81 Paldiski mnt. 
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Figure 41. Hard stratum relief around the survey site. (Map applications of the Estonian Land 
Board, 2024). The red mark indicates the location of 81 Paldiski mnt. 

 

 

Figure 42. Site plan of 81 Paldiski mnt with tested piles (SLT) and sounding points. DPSH-A-LP 
points indicate dynamic probing positions. SCPTU-P1 and SCPTU-P2 indicate seismic CPTu 
soundings. Distances are shown in metres (modified after Publication 2). 

7.2.1 Static pile load test data 

In 2015 the Fundex 350/450 test pile at the Paldiski mnt test site experienced 

the highest load of 1200 kN. The settlement of the pile head ranged from 6.3 to 

15 mm. The test piles at the site were subjected to testing two to three weeks 

after their installation, before the entire pile field was constructed. To determine 
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the ultimate capacity of the piles, Chin's (1970) extrapolation method and load-

settlement curve were employed. Pile loads were taken into account during the 

analysis, leading to a settlement equal to 10% of the diameter of the pile base. 

The extrapolation results for all three piles can be found in Figure 43. 

 

 

Figure 43. Load-displacement curve of the pile load test and the extrapolation results for the piles 
at the Paldiski mnt site. 

Table 14 presents a comprehensive comparison of the lengths of the tested 

piles, their maximum loads, settlement, maximum sounding readings and 

depths of the soundings. Also, the sounding data that closely correspond to each 

pile are presented below it (Publication 1). 

Table 14. Summary of pile case records with the pile load test data at the Paldiski mnt site (modi-
fied after Publication 1). 

Pile name P-1 P-2 P-3 

Pile type 
Fundex 
350/450 

Fundex 
350/450 

Fundex 
350/450 

Pile length (m) 15.5 15.5 15.0 

Max load from pile load test (kN) 1200 1200 1200 

Max settlement from pile load test (mm) 6.3 6.5 15.0 

s/B (%) 1.4 1.4 3.3 

Max depth of CPTu sounding (m) 18.98 19.82 19.82 

Max depth of DPSH-A sounding (m) 24.41 23.6 22.4 

Max qc reading from CPTu (MPa) 37.4 33.2 33.2 

Max N20 reading from DPSH-A 123 111 165 
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7.2.2 Sounding data 

 

DCPT tests 

Six DPSH-A soundings were executed two weeks prior to the installation of the 

testing piles. Three DCPT probings were included in the work out of the six car-

ried out near the tested piles. The depth of the soundings exceeded the diameter 

of the pile base at minimum of 15 times. The distance between the tested piles 

and DPSH-A soundings ranged from 5.8 to 13.0 metres. The exact positioning 

of the test points is depicted in Figure 42. The description of the soils is comple-

mented by the inclusion of DSPT sounding graphs (Figure 44). 

 

 

Figure 44. Soil description and the results of DPSH-A tests at the Paldiski mnt site with tested 
piles. DPSH-A-LP 1 (blue), DPSH-A-LP 4 (green) and DPSH-A-LP 6 (red). N20, the number of 
blows per 200 mm. 

SCPTu tests 

Two SCPTu soundings were executed near the two opposite sides of the finished 

building in 2019. These soundings took place after a period of four and a half 

years following the installation of the piles. The distance between the tested 
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piles and SCPTu soundings ranged from 17 to 47 metres, as indicated in Figure 

42. It is important to highlight that the soundings reached at least3 metres be-

low the pile base. The results of the two SCPTu soundings are shown in Figure 

45 (Publication 3). 

 

 

Figure 45.  Soil description and the results of SCPTu tests P1 (blue figures) and P2 (red figures) 
at the Paldiski mnt site. qt, cone resistance corrected for the pore pressure effects; fs, sleeve 
friction; u2, pore pressure; Vs shear wave velocity (Publication 3). 

7.3 Soodi test site 

Located in the northern region of Estonia, the Soodi test site is positioned on 

the western side of Tallinn (Map applications of the Estonian Land Board, 

2024), as illustrated in Figure 46. This site is situated above a buried ancient 

valley that is concealed beneath Quaternary sediments. The sedimentary depos-

its found in this area consist of marine, lacustrine and alluvial formations, which 

are composed of varying layers of clay, silty clay, sand and silty sand. The first 

4.1 metres of the deposits primarily comprise alternating layers of silty sand and 

sandy silt. At a depth of 11.7–11.9 metres, sand and silty sand deposits reemerge. 

Throughout the site, the layers of soft clayey and silty soil alternate. A hard stra-

tum consisting of gravel/moraine is encountered at a depth of nearly 30 metres. 

The groundwater table at this location varies between 0.05 and 0.65 metres be-

low the ground surface. The depiction in Figure 47 reveals the presence of a rigid 

stratum exhibiting consistent height lines, accompanied by the precise place-

ment of the designated test site (Map applications of the Estonian Land Board, 

2024). The map showcases an obscured ancient valley region, denoted by a pink 

fiddle-shaped symbol. This specific area encompasses the Kopli klint bay. All 

the in-situ tests carried out at the Soodi test site are shown in Table 15. 
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Table 15. Summary of in situ tests carried out on the Soodi test site. 

Test name Number 

Static axial pile load test with DSP pile 2 

Static axial pile load test with FTP pile 2 

CPTu 2 

SCPTu 1 

SDT 2 

 

 For a visual representation of the sounding points and tested piles, refer to 

Figure 48. Prior to the installation of the test piles, the SDT soundings SLP9 and 

SLP10 were performed. In contrast, the CPTu soundings were assembled after 

the building was constructed, resulting in their location being more than 46 me-

tres away from the test piles. 

 

 

Figure 46. The location of the research point in Tallinn (Map applications of the Estonian Land 
Board, 2024). The red mark indicates the location of 4 Soodi Street. 
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Figure 47. Hard stratum relief around the survey site (Map applications of the Estonian Land 
Board, 2024). The red mark indicates the location of Soodi street 4. 

 

 

Figure 48. Site map with the tested piles and sounding points. CPTU-S1 and CPTU-S2 indicate 
CPTu soundings and SCPTU-S3 indicates seismic CPTu sounding. SLP9 and SLP10 indicate 
SDT soundings. The pile symbols are S-1 to S-4, and the type of pile is shown next to the name 
of the tested piles. The dimensions given in the map are in metres (modified after Publication 2).  
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7.3.1 Static pile load test data 

Four static pile load tests were carried out in 2016. The tested piles ranged in 

length from 11.34 to 12.69 metres. The two pile types that were subjected to test-

ing were the Bauer full displacement pile (FDP) and displacement pile (DSP). 

Both types of test piles were subjected to a maximum load of 1870 kN, which 

represents 83.7–98.8% of their ultimate capacity. The settlement of the pile 

head ranged from 17.0 to 35.3 mm. The testing of the piles took place two to 

three weeks after their installation. To determine the ultimate pile capacity, 

Chin's (1970) extrapolation method and load-settlement curve were utilized, 

considering that the piles were loaded with a settlement equal to 10% of their 

nominal diameter. The extrapolation results for all four piles are summarized in 

Figure 49. 

 

 

Figure 49. Load-displacement curve of the pile load test and the extrapolation results for the four 
piles at the Soodi site (modified after Publication 2). 

The presentation in Table 16 provides a comprehensive overview of the tested 

piles, including their lengths, maximum loads and settlement. Additionally, it 

includes the values of the maximum sounding readings and the depths of the 

soundings. The sounding data that closely correspond to each pile are presented 

below it (Publication 2). 

Table 16. Pile case records summary with the pile load test data at the Soodi site (modified after 
Publication 2). 

Pile name S-1 S-2 S-3 S-4 

Pile type DSP 406/520 DSP 406/520 FDP 440 FDP 440 

Pile length (m) 12.69 11.34 12.39 12.5 
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Max load from pile load test (kN) 1870 1700 1870 1870 

Max settlement from pile load test (mm) 35.3 22.8 17.0 22.7 

s/B (%) 6.8 4.4 3.9 5.2 

Max depth of CPTu sounding (m) 25.18 25.18 25.18 25.18 

Max depth of SDT sounding (m) 21.49 21.13 21.3 21.3 

Max qc reading from CPTu (MPa) 21.7 21.7 21.7 21.7 

Max qc reading from SDT (MPa) 11.1 14.5 14.5 14.5 

Max N20 reading from SDT 15 26 26 26 

 

7.3.2 Sounding data 

CPTu tests 

In the year 2019, two CPTu soundings were conducted. The machine used for 

sounding is described in Sections 6.3.1 and 6.3.4. The locations of the study 

points can be observed in Figure 48. The distance between the CPTu sounding 

points and test piles varied between 45 and 75 metres. Figure 50 illustrates the 

profiles of the corrected cone resistance (qt), unit sleeve friction resistance (fs), 

friction ratio (Rf) and pore pressure measured behind the cone (u2). To the left 

of the sounding results descriptions of the soils are presented. Sounding S1, 

which reached a depth of 25.2 metres, is represented in blue. Sounding S2, 

which reached a depth of 20.4 metres, is marked in red. The soils predominantly 

consist of various mixtures of silt. The pore water pressure image encompasses 

the water table and the in-situ pore pressure (u0) profile (Publication 2). 

 

 

Figure 50. Soil description and the results of CPTu tests S1 (blue) and S2 (red) at the Soodi site. 
qt, cone resistance corrected for the pore pressure effects with tested piles; fs, sleeve friction; Rf, 
friction ratio; u2, pore pressure (Publication 2). 
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SDT tests 

In spring 2015, SDT soundings were carried out using the GM 65 GTT unit, fol-

lowing the instructions provided by Melander (1989). A total of 10 soundings 

were conducted, and the results from the two soundings (SLP9 and SLP10) that 

were closest to the tested piles were utilized. The distance between the piles and 

the nearest sounding point ranged from 2.9 to 8.8 metres, as depicted in Figure 

48. The depths of the SDT soundings SLP9 and SLP10 were recorded as 21.13 

and 21.49 meters, respectively. The findings from the soundings, along with the 

description of the soils, can be observed in Figure 51.  

The left figure illustrates the outcomes obtained from SLP9, showcasing the 

clear distinction between static penetration (qc-SDT) and dynamic penetration 

(N20-SDT) in the SDT test. The middle figure presents the combined results of 

SLP9 and SLP10 tests (qc-SDT + N20-SDT), along with the qc values obtained 

from these tests (qc-SDT-CPT) after the application of Formulas 12 to 15. The 

rightmost figure compares the qc values derived from the results of SLP9 and 

SLP10 (qc-SDT-CPT) with the CPTu tip resistance values of S1 and S2 (qc-CPTU) 

(Publication 2). 

 

 

Figure 51. SLP9 sounding results in the figure on the left. The results of SLP9 and SLP10 (qc-
SDT + N20-SDT) converted to the qc value of CPT (qc-SDT-CPT) in the middle. The results of 
SDT test compared with the CPTu test at the Soodi site on the right. qc-SDT, cone resistance 
from static readings of SDT; N20-SDT, cone resistance from dynamic readings of SDT; qc-SDT-
CPT, measured and derived qc values from SDT qc and N20 values; qc-CPTu, cone resistance 
from CPT (Publication 2). 

SCPTu tests 

In 2019, one SCPTu sounding was conducted at the Soodi site using the Geotech 

AB Nova cone.The distance between the tested piles and SCPTu sounding 

ranged from 45 to 75 metres, as shown in Figure 48. The sounding penetrated 
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to the depth of at least 7 metres below the pile base. The results of Vs, along with 

the soil description and CPTu readings, are presented in Figure 52 (Publication 

3). 

 

 

Figure 52.  Results of piezocone tests at the Soodi site. qt, cone resistance corrected for the pore 
pressure effects; fs, sleeve friction; u2, pore pressure; Vs shear wave velocity (Publication 3). 
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8. Comparison of axial capacity of the 
piles based on CPT and SPT direct 
methods  

8.1 Results of Ahtri site 

The calculations for pile A-2 were derived from the analysis of data collected 

from two CPTu points. The main objective of this analysis was to ascertain 

whether the results obtained from the probing conducted between the piles 

could be utilized as a foundation for determining the load-bearing capacity of 

the pile. Test CPTu-A2 was carried out between the piles, with the closest dis-

tance to the adjacent pile being 1.8 metres. Notably, this distance represented 

the shortest measurement between the survey points and the piles. Conversely, 

investigation point CPTu-A3 was positioned at a minimum distance of 5.5 me-

tres from the adjoining pile and 27.7 metres from the test pile A-2. 

The analysis of the data collected at the two research points reveals a remark-

able similarity in the outcomes. However, the most notable difference arises 

when employing the Eurocode 7 method (EN 1997-2:2007). This discrepancy, 

amounting to 12%, is clearly depicted in Figure 53. Additionally, Figure 53 pro-

vides a clear visual representation that if the result obtained through the direct 

method falls within a 20% range, it consistently remains within this threshold 

for both CPTu-A2 and CPTu-A3, with only a slight variation observed for the 

LCPC method. Consequently, the results obtained from the CPTu tests con-

ducted on the existing piles can be effectively used in the ongoing study. 

The findings presented in Tables 17 to 20 and Figure 54 highlight the wide-

ranging variations observed in the results obtained from the CPTu and CPT 

tests. These discrepancies can be attributed to the limitations inherent in the 

cone penetrometers used in the study. It is worth noting that the LCPC method 

exhibits the greatest level of variability, with a range of 96% when considering 

the results based on CPT data. The smallest degree of variability can be observed 

when employing the Nottingham and Schmertmann (1975, 1978) method and 

the Eurocode 7 (EN 1997-2:2007) method, both yielding results within a range 

of 64%. 

Table 18 and Figure 55 present the calculation outcomes for pile A-2 when the 

probing methods CPTU-A2 and CPTU-A3 were used. Figure 55 demonstrates 
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that the load capacity of pile A-2, determined using the Eurocode method and 

data from CPTU-A3, yields favourable results. 

 Considerable variations can be observed in the results obtained from the cal-

culations conducted using DPSH-A, particularly in terms of the minimum and 

maximum values. It is worth noting that the variability across all methods, ex-

cept for the results obtained from pile A-4 (Table 20), remains within 37%. 

Upon evaluating the data from three different piles (Tables 17 to 19 and Fig. 54), 

it becomes evident that the Briaud and Tucker (1988) method consistently pro-

vides results that are within 20% of the measured capacity. Additionally, all SPT 

methods employed in the study exhibit a satisfactory fit within the ±20% range 

at the Ahtri site (Publication 1). 

Table 17. Comparison between the static load test results and bearing capacity prediction for the 
test pile A-1. 

  Rb Rs Rc  Rcm/Rcp Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   6230 1.00 0 Measured  

Nottingham and Schmertmann 3690 1610 5193 1.20 -20 CPT CPTU-A1 

de Ruiter and Beringen (Dutch) 3690 898 4481 1.39 -39 CPT CPTU-A1 

LCPC (Bustamante) 3690 1670 5253 1.19 -19 CPT CPTU-A1 

EUROCODE 7 3690 1825 5408 1.15 -15 CPT CPTU-A1 

German method 2251 2148 4291 1.45 -45 CPT CPTU-A1 

Unicone method 3690 1495 5078 1.23 -23 CPTU CPTU-A1 

Nottingham and Schmertmann 3690 1557 5140 1.21 -21 CPT CPT3 

de Ruiter and Beringen (Dutch) 3690 926 4508 1.38 -38 CPT CPT3 

LCPC (Bustamante) 1718 1785 3396 1.83 -83 CPT CPT3 

EUROCODE 7 3054 2144 5091 1.22 -22 CPT CPT3 

German method 1983 2030 3905 1.60 -60 CPT CPT3 

Aoki & De`Alencer 3690 1163 4745 1.31 -31 DPSH-A DP5 

Meyerhof 3690 950 4533 1.37 -37 DPSH-A DP5 

Briaud & Tucker 3690 2631 6214 1.00 0 DPSH-A DP5 

Poulos, Martin, Decourt 3690 1022 4605 1.35 -35 DPSH-A DP5 

Decourt 3690 1327 4910 1.27 -27 DPSH-A DP5 

Shariatmadari 3690 1107 4690 1.33 -33 DPSH-A DP5 

 

Table 18. Comparison between the static load test results and bearing capacity prediction for the 
test pile A-2. 

  Rb Rs Rc  Rcm/Rcp Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   4266 1.00 0 Measured  

Nottingham and Schmertmann 3690 2626 6213 0.69 31 CPT CPTU-A2 
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de Ruiter and Beringen (Dutch) 3690 1164 4751 0.90 10 CPT CPTU-A2 

LCPC (Bustamante) 3296 2424 5617 0.76 24 CPT CPTU-A2 

EUROCODE 7 3690 3255 6842 0.62 38 CPT CPTU-A2 

German method 2251 2366 4514 0.95 5 CPT CPTU-A2 

Unicone method 2690 1813 5400 0.79 21 CPTU CPTU-A2 

Nottingham and Schmertmann 3690 1865 5451 0.78 22 CPT CPTU-A3 

de Ruiter and Beringen (Dutch) 3690 1152 4738 0.90 10 CPT CPTU-A3 

LCPC (Bustamante) 3195 1727 4818 0.89 11 CPT CPTU-A3 

EUROCODE 7 3690 2173 5759 0.74 26 CPT CPTU-A3 

German method 2250 2281 4429 0.96 4 CPT CPTU-A3 

Unicone method 3690 2010 5597 0.76 24 CPTU CPTU-A3 

Nottingham and Schmertmann 3690 1303 4890 0.87 13 CPT CPT2 

de Ruiter and Beringen (Dutch) 3690 833 4419 0.97 3 CPT CPT2 

LCPC (Bustamante) 2045 1543 3484 1.22 -22 CPT CPT2 

EUROCODE 7 3635 1651 5183 0.82 18 CPT CPT2 

German method 2050 1953 3899 1.09 -9 CPT CPT2 

Aoki & De`Alencer 3690 739 4326 0.99 1 DPSH-A DP8 

Meyerhof 3690 497 4084 1.04 -4 DPSH-A DP8 

Briaud & Tucker 3616 1761 5274 0.81 19 DPSH-A DP8 

Poulos, Martin, Decourt 3690 607 4194 1.02 -2 DPSH-A DP8 

Decourt 3690 929 4516 0.94 6 DPSH-A DP8 

Shariatmadari 3690 661 4248 1.00 0 DPSH-A DP8 

 

Table 19. Comparison between the static load test results and bearing capacity prediction for the 
test pile A-3. 

  Rb Rs Rc Rcm/Rcp  Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   4566 1.00 0 Measured  

Nottingham and Schmertmann 3690 885 4483 1.02 -2 CPT CPTU-A4 

de Ruiter and Beringen (Dutch) 3690 506 4104 1.11 -11 CPT CPTU-A4 

LCPC (Bustamante) 2228 1071 3206 1.42 -42 CPT CPTU-A4 

EUROCODE 7 3023 1303 4234 1.08 -8 CPT CPTU-A4 

German method 2194 1489 3592 1.27 -27 CPT CPTU-A4 

Unicone method 2075 1048 3031 1.51 -51 CPTU CPTU-A4 

Nottingham and Schmertmann 3148 697 3753 1.22 -22 CPT CPT4 

de Ruiter and Beringen (Dutch) 3148 436 3492 1.31 -31 CPT CPT4 

LCPC (Bustamante) 1945 757 2610 1.75 -75 CPT CPT4 

EUROCODE 7 2519 932 3359 1.36 -36 CPT CPT4 

German method 1471 1373 2752 1.66 -66 CPT CPT4 

Aoki & De`Alencer 3690 688 4286 1.07 -7 DPSH-A DP5 

Meyerhof 3690 475 4073 1.12 -12 DPSH-A DP5 

Briaud & Tucker 3690 1722 5322 0.86 14 DPSH-A DP5 

Poulos, Martin, Decourt 3690 547 4145 1.10 -10 DPSH-A DP5 
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Decourt 3690 852 4450 1.03 -3 DPSH-A DP5 

Shariatmadari 3690 632 4230 1.08 -8 DPSH-A DP5 

 

Table 20. Comparison between the static load test results and bearing capacity prediction for the 
test pile A-4. 

  Rb Rs Rc Rcm/Rcp  Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   2329 1.00 0 Measured  

Nottingham and Schmertmann 3690 885 4482 0.52 48 CPT CPTU-A4 

de Ruiter and Beringen (Dutch) 3690 560 4156 0.56 44 CPT CPTU-A4 

LCPC (Bustamante) 2227 1156 3290 0.71 29 CPT CPTU-A4 

EUROCODE 7 3259 1387 4554 0.51 49 CPT CPTU-A4 

German method 1649 1577 3133 0.74 26 CPT CPTU-A4 

Unicone method 2179 1109 3194 0.73 27 CPTU CPTU-A4 

Nottingham and Schmertmann 3372 795 4074 0.57 43 CPT CPT4 

de Ruiter and Beringen (Dutch) 3372 484 3763 0.62 38 CPT CPT4 

LCPC (Bustamante) 1945 822 2674 0.87 13 CPT CPT4 

EUROCODE 7 2698 1031 3635 0.64 36 CPT CPT4 

German method 1471 1465 2843 0.82 18 CPT CPT4 

Aoki & De`Alencer 3690 754 4352 0.54 46 DPSH-A DP5 

Meyerhof 3690 543 4140 0.56 44 DPSH-A DP5 

Briaud & Tucker 3690 1860 5456 0.43 57 DPSH-A DP5 

Poulos, Martin, Decourt 3690 615 4212 0.55 45 DPSH-A DP5 

Decourt 3690 920 4517 0.52 48 DPSH-A DP5 

Shariatmadari 3690 700 4297 0.54 46 DPSH-A DP5 
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Figure 53. Comparison of the absolute difference between the measured and the predicted ca-
pacity for pile A-2 based on CPTu soundings A2 and A3 at the Ahtri site (Publication 1). 
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Figure 54. Comparison of the measured and the predicted capacity for piles at the Ahtri site (Pub-
lication 1). 

 

Figure 55. Comparison of the absolute difference between the measured and the predicted ca-

pacity for piles at the Ahtri site; +, overestimates; −, underestimates (modified after Publication 

1). 
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8.2 Results from the Paldiski mnt site 

The Paldiski mnt site exhibited a significantly smaller variability among differ-

ent piles in results based on CPT methods compared to the Ahtri site. This is 

evident from the data presented in Tables 21 to 23 and Figures 56 and 57. The 

load-bearing capacity of the pile was clearly overestimated by both the Notting-

ham and Schmertmann (1975, 1978) method and the Eurocode 7 (EN 1997-

2:2007) method, with none of the calculated values falling within the 20% 

range. Similarly, the de Ruiter and Beringen (1979) method and the Unicone 

(1997) method tended to overestimate the capacity of the piles. However, the 

LCPC method yielded results that were closest to the measured values, with all 

the results falling within 20% of the measured capacity. Additionally, the Ger-

man (2013) method produced outcomes that were quite similar to the results 

obtained from the pile load test. 

The direct SPT methods yielded more varied results compared to the CPT 

methods. Among the SPT methods, the Shariatmadar (2008) method exhibited 

the highest variability, with none of its values falling within the 20% range. On 

the other hand, the Meyerhof (1976) method produced outcomes with the least 

variability, although none of its results fell within the 20% range and tended to 

overestimate the pile capacity. In terms of accuracy, the Briaud and Tucker 

(1988) method provided the closest results to the pile load test outcomes. The 

calculations for piles P-1 and P-2 with applying the Briaud and Tucker (1988) 

and Aoki and De'Alencer (1975) methods were considerably accurate. However, 

both methods resulted in calculations for pile P-3 that were outside the 20% 

range, with the Aoki and De'Alencer (1975) method also tending to overestimate 

the pile capacity. Only the Poulos, Martin and Decourt (1989, 1987, 1982) 

method and the Decourt (1995) method predicted that pile P-3 would fall within 

the 20% range. Additionally, Figure 56 illustrates that the Poulos, Martin and 

Decourt (1989, 1987, 1982) method tended to underestimate the pile capacity. 

At the Paldiski mnt site, three CPT, one CPTu and two SPT methods produced 

results that fit within the 20% ± 20% range (Publication 1). 

Table 21. Comparison between the static load test results and bearing capacity prediction for the 
test pile P-1. 

  Rb Rs Rc  Rcm/Rcp Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   1754 1.00 0 Measured  

Nottingham and Schmertmann 2385 967 3315 0.53 47 CPT CPTU-P2 

de Ruiter and Beringen (Dutch) 2385 429 2777 0.63 37 CPT CPTU-P2 

LCPC (Bustamante) 1073 936 1972 0.89 11 CPT CPTU-P2 

EUROCODE 7 1880 1288 3131 0.56 44 CPT CPTU-P2 

German method 1434 975 2372 0.74 26 CPT CPTU-P2 

Unicone method 2156 531 2650 0.66 34 CPTU CPTU-P2 
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Aoki & De`Alencer 1333 693 1989 0.88 12 DPSH-A LP1 

Meyerhof 847 345 1155 1.52 -52 DPSH-A LP1 

Briaud & Tucker 1110 751 1824 0.96 4 DPSH-A LP1 

Poulos, Martin, Decourt 816 417 1196 1.47 -47 DPSH-A LP1 

Decourt 758 647 1368 1.28 -28 DPSH-A LP1 

Shariatmadari 705 588 1256 1.40 -40 DPSH-A LP1 

 

Table 22. Comparison between the static load test results and bearing capacity prediction for the 
test pile P-2. 

  Rb Rs Rc  Rcm/Rcp Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   2075 1.00 0 Measured  

Nottingham and Schmertmann 2006 850 2819 0.74 26 CPT CPTU-P1 

de Ruiter and Beringen (Dutch) 2006 380 2349 0.88 12 CPT CPTU-P1 

LCPC (Bustamante) 903 998 1864 1.11 -11 CPT CPTU-P1 

EUROCODE 7 1549 1304 2816 0.74 26 CPT CPTU-P1 

German method 1046 924 1933 1.07 -7 CPT CPTU-P1 

Unicone method 1550 641 2154 0.96 4 CPTU CPTU-P1 

Aoki & De`Alencer 1658 676 2297 0.90 10 DPSH-A LP4 

Meyerhof 1035 336 1334 1.56 -56 DPSH-A LP4 

Briaud & Tucker 1166 746 1875 1.11 -11 DPSH-A LP4 

Poulos, Martin, Decourt 1016 407 1386 1.50 -50 DPSH-A LP4 

Decourt 943 635 1541 1.35 -35 DPSH-A LP4 

Shariatmadari 932 577 1472 1.41 -41 DPSH-A LP4 

 

Table 23. Comparison between the static load test results and bearing capacity prediction for the 
test pile P-3. 

  Rb Rs Rc  Rcm/Rcp Absolute Basis  Soun-
ding 
ID 

Method (kN) (kN) (kN)  

Diffe-
rence 
(%)  

Static Loading Test (s/B=10%)   1517 1.00 0 Measured  

Nottingham and Schmertmann 1886 835 2685 0.56 44 CPT CPTU-P1 

de Ruiter and Beringen (Dutch) 1886 410 2260 0.67 33 CPT CPTU-P1 

LCPC (Bustamante) 921 959 1844 0.82 18 CPT CPTU-P1 

EUROCODE 7 1228 1262 2454 0.62 38 CPT CPTU-P1 

German method 1069 904 1937 0.78 22 CPT CPTU-P1 

Unicone method 1443 571 1978 0.77 23 CPTU CPTU-P1 

Aoki & De`Alencer 2385 923 3272 0.46 54 DPSH-A LP6 

Meyerhof 2135 460 2559 0.59 41 DPSH-A LP6 

Briaud & Tucker 1391 800 2155 0.70 30 DPSH-A LP6 

Poulos, Martin, Decourt 1577 481 2022 0.75 25 DPSH-A LP6 

Decourt 943 801 1708 0.89 11 DPSH-A LP6 
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Shariatmadari 2007 836 2807 0.54 46 DPSH-A LP6 

 

 

 

Figure 56. Comparison of the measured and predicted capacity for piles at the Paldiski mnt site 
(Publication 1). 

 

Figure 57. Comparison of the absolute difference between the measured and predicted capacity 

for the piles at the Paldiski mnt site; +, overestimates; −, underestimates (modified after Publica-

tion 1). 
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8.3 Results from the Soodi site 

The load-bearing capacities of the piles were initially assessed individually using 

the data obtained from both CPTu soundings positioned close to each other with 

a gap of 8.8 metres (Figure 48). Subsequently, an evaluation of the load-bearing 

capacity of the piles was conducted by considering the average values derived 

from the CPTU-S1 (S1) and CPTU-S2 (S2) data. In this analysis, the thicknesses 

of the soil layers were determined based on the information obtained from the 

S2 data. The average values of the SLP9 and SLP10 data were also considered, 

and the thickness of each layer was determined based on the SLP9 probing data. 

The findings of the four piles in terms of the absolute differences in bearing 

capacity, as determined by CPTu soundings S1 and S2 individually, are consoli-

dated in Figure 58. The calculation techniques, based on the type of sounding 

test employed, are depicted on the horizontal axis in Figure 58. On the vertical 

axis, the absolute percentage difference between the projected and computed 

capacities is illustrated. The capacities determined from soundings S1 and S2 

are presented side by side in pairs, allowing for a comprehensive analysis of 

their variations. 

The hatching in Figure 58 serves as a visual representation of the ±10% and 

±20% regions. The method's effectiveness is determined by the number of re-

sults falling within these regions. Figure 58 illustrates the outcomes of sound-

ings S1 and S2 for pile S-3 performed employing the Nottingham and 

Schmertman method (1975, 1978). The same principle was applied to calculate 

the differences in the results of all four piles, as presented in Table 24. The bot-

tom row of the table clearly indicates that the disparities range from 14.2% to 

19.9% based on the results of the two CPTu soundings. The minimum difference 

observed is 5.2%, while the maximum difference amounts to 33.1%. 

In the subsequent analysis of the load-bearing capacity of the piles, the aver-

age values of S1 and S2 were employed. Additionally, also the average values of 

SLP9 and SLP10 were used for this purpose. 
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Figure 58. Comparison of the measured and predicted capacity for the piles at the Soodi site 
based on CPTU-S1 and CPTU-S2; + overestimates, - underestimates (Publication 2). 

Table 24. Absolute percentage difference in the load-bearing capacities of four piles as the dis-
tinction between the results based on the CPTU-S1 and CPTU-S2 soundings (modified after Pub-
lication 2). 

Method S-1 
DSP406/520 

(%) 

S-2 
DSP406/520 

(%) 

S-3 
FDP-
440 
(%) 

S-4 
 FDP-
440 
(%) 

 

Nottingham and Schmertmann (1975, 

1978) 18.2 22.0 33.1 31.0 

de Ruiter and Beringen (Dutch, 1979) 13.3 16.5 21.9 20.8 

LCPC (1982; 1997) 20.2 15.6 10.2 22.8 

EUROCODE 7 (EN 1997-2:2007) 15.5 17.6 19.6 13.9 

German method (EA-Pfähle, 2014) 5.2 12.4 15.6 16.4 

Unicone method (1997) 13.1 13.7 12.6 14.2 

Average 14.2 16.3 18.9 19.9 

 

The load-bearing capacity of the four piles determined applying all the em-

ployed techniques is illustrated in, Tables 25 to 28 and Figures 59 to 61 based 

on the average sounding outcomes e. These results were compared to the meas-

ured outcomes obtained from four static pile load tests. Moreover, the notewor-

thy findings are indicated by a yellow circle in Figure 59. Figures 60 and 61 pre-

sent the identical results in terms of the absolute percentage difference between 
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the projected and computed capacities based on CPTu and SDT data, respec-

tively.  

The Eurocode 7 (EN 1997-2:2007) method demonstrates the highest level of 

agreement with the obtained results. Additionally, this method proved to be 

highly consistent when sounding data obtained by both the CPT and the SDT 

were used. The majority of the results obtained through the Eurocode 7 (EN 

1997-2:2007) method fall within or near the ±10% range. The largest absolute 

difference recorded was 13%. 

The two types of piles yielded significantly dissimilar results when analysed 

using different methods. Specifically, the results obtained from the DSP piles 

tended to overestimate the measured capacity. On the other hand, the calculated 

capacities of most FDP piles underestimated the measured values. Among the 

different methods used, the de Ruiter and Beringen (1979) method showed the 

highest overestimation for the DSP piles, with a margin of 28%. However, all 

other methods provided results within the range of ±20% for the DSP pile. In 

contrast, the LCPC method and the Unicone (1997) method exhibited the high-

est underestimation of the load-bearing capacity for the FDP piles, with absolute 

differences of 59% and 66%, respectively. 

Moreover, both the LCPC method and Unicone (1997) method consistently 

underestimated the load-bearing capacity of all four piles when compared to the 

actual measured capacity. Figures 59 to 61 provide evidence that the LCPC 

method, along with the Eurocode method and the German method, yielded 

highly comparable results when the CPT and SDT sounding data were em-

ployed. The load-bearing capacity of the FDP piles exhibited a variation within 

a ±10% range when the de Ruiter and Beringen (1979) method and the Eurocode 

7 (EN 1997-2:2007) method were used. The variability in the load-bearing ca-

pacity ranged from –7% to 5% and –5% to 6%, respectively (Publication 2). 

Table 25. Comparison between the static load test results and bearing capacity prediction for the 
test pile S-1 (DSP406/520). 

  Rb Rs Rc Rcm/Rcp Absolute Basis 

Method (kN) (kN) (kN)  Difference (%)  

Static Loading Test (s/B=10%)   1965 1.00 Measured  

Nottingham and Schmertmann 2012 366 2377 0.83 17 CPT 

de Ruiter and Beringen (Dutch) 2012 702 2673 0.74 26 CPT 

LCPC (Bustamante) 1275 664 1898 1.04 -4 CPT 

EUROCODE 7 1436 770 2206 0.89 11 CPT 

German method 1619 675 2295 0.86 14 CPT 

Unicone method 1042 668 1669 1.18 -18 CPTu 

LCPC (Bustamante) 1087 682 1728 1.14 -14 SDT 

EUROCODE 7 1234 1039 2232 0.88 12 SDT 

German method 1395 746 2100 0.94 6 SDT 
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Table 26. Comparison between the static load test results and bearing capacity prediction for the 
test pile S-2 (DSP406/520). 

  Rb Rs Rc Rcm/Rcp  Absolute Basis 

Method (kN) (kN) (kN)  Difference (%)  

Static Loading Test (s/B=10%)   1892 1.00 Measured  

Nottingham and Schmertmann 1963 347 2309 0.82 18 CPT 

de Ruiter and Beringen (Dutch) 1963 702 2624 0.72 28 CPT 

LCPC (Bustamante) 1124 646 1729 1.09 -9 CPT 

EUROCODE 7 1421 742 2163 0.87 13 CPT 

German method 1503 646 2149 0.88 12 CPT 

Unicone method 1048 659 1667 1.13 -13 CPTu 

LCPC (Bustamante) 1165 661 1789 1.06 -6 SDT 

EUROCODE 7 1056 1010 2029 0.93 7 SDT 

German method 1309 727 1999 0.95 5 SDT 

 

Table 27. Comparison between the static load test results and bearing capacity prediction for the 
test pile S-3 (FDP440). 

  Rb Rs Rc Rcm/Rcp  Absolute Basis 

Method (kN) (kN) (kN)  Difference (%)  

Static Loading Test (s/B=10%)   2234 1.00 Measured  

Nottingham and Schmertmann 1358 365 1723 1.30 -30 CPT 

de Ruiter and Beringen (Dutch) 1358 776 2087 1.07 -7 CPT 

LCPC (Bustamante) 761 689 1403 1.59 -59 CPT 

EUROCODE 7 1331 788 2118 1.05 -5 CPT 

German method 1058 695 1753 1.27 -27 CPT 

Unicone method 910 482 1345 1.66 -66 CPTu 

LCPC (Bustamante) 796 704 1453 1.54 -54 SDT 

EUROCODE 7 1018 1076 2047 1.09 -9 SDT 

German method 972 776 1702 1.31 -31 SDT 

       

Table 28. Comparison between the static load test results and bearing capacity prediction for the 
test pile S-4 (FDP440). 

  Rb Rs Rc  Rcm/Rcp Absolute Basis 

Method (kN) (kN) (kN)  Difference (%)  

Static Loading Test (s/B=10%)   2030 1.00 Measured  

Nottingham and Schmertmann 1413 376 1788 1.14 -14 CPT 

de Ruiter and Beringen (Dutch) 1413 761 2126 0.95 5 CPT 

LCPC (Bustamante) 815 700 1467 1.38 -38 CPT 

EUROCODE 7 1352 805 2156 0.94 6 CPT 

German method 1096 700 1797 1.13 -13 CPT 

Unicone method 908 714 1575 1.29 -29 CPTu 
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LCPC (Bustamante) 813 717 1482 1.43 -43 SDT 

EUROCODE 7 992 1095 2039 1.04 -4 SDT 

German method 983 788 1724 1.23 -23 SDT 

 

 

Figure 59. Comparison of the measured and the predicted capacity for the piles at the Soodi site 
based on CPTU-S1 and CPTU-S2 average results (modified after Publication 1). 

 

Figure 60. Based on a comparison of CPTU-S1 and CPTU-S2 average results between pile 
types; + overestimates, - underestimates (Publication 2). 
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Figure 61. Based on a comparison of SLP9 and SLP10 average results between pile types; + 
overestimates, - underestimates (Publication 2). 

The evaluation of the pile shaft resistance involved analysis of the average 

findings from S1 and S2, as well as the SLP9 and SLP10 soundings. In terms of 

the five CPT methods and one CPTu method, the pile shaft resistance contrib-

uted up to 30% of the overall bearing capacity for DSP piles and 37% for FDP 

piles. By considering the average results from the two SDT soundings, the aver-

age values of the three CPT methods were determined to be 41% and 49% for 

DSP and FDP piles, respectively. The greater proportion of the bearing capacity 

at the base of the DSP piles can be explained by the larger diameter of the pile 

base in comparison to the pile shaft (Publication 2). 

8.3.1 Probabilistic and statistical capacity of the piles 

Figures 62 and 63 present a comparison between the average and MCS out-

comes, in relation to the 95% reliable estimate of the mean value and the 5% 

fractile measured and calculated pile bearing capacity absolute difference re-

sults obtained through the LCPC method. The data displayed in Figure 62 are 

derived from the CPTu soundings S1 and S2, while the results in Figure 63 are 

based on the SDT soundings SLP9 and SLP10. The analysis and evaluation of 

the results are conducted by considering the absolute differences between the 

various parameters. 

In contrast to the absolute difference, the MCS and characteristic values de-

rived from the S1 and S2 soundings exhibited a comparable pattern across all 

four piles. Notably, the largest disparity observed was 3%. When considering 

the S1 and S2 soundings obtained using average values, the outcomes were con-

sistently 3-8% lower than the MCS and characteristic values. Furthermore, the 
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Low 5 values obtained from these soundings were significantly lower, ranging 

from 43% to 132% below the RBD and characteristic values. 

The results derived from the SDT soundings SLP9 and SLP10 indicate a close 

similarity between the average values and the RBD values. Nevertheless, a slight 

discrepancy ranging from 1% to 3% is observed. Conversely, the characteristic 

values consistently exhibit a lower magnitude, approximately 5–11% lower than 

both the average and RBD values. It is worth noting that the lower 5% values 

display a significant reduction, ranging from 47% to 96%, when compared to the 

average and MCS values (Publication 2). 

 

 

Figure 62. Comparison of average (Average), Monte Carlo simulation (MCS), 95% reliable esti-
mate of the mean value (characteristic) and 5% fractile (Low 5) measured and calculated pile 
bearing capacity absolute difference values based on LCPC method based on CPTU-S1 or 
CPTU-S2 results comparison between pile types; + overestimates, - underestimates (Publication 
2). 
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Figure 63. Comparison of average (Average), Monte Carlo simulation (MCS), 95% reliable esti-
mate of the mean value (characteristic) and 5% fractile (Low 5) measured and calculated pile 
bearing capacity absolute difference values based on LCPC method based on SLP9 and SLP10 
results comparison between pile types; + overestimates, - underestimates (Publication 2). 
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9. Axial elastic response of single screw 
pile in silty soils based on SCPTu 
data   

9.1 Estimated versus measured load-displacement capacity of 
the screw pile 

The Gmax values were determined using the Vs values obtained from the sound-

ings SCPTu-A4, SCPTu-S1, SCP-Tu-P1 and SCPTu-P2. Formula 4 was utilized 

to calculate the Gmax values both along the pile and beneath the pile base.To as-

certain the mass density of the soil, CPTu readings were employed in accordance 

with Formula 6. It is important to note that the soil layers adjacent to the pile 

were considered as a single soil layer, wherein the increase in the Gmax value is 

dependent on the depth (Niazi and Mayne, 2015).  

The depth–Gmax data were compiled from all four soundings, and a best-fit 

line was determined (Figures 64 to 67). The soil surrounding the pile base was 

treated as a separate soil layer. The values of Gmax were determined based on the 

Vs values measured at the depth of the pile base. 

 

 

Figure 64. Depth–Gmax figures for SCPTu-A4 sounding with best-fit lines (Publication 3). 
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Figure 65. Depth–Gmax figures for SCPTu-P1 sounding with best-fit lines (Publication 3). 

 

Figure 66. Depth–Gmax figures for SCPTu-P2 sounding with best-fit lines (Publication 3). 

 

Figure 67. Depth–-Gmax figures for SCPTu-S1 sounding with best-fit lines (Publication 3). 
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The determination of the Q–w relationship for seven screw piles in silty soils 

was carried out using Formula 2. To conduct this analysis, different values were 

assigned to the variables f and g. The value of f was consistently set to 1, while 

the values of g varied and were selected as 0.2, 0.3 and 0.4. 

The Q–w curves for all seven piles are displayed in Figure 68, as static pile 

load tests were not conducted until pile failure. To extend these curves, Chin's 

(1970) extrapolation method was employed. At the Soodi site the last one to two 

Q–w values of piles were extrapolated. In the case of pile A-3, the extrapolation 

was applied to the last third of the Q–w curve values. Piles P-1 and P-3 had to 

be extrapolated with nearly half of the Q–w values (Figure 68). 

The extrapolated results that were closest to the measured values for most an-

alysed piles were obtained at a value of g = 0.4. This value provided a satisfac-

tory alignment with the measured values for the DSP piles (S-1 and S-2). How-

ever, for the FDP piles (S-3 and S-4), the use of g = 0.4 tended to underestimate 

the bearing capacity of the pile. On two out of three Fundex piles (A-3, P-1 and 

P-3), the Q–w curves showed a suitable alignment with the g = 0.4 line. There-

fore, it is justifiable to utilize g = 0.4 to derive the Q–w curve for Fundex piles 

in silty soils (Publication 3). 
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Figure 68. Estimated pile Q–w relationships found by Formulas 2 and 3 with g = 0.2, 0.3 and 0.4 
for all seven piles. The results are side-by-side with those of the static pile load test curves. The 
last parts of the pile load test curves were extrapolated using Chin’s method (Publication 3). 

9.2 Back-analysis of shear modulus from load tests 

The findings from the seven static pile load tests were utilized to conduct back-

calculations, which yielded a correlation (17) between the normalized operative 

shear stiffness (G/Gmax) and the normalized pseudo-strain (γp/γp-ref). The cur-

rent study conducted an analysis of a specific form of correlation, as previously 

presented by Niazi and Mayne (2015). This analysis involved the examination 

of 299 pile load tests at 61 different sites. In their research, Niazi and Mayne 

(2015) introduced a modified hyperbola, which was based on the curves devel-

oped by Vardanega and Bolton (2013). The proposed correlation (18) by Niazi 

and Mayne (2015) was established by considering the stiffness reduction ob-

served in the 299 pile load tests, which were obtained through a process of back-

analysis. The correlation involved the utilization of two parameters, namely co-

efficient α1 and exponent β1, which were used to identify the pile typology and 

installation methods. These parameters were further detailed in Table 29, where 

piles were categorized into four groups: driven, jacked, auger and bored cast in 

situ. The values of α1 and β1, obtained from the current study, were presented 

in the final line of Table 29. This correlation exhibited a coefficient of determi-

nation of R2 = 0.97, based on a dataset comprising 101 data points. The graphical 

representation of these results can be observed in Figure 69. 

The values presented in this study show a notable contrast to those proposed 

by Niazi and Mayne (2015). Figure 69 clearly demonstrates that the correlations 

established by Niazi and Mayne (2015) for different categories of piles signifi-

cantly deviate from the correlation suggested in this research for screw piles in 

silty soils. Specifically, screw piles exhibit a gradual decrease in shear stiffness 

within the initial range of γp/γp-ref <0.3, but this decrease becomes steeper for 

higher values. Moreover, Figure 69 also highlights that screw piles possess a su-

perior load-bearing capacity compared to the other types of piles mentioned, 

especially at small strains. These findings emphasize the necessity of incorpo-

rating a wider range of pile types in different soil conditions when developing 

similar correlations (Publication 3). 

Extrapolation can have a significant impact on the outcomes observed in the 

region of higher strains, specifically in the lower right quadrant of the diagram. 

Nevertheless, it is worth noting that the data obtained from various piles in this 

particular section of the graph exhibit minimal dispersion, as illustrated in Fig-

ure 69. Consequently, the correlations presented in this study yield favourable 

results and warrant careful consideration. 



 

 

 

 

106 

 

Figure 69. Correlation between normalized operative shear stiffness (G / Gmax) and normalized 
pseudo-strain (γp / 𝛾p-ref), where γp = wt / d and γp-ref = 0.01 (Publication 3). 

 

Current study  
𝐺

𝐺𝑚𝑎𝑥
=  

1

[1+1.108(
𝛾𝑝

𝛾𝑝−𝑟𝑒𝑓
)

1.58

]

.  (17) 

Niazi and Mayne (2015) 
𝐺

𝐺𝑚𝑎𝑥
=  

1

[1+3.634𝛼1(
𝛾𝑝

𝛾𝑝−𝑟𝑒𝑓
)

0.942𝛽1

]

. (18) 

 

Table 29. Coefficients and exponents for (G / Gmax) vs. normalized pseudo-strain (γp / 𝛾p-ref) formu-

lation (Formula 18) (modified after Publication 3). 

Pile classification α1 β1 

(type/installation method)     

Driven 0.837 1.068 

Jacked 0.648 1.247 

Auger 1.176 1.013 

Bored cast in situ 1.912 0.971 

Screw in-situ displacement (current study) 0.305 1.680 
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10. Empirical correlation results be-
tween Vs and CPTu in silty soils  

In conjunction with the measured Vs results presented in Table 10, the calcu-

lated values are derived from four empirical regression formulas sourced from 

the literature. These formulas are applied to all six SCPTu soundings and are 

visually depicted in Figures 70 and 71. The specific details of these correlations 

can be found in Table 6. However, due to the lack of strong agreement between 

the existing correlations and the dataset utilized in this study, three new corre-

lations have been introduced. The first relationship (19) proposed in this study 

applies fs values, while the second relationship (20) incorporates qc and u2 val-

ues. Both these correlations can be used simultaneously to compare the calcu-

lated Vs values. Additionally, a third correlation (21) is proposed which simulta-

neously utilizes both qt and fs values. The calculated Vs values obtained from 

Formulas 19 to 21 are also included in Figures 70 and 71. It is important to note 

that the Vs values obtained from these correlations are calculated based on CPTu 

readings taken at intervals of 20 mm and rounded to 1-metre-thick layers. The 

rounded layer interval aligns with the Vs measurements. 
 

Vs = 95.7· fs
0.155  (fs in kPa)    (19) 

Vs = 128.4· qt
0.169 (qt in MPa)    (20) 

Vs = 103.9· qt
0.058·  fs

0.107 (qt in MPa and fs in kPa)   (21) 
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Figure 70. Comparison of Vs as predicted from CPT-Vs correlations and as measured by SCPTu 
at the Ahtri site (Publication 3). 

 

 

Figure 71. Comparison of Vs as predicted from CPT-Vs correlations and as measured by SCPTu 
at the Paldiski and Soodi sites (Publication 3).  

Figures 72 to 78 display the plotted values of computed Vs against measured 

Vs, serving as a means to assess the performance of both existing and newly de-

rived functions. To determine the most accurate representation of the com-

puted/measured ratios of Vs, regression analyses were conducted on each set of 

results. These analyses aimed to establish the best-fit line, which indicates the 
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level of correlation between the computed and measured values. By obtaining 

the linear regression function and the corresponding coefficient of determina-

tion (R2) and coefficient of variation (COV), the quality of the correlation func-

tion can be evaluated. A higher R2 value signifies a closer alignment between the 

best-fit line and the ideal-fit line, indicating a stronger correlation. A low COV 

indicates that the data points are tightly clustered around the mean, leading to 

reduced variability. The R2 values obtained from these analyses are presented 

in Table 30 and in Figures 72 to 78. The COV values obtained from the analyses 

are depicted in Figures 72 to 78. 

Due to the lowest correlation observed in the Ahtri site's results, its data was 

subjected to separate analysis, whereas the data from the Paldiski and Soodi 

sites were analysed collectively. The Paldiski and Soodi sites yielded the most 

favourable results among all seven correlations. Among the available functions, 

the correlation proposed by Trevor et al. (2010) demonstrated the most prom-

ising outcomes when considering the data from the Paldiski and Soodi sites, as 

indicated by the R2 value and the best-fit line. This correlation yielded an R2 

value of 0.70. 

The correlations presented in this study demonstrate consistent findings for 

the Paldiski and Soodi sites, as indicated by the R2 and best-fit lines. Specifically, 

function (19) exhibits an R2 value of 0.55, function (20) has an R2 value of 0.69, 

and function (21) shows an R2 value of 0.61. However, when considering the 

results from all three sites, it is evident that all three correlations proposed in 

this paper yield the most favourable outcomes. Notably, functions (19) and (21) 

exhibit the highest R2 value of 0.33 for the data collected from all three sites. 

Additionally, functions (20) and (21) demonstrate the lowest COV value of 0.28 

for the data obtained from all three sites. Conversely, the Ahtri site displays the 

weakest correlation, with R2 values ranging from 0.10 to 0.17 across all seven 

correlations examined in this study. 

Table 30. Coefficient of determination (R2) for all seven correlations (modified after Publication 3). 

  
Name of test sites 
and number of data 
points 

Hegazy 
and 

Mayne 
(1995) 

Mayne 
(2006) 

Trevor 
et al. 

(2016) 

Holm-
sgaard et 
al. (2016)  

Current 
study 
based 
on fs 

(19) 

Current 
study 
based 
on qt 

(20) 

Current 
study ba-

sed on 
qt+fs 
(21) 

Ahtri+Paldiski+  
Soodi (n=106) 0.32 0.31 0.29 0.30 0.33 0.31 0.33 

Paldiski+Soodi (n=48) 0.55 0.51 0.70 0.71 0.55 0.69 0.61 

Ahtri (n=58) 0.16 0.17 0.10 0.11 0.17 0.11 0.16 

 

The results obtained from this study demonstrate a wide range of variability. 

Nevertheless, the correlation suggested yields similar outcomes when compared 

to the measured Vs values at all three sites, as illustrated in Figures 70 and 71. 

Notably, a significant discrepancy was observed exclusively in the CPTu-A1, 

CPTu-A3, and CPTu-A4 soundings that exceeded a depth of 14 metres at the 
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Ahtri site. The correlations proposed by Hegazy and Mayne (1995) and Mayne 

(2006) exhibited substantial fluctuations at these three specific investigation 

points. However, in the remaining third of the study points, these correlations 

did not exhibit a satisfactory level of consistency. The correlation suggested by 

Holmsgaard et al. (2016) indicated a substantial overlap within a small subset 

of study points. 

 

 

Figure 72.  Evaluation of correlation by Hegazy and Mayne (1995) between computed and meas-
ured shear wave velocity Vs for silty soils (Publication 3). 

 

Figure 73. Evaluation of correlation by Mayne (2006) between computed and measured shear 
wave velocity Vs for silty soils (Publication 3). 
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Figure 74. Evaluation of correlation by Trevor et al. (2010) between computed and measured 
shear wave velocity Vs for silty soils (Publication 3). 

 

Figure 75. Evaluation of correlation by Holmsgaard et al. (2016) between computed and meas-
ured shear wave velocity Vs for silty soils (Publication 3). 

 

Figure 76. Evaluation of correlation by Leetsaar et al. (2024) between computed and measured 
shear wave velocity Vs based on fs data for silty soils (Publication 3). 
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Figure 77. Evaluation of correlation by Leetsaar et al. (2024) between computed and measured 
shear wave velocity Vs based on qt data for silty soils (Publication 3). 

 

Figure 78. Evaluation of correlation by Leetsaar et al. (2024) between computed and measured 
shear wave velocity Vs based on qt and fs data for silty soils (Publication 3). 
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11. Discussion   

In-situ tests 

Conducting static pile load tests in parallel with sounding enables to calculate 

the bearing capacity of a pile solely based on the results of the penetration test. 

This approach also allows for future estimations of the pile's bearing capacity 

under similar conditions, using only the sounding data. To define soil type and 

its properties for estimating pile capacity, the CPT and CPTu sounding methods 

are widely recognized as fast and reliable. Previous studies (Briaud et al., 1988; 

Eslami et al., 1995; Eslami et al., 1997; Rollins et al., 1999; Abu-Farsakh et al., 

2004; Cai et al., 2009; Mayne et al., 2009; Niazi et al., 2010; Pardoski, 2010; 

Reuter, 2010; Titi et al., 2010; Cai et al., 2011; Eslami et al., 2011; Hu et al., 2012; 

Flynn et al., 2014; Moshfeghi et al.,2016; Amirmojahedi et al., 2019) have pro-

vided clear evidence that direct methods based on CPT or CPTu data yield reli-

able results across different soil types and piles (Publications 1 and 2). 

Nevertheless, in the case of denser soils, it is essential for the penetrometer to 

possess a capacity of up to 500 kN (Eslami and Fellenius, 1997). In this study, a 

portable lightweight truck (see Figure 20) was utilized to investigate the CPTu. 

The truck was secured into the soil with a pair of anchors approximately 3 me-

tres in length. In addition, prior to that, CPT soundings with a 200 kN counter-

reaction heavy vehicle were conducted at the Ahtri site. Friction reducers were 

employed for the rods situated behind the CPTu probe during the sounding pro-

cess. The use of friction reducers during CPT soundings has not been docu-

mented. The data presented in Table 12 indicate that using a light machine that 

is anchored allowed for deeper sounding compared to using a heavy machine. 

The movement of the anchors of a light machine within the soil during sounding 

will have a consequential influence on the sounding results. The examination of 

Figures 37 and 38 reveals that the anchored light machine produced CPTu re-

sults that closely resemble the CPT sounding data acquired from a heavy ma-

chine, as evidenced by the comparison of qc and fs values. Nevertheless, Table 

12 indicates that at the Ahtri test site, no CPT or CPTu soundings were con-

ducted deeper than the base level of the tested piles. Only one CPTu sounding 

reached the base plane of the tested pile. DPSH-A probing yielded slightly im-

proved outcomes, with soundings reaching the base plane of three out of the 

four piles in the vicinity. However, the DPSH-A device was unable to probe sig-

nificantly deeper than the bottom of the pile near any of the tested piles. This 
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refers to the presence of very dense subsoils at the Ahtri test site. In the future, 

when encountering comparable soil conditions, it is rational to execute DPSH-

A soundings as an additional measure to CPT soundings. SDT probing stands as 

another viable choice for comparable soil conditions. The penetration of SDT in 

the soil is akin to that of the DPSH-A device. However, a notable advantage of 

SDT lies in its ability to offer higher reading accuracy, particularly when dealing 

with weaker soil layers. Furthermore, the SDT readings exhibited a strong cor-

relation with the CPT qc values as indicated by research carried out at the Soodi 

test site (Publications 1 and 2). 

The Ahtri site exhibits notable discrepancies in the load-bearing capacities of 

the four piles, as evidenced by Figures 54 and 55. Nevertheless, when the out-

come of pile A-4 is disregarded, all SPT methods demonstrate relatively con-

sistent results with minimal variability ranging from 19% to 33%. In contrast, 

the CPT and CPTu methods exhibit significantly larger variations compared to 

the SPT methods. This discrepancy can be primarily attributed to the fact that 

the CPT soundings did not penetrate the level of the pile base. The load-bearing 

capacities of piles at the Paldiksi mnt site were found to be quite similar, as in-

dicated in Figures 56 and 57. Upon comparing the measured load-bearing ca-

pacities with the calculated values using various methods, it was evident that 

the LCPC and Briaud and Tucker (1988) methods exhibited notable accuracy. 

These two methods displayed significantly less variability compared to the other 

methods considered in the study. The Eurocode 7 method demonstrated supe-

rior performance for DSP and FDP piles at the Soodi site, as evidenced by the 

analysis of both CPT and SDT soundings, as well as Figures 59 and 60. The ma-

jority of results obtained using this method were within or close to the ±10% 

range, with the largest absolute difference being 13%. Conversely, other direct 

methods tended to overestimate the load-bearing capacity of DSP piles and un-

derestimate the load-bearing capacity of FDP piles. In terms of determining the 

load-bearing capacity of the DSP pile, all methods, except for the de Ruiter and 

Beringen (1979) method, yielded satisfactory results. The LCPC method, in par-

ticular, underestimated the load-bearing capacities of both DSP piles by less 

than 10%, as depicted in Figure 60. It is important to highlight that within the 

three direct methods, namely LCPC, Eurocode 7 and Briaud and Tucker (1988), 

the failure criterion for pile is defined as s/B=10%. The comparable outcomes 

observed in these three methods in relation to the pile test results may also be 

influenced by this factor. In addition, separate attention deserves the fact that 

the application of the SDT sounding outcome in the CPT direct methods pro-

vided comparable results to the application of the CPTs sounding data. This sup-

ports claims about the correlation of SDT and CPT qc values by Rantala & 

Halkola (1997) (Publications 1 and 2). 
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Screw piles and direct methods in silty soils 

It is crucial to conduct a comparison of the results obtained from the analysis of 

the three different types of screw piles discussed in this study. The Fundex and 

DSP piles exhibit a striking similarity in terms of their pile shape, while they 

differ significantly from the FDP pile. Figure 60 illustrates that, in four out of 

the six methods employed, the direct methods tended to overestimate the bear-

ing capacity of the DSP piles. However, the LCPC and Unicone methods only 

underestimated the load-bearing capacity of the piles. This observation can be 

attributed to the fact that the DSP piles possess a pile base with a larger diameter 

and their installation technique resembles that of a Fundex pile. Consequently, 

it is expected that the behaviour of DSP piles would be similar to that of Fundex 

piles. Kemfert et al. (2010) highlighted that an increase in the diameter of a pile 

base can cause the ground in the shaft area to become less compact, leading to 

a decrease in shaft resistance. Conversely, Basu et al. (2010) pointed out that 

the screw-shaped shaft of a pile enhances its load-bearing capacity compared to 

a smooth shaft pile. As a result, the accuracy of load-bearing capacity calcula-

tions for screw-shaped piles may not always be achieved using conventional 

methods, as noted by Kempfert et al. (2010). The comparison between the re-

sults obtained from the two DSP piles investigated in this study at the Soodi site 

and the three Fundex piles at the Paldiski mnt site (Publication 1) is presented 

in Table 31. The data in Table 31 reveal that most of the methods exhibit a sim-

ilar trend in their results. Notably, both the de Ruiter and Beringen method and 

the German method yield identical outcomes for both sites. However, the Uni-

cone method demonstrates a significant level of variability. This particular 

method consistently underestimates the load-bearing capacity of the pile by an 

average of 16% at the Soodi site, while overestimating it at the Paldiski mnt site. 

It is worth noting that the potential overestimation of the load-bearing capacity 

of the pile by direct methods may be attributed to the timing of the pile testing 

after its completion. In this study, the piles were subjected to loading within two 

to three weeks after their construction. However, Togliani et al. (2014) high-

lighted that the load-bearing capacity of the pile may continue to increase even 

after 100 days from the pile's construction, particularly in cases where approxi-

mately 50% of the pile is surrounded by clayey soils (Publications 1 and 2).  

Table 31. Absolute percentage difference in load-bearing capacity of two DSP piles at the Soodi 
site and three Fundex piles at the Paldiski mnt site; + overestimates, - underestimates (Publication 
2). 

 

Soodi site Paldiski mnt site 

Method Absolute Difference (%) Absolute Difference (%) 

Nottingham and Schmertmann 
(1975, 1978) 18 39 

de Ruiter and Beringen (Dutch, 
1979) 27 27 
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LCPC (1982; 1997) -7 6 

EUROCODE 7 (EN 1997-2:2007) 12 36 

German method (EA-Pfähle, 2014) 13 14 

Unicone method (1997) -16 20 

 

Additionally, the results of the LCPC (LCPC-A, LCPC-P, DSP-LCPC-S and 

FDP-LCPC-S) and the Briaud & Tucker method (B&T) (B&T-A and B&T-P) are 

statistically compared in Table 32 with the results of the pile load test (SLT-A, 

SLT-P, DSP-SLT-S and FDP-SLT-S). The letter A indicates the Ahtri site, the 

letter P indicates the Paldiski mnt site and the letter S stands for the Soodi test 

site. The results of the pile types DSP and FDP have also been separated at the 

Soodi site. The abbreviation SLT refers to a static pile load test. The mean value 

(�̅�), standard deviation (SDx), and coefficient of variation (COVx) were com-

puted for the data set. It is important to note that the results obtained from pile 

A-4 were excluded from the statistical analysis. The percentage accuracy was 

determined by comparing the pile load test results with the calculated mean 

value. A negative percentage value signifies an underestimation of the measured 

result by the calculation, while a positive percentage value indicates an overes-

timation of the measured values. Table 32 presents the findings indicating that 

the Ahtri site exhibits a coefficient of variation ranging from 0.09 to 0.28, while 

the Paldiski mnt site demonstrates a coefficient of variation ranging from 0.04 

to 0.16. On the other hand, the Soodi site displays a coefficient of variation 

within the range of 0.03 to 0.07. It is worth noting that the accuracy of the cal-

culated values, excluding the values of FDP piles, falls between 6.0% and 10.4%. 

This evidence supports the notion that LCPC yields equally satisfactory out-

comes for screw piles with an expanded pile bottom in silty soils, including Fun-

dex and DSP piles. However, it is imperative to conduct a more comprehensive 

analysis of the load-bearing capacity of the DSP pile in conjunction with a Fun-

dex pile. 

Table 32. Determination of pile bearing capacity accuracy based on LCPC and Briaud and Tucker 
(1988) methods (modified after Publication 1). 

Variable �̅� (kN) SDx (kN) COVx Measured �̅�/predicted �̅� 
Accuracy 

(±%) 

SLT-A 5021 1058 0.21 1 0 

LCPC-A 4692 1300 0.28 1.070 -7.0 

B&T-A 5603 529 0.09 0.896 10.4 

SLT-P 1782 280 0.16 1 0 

LCPC-P 1895 72 0.04 0.940 6.0 

B&T-P 1951 178 0.09 0.913 8.7 

DSP-SLT-S 1929 52 0.03 1 0 

DSP-LCPC-S 1814 120 0.07 1.063 -6.3 
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FDP-SLT-S 2132 144 0.07 1 0 

FDP-LCPC-S 1435 45 0.03 1.486 -48.6 

 

The underestimation of the load-bearing capacity of FDP piles by most direct 

methods may suggest that these methods do not fully account for the actual be-

haviour of this type of pile in the soil.  Bush et al. (2013) determined that the 

installation of FDP piles in soils containing silt and sand leads to a notable rise 

in cone resistance. This increase was observed to persist up to the depth of the 

displacement body, as indicated by their findings. Furthermore, slight decreases 

in cone resistance below the displacement body did not have any adverse impact 

on the pile's bearing capacity. This implies that the load-bearing capacity of FDP 

piles remains unaffected even after the displacement body. The density of the 

soil surrounding the pile exhibited minimal alterations, as indicated by their 

calculations, while the primary changes were observed in the horizontal 

stresses. Measuring the horizontal stress state and void ratio in situ proves to be 

a challenging task. Consequently, it becomes imperative to conduct a compre-

hensive examination of this particular type of pile through static load tests, in 

conjunction with CPT and SDT soundings. Pile tests should be conducted in a 

manner that enables the distinction between the load-bearing capacity of the 

pile base and shaft, and the overall load-bearing capacity of the pile. By utilizing 

the results obtained from the load test and soundings, more accurate calibration 

of direct methods can be achieved (Publications 1 and 2). 

Figure 79 displays the ratio between the capacities of the pile base and shaft, 

as determined by LCPC methods, for all eleven piles. The vertical axis of the 

figure also represents the depth at which the piles were installed. However, as 

the DPSH-A probings were conducted only at the Ahtri and Paldiski mnt sites, 

the Briaud and Tucker (1988) method could be applied just to the seven piles 

within these two sites. Figure 80 illustrates the proportion of load capacities 

between the end and side of the pile, as determined by the Briaud and Tucker 

(1988) method. The piles installed at the Ahtri site were embedded in a denser 

and deeper subsoil compared to the Paldiski mnt and Soodi sites. In terms of 

load-bearing capacity, both the LCPC and Briaud and Tucker (1988) methods 

indicate a striking similarity between the pile base and the overall pile capacity 

at the Ahtri site. The LCPC method yields values ranging from 58% to 69%, 

while the Briaud and Tucker (1988) method provides values within the range of 

58% to 68%. On the other hand, at the Paldiski mnt site, the Briaud and Tucker 

(1988) method indicates a higher load-bearing capacity of the pile base com-

pared to the LCPC method. Specifically, the Briaud and Tucker (1988) method 

yields values ranging from 60% to 61%, whereas the LCPC method indicates val-

ues within the range of 48% to 53%. Based on the LCPC method, the load-bear-

ing capacity of the bottom of the DSP piles on the Soodi site was found to re-

semble that of the Fundex piles at the Ahtri site. This similarity is observed 

within a range of 64%66%. Conversely, the LCPC method reveals that the FDP 
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piles have lower carrying capacities at the bottom, ranging from 52% to-54% at 

the Soodi site (Publications 1 and 2).  

 

 

Figure 79. Comparison of the proportion of base and shaft resistance based on the LCPC method 
for all piles (modified after Publication 1). 

 

 

Figure 80. Comparison of the proportion of pile base and shaft resistance based on the Briaud 

and Tucker (1988) method for seven Fundex piles (modified after Publication 1). 
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Probabilistic and statistical capacity of the piles 

Based on average, MCS and characteristic values, the results differed by up to 

11% based on SDT data and up to 8% based on CPT data. Although both RBD 

and statistical determination yielded similar outcomes when analysing CPT and 

SDT data, the emphasis of the results analysis lies exclusively on the examina-

tion of CPT data. It is important to acknowledge that the process of deriving CPT 

data from SDT probing readings inherently introduces inaccuracies due to cor-

relation. The pile capacity obtained from MCS and characteristic values was 

found to be 3%–8% lower than the average values. However, it is important to 

consider that the qc values of only one out of the four soil layers did not follow a 

normal distribution. If the qc values of most soil layers deviate from the normal 

distribution, using average values may lead to significantly inaccurate pile load-

bearing results. In comparison to analytical methods, RBD takes into account 

the variability of parameters, provides more comprehensive information and of-

fers a reliable assessment of the probability of failure or actual safety. The Low 

5% fractile results exhibited variations of up to 132% in comparison to the aver-

age values. According to Eurocode 7 (Frank et al., 2005), it is advised to utilize 

the Low 5% fractile in cases where the soil volume affected by a specific condi-

tion is significantly smaller than the extent of soil property fluctuation. In the 

soils under investigation, the Low 5% values indicated a substantial safety mar-

gin for the pile's load-bearing capacity (Publication 2). 

The soil stiffness values (Gmax or G0) were determined using the Vs values ob-

tained from the soundings. The analytical elastic solution proposed by Ran-

dolph and Wroth (1978, 1979) for analysing the interaction between piles and 

soil incorporates the Gmax value. This solution considers the presence of piles in 

soils with Gibson-type characteristics, where the soil stiffness increases linearly 

with depth. Furthermore, it also accounts for piles in homogenous two-layered 

soils, where the soil stiffness remains constant throughout the depth. With ap-

plying Randolph and Wroth's (1978, 1979) solution, the Q–w relation of 11 screw 

piles in silty soils was determined. According to the results obtained from this 

study, the parameter g=0.4 is identified as the most appropriate value for For-

mula 3 when dealing with screw piles in silty soils. Moreover, two correlations 

(17 and 18) have been established between the normalized operative shear stiff-

ness (G/Gmax) and the normalized pseudo-strain (γp/𝛾p-ref) with an R2 value of 

0.97. These correlations were developed based on the back-calculations of the 

static pile load test results, which consisted of 101 data points. The parameters 

α1 and β1, presented in Table 29, are used to identify the pile type and installa-

tion methods. The piles are categorized into four groups: driven, jacked, auger 

and bored cast in situ. The values of α1 and β1 obtained are provided in the last 

line of Table 29. The results, as shown in Figure 69, clearly demonstrate that the 

correlations (18) suggested by Niazi and Mayne (2015) for different categories 

of piles deviate significantly from the correlation (17 and 18) established in this 

study specifically for screw piles in silty soils. The screw piles exhibited a gradual 
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decrease in shear stiffness within the initial range of γp/γp-reo <0.3, but this de-

crease will become steeper for higher values. Additionally, Figure 69 reveals that 

screw piles have a higher load-bearing capacity compared to other types of piles, 

especially at small strains. This highlights the importance of including a wider 

range of pile types in different soil conditions when developing similar correla-

tions (Publication 3). 

Vs soundings and correlations 

The results presented in Figures 39, 45 and 52 show that Vs values of approxi-

mately 100 m/s, and as low as 37 m/s, were measured in sensitive fine-grained, 

silty sand and sandy silt layers that were not deeper than 10 metres. In deeper 

layers, the measured Vs values ranging from 150 to 250 m/s aligned, with minor 

deviation, with the range proposed by Holmsgaard et al. (2016). Furthermore, 

these measured values fell within the range presented by Hussien and Karray 

(2016) and Poulos (2022). In the current study, most of the measured Vs values 

at depths greater than 10 metres were approximately 200 m/s (Publication 3). 

The analysis of CPTu and Vs correlations involved treating the results obtained 

at the Ahtri site separately. It was observed that the soil layers below a depth of 

14–16 metres at the Ahtri site had a higher silt content compared to the other 

two sites. This observation is clearly depicted in Figure 70, where the correla-

tions proposed in this study show a clear interlacing pattern at depths of 14–16 

metres for all three study sites. Other correlations that were investigated also 

showed satisfactory results within the range of 14–16 metre depths. However, 

in the deeper layers, only the correlations from Hegazy and Mayne (1995) and 

Mayne (2006) provided an approximate fit. The Ahtri site had complex silt and 

sand mixtures in the deeper layers, and the transition from silt to sand mixtures 

was well-defined in the u2 profile (Figure 39) between 13 and 16 metres, where 

a sharp drop in pore water pressure occurred. For these types of soils, all the 

correlations reviewed in this study significantly underestimated the Vs values, 

except for the correlations provided by Hegazy and Mayne (1995) and Mayne 

(2006). The best fit for the Paldiski and Soodi sites was achieved through the 

utilization of Formulas 19, 20 and 21 as proposed correlations (Figure 71). Also 

a correlation presented by Trevor et al. (2010) yielded excellent outcomes. How-

ever, the remaining three correlations exhibited a significant overestimation of 

the Vs value in most soil layers at study points SCPTu-P1 and SCPTu-P3 at the 

Paldiski site. Similarly, at study point SCPTu-S1, these three correlations dis-

played a substantial overestimation of the Vs value in several layers, simultane-

ously underestimating it in other layers. This clearly demonstrates the complex-

ity of developing CPTu and Vs correlations for mixed soils. Universal correla-

tions may not be sufficient in obtaining accurate results for mixed soils, thus 

emphasizing the necessity for correlations based on specific soil types. Conse-

quently, further investigation is required to better understand the behaviour of 

mixed soils in the future. Furthermore, it can be observed from Figures 70 and 
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71 that the Vs values obtained from the correlations proposed by Hegazy and 

Mayne (1995) and Mayne (2006) closely resemble each other at all the points 

examined in the study. The correlation developed by Hegazy and Mayne (1995) 

incorporate all the readings obtained from CPTu, while the correlation pre-

sented by Mayne (2006) uses only fs values. Moreover, Formula 21 did not yield 

superior outcomes compared to Formulas 19 and 20. Hence, it can be inferred 

that correlations based on a single input parameter can yield satisfactory results. 

This serves as compelling evidence that correlations relying on either qt or fs 

values should be employed independently. Consequently, this approach enables 

a meaningful comparison of correlation findings derived from separate analyses 

of the same CPTu soundings (Publication 3). 

 

Limitations 

Limitations of this study: 

• The static pile load test was employed to ascertain the ultimate capac-

ity of the pile through the utilization of extrapolation. The prevalent 

approaches for this determination are the offset limit- or extrapola-

tion-based methods. Nevertheless, it is important to acknowledge that 

the choice of the method for evaluating the ultimate pile capacity can 

have an impact on the obtained results. 

• Pile shaft and base resistance affect each other, but they have been 

treated separately in calculations. 

• At the Ahtri test site, the soundings were unable to penetrate signifi-

cantly deeper than the plane of the base of the test piles. Several sound-

ings failed to even reach the level of the pile base. 

• At each of the three test sites, the groundwater levels were observed to 

be remarkably high, with a depth of approximately one metr below the 

ground level. This substantial elevation in groundwater has the poten-

tial to introduce uncertainties in the sounding results and may also 

prolong the assessment of the pile bearing capacity. 

• The accuracy of these results may vary when applied to different pile 

and soil types. 
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12. Conclusions and recommenda-
tions for future work  

The research focused on comparing different direct methods that utilize CPT 

and SPT data to assess the load-bearing capacity of screw piles in silty soils. By 

investigating the applicability of DPSH-A readings in SPT-based methods, the 

study aimed to enhance the accuracy of predictions regarding pile bearing ca-

pacity. Moreover, the utilization of SDT data in CPT-based direct methods for 

evaluating the load-bearing capacity of a screw pile in silty soil was explored.    

With the growing emphasis on reliability and economic constraints in design, 

the reliability-based design (RBD) method has been utilized to assess he load-

bearing capacity of piles based on the LCPC method. A Monte Carlo simulation 

(MCS) involving 10,000 simulations was executed for this analysis. The distri-

bution of soil characteristic values, following the LCPC method, incorporated 

the 95% and 5% fractiles. 

Understanding the potential of using SCPTu data for pile analysis is essential. 

This research employed analytical elastic continuum solutions to gain a more 

profound insight into the correlations within the test data. The study examined 

four established empirical correlations between Vs and CPTu, while also intro-

ducing three novel correlations specifically for silty soils. By applying an elastic 

solution proposed by Randolph and Wroth (1978, 1979), the Q–w relationship 

of piles was determined following Niazi and Mayne’s (2015) methodology. Fur-

thermore, the analysis included an evaluation of the exponent parameter g for 

screw piles in silty soils and the development of correlations between G/Gmax 

and γp/γp-ref based on back-calculations from static pile load test results. The key 

outcomes and recommendations for future studies are detailed as follows: 

 

 

 

Conclusions of Publication 1 

• The research conclusively indicated that when the soundings did not 

penetrate to the required depth of the base, the resulting calculation 

frequently led to an underestimation of the pile capacity. 
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• The variability of the calculated results was considerably smaller when 

the CPTu or DPSH-A test was conducted at a depth exceeding several 

metres below the pile tip. 

• As to the CPT-based direct methods, it was found that the LCPC 

method yielded the most satisfactory results for Fundex piles. 

• Among the various SPT methods available, the Briaud and Tucker 

(1988) method stands out as particularly noteworthy due to its excep-

tional performance in predicting outcomes for Fundex piles. 

Conclusions of Publication 2 

• It was found that the use of the SDT sounding outcome in the CPT di-

rect methods produced results that were comparable to those obtained 

from using the CPT sounding data. 

• Analysis of the arithmetic average values obtained from the CPT and 

SDT soundings for DSP and FDP piles revealed that the Eurocode 7 

method exhibited the most favourable performance. 

• Other direct methods that were included in the study tended to over-

estimate the load-bearing capacity of DSP piles and underestimate the 

load-bearing capacity of FDP piles. 

• The pile-bearing capacities, as determined by the CPT and SDT sound-

ings, showed a fluctuation of 11% in the absolute difference between 

the average, RBD and characteristic values. 

 

Conclusions of Publication 3 

• The optimal fit for the specified CPT–Vs correlations across all three 

locations were identified using the correlation established by Trevor et 

al. (2010). 

• The paper presented three site-specific CPT–Vs correlations, and it 

was found that there was a significant overlap in the Vs values for most 

soil layers among these correlations. 

• It is advisable to prioritize correlations that rely on qt or fs values when 

assessing correlation findings from distinct readings of a CPTu sound-

ing. 

• The sensitive fine-grained layers, along with the silty sand and sandy 

silt layers, exhibited minimum Vs values and values close to 100 m/s. 

These measurements were observed up to a depth of 10 metres. Below 

this depth, the dominant Vs values were approximately 200 m/s. 

• The results of this study suggest that a value of g = 0.4 (Formula 3) is 

the most appropriate option for screw piles specifically designed for 

silty soil conditions. 

• The relationship between normalized operative shear stiffness 

(G/Gmax) and normalized pseudo-strain (γp/γp-ref) was thoroughly 
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examined (N=101), resulting in a highly significant correlation 

(R2=0.97). 

• The load-bearing capacity of screw piles in silty soils surpasses that of 

other pile types, especially under conditions of low strain. 

 

Common conclusions of Publications 1 and 2 

• In these publications, the s/B=10% failure criterion was utilized for the 

assessment of the piles and the identification of the best direct meth-

ods. These studies indicate that all three direct methods (Briaud and 

Tucker (1988) method, LCPC method, and Eurocode 7 method), which 

demonstrated satisfactory outcomes, incorporate the s/B=10% failure 

criterion also. 

Recommendations for future work 

• Further exploration is warranted in assessing the pile capacity calcu-

lation utilizing DPSH-A data through direct methods based on SPT 

data, particularly when considering various types of piles in different 

soil conditions. 

• In the future, it is imperative to conduct additional research on the 

outcomes of static pile load tests in conjunction with DPSH-A, SDT 

and SCPTu tests using various piles across diverse soil types.  

• Further research is needed to explore the utilization of RBD in as-

sessing the load-bearing capability of piles through direct methods. 

• It is imperative to conduct further research on mixed soils in order to 

establish appropriate Vs–CPTu correlations. 

• It is essential to establish additional correlations between the normal-

ized operative shear stiffness (G/Gmax) and the normalized pseudo-

strain (γp/γp-ref) for a wider range of pile types in diverse soil condi-

tions. 
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pile. The use of SPT-based direct methods with 
DPSH-A test data for displacement piles in silty soils 
seems to be promising. Specifically, the Briaud and 
Tuckers` method provided excellent results for most 
of the piles studied.

Keywords Cone penetration test (CPT) · Piezocone 
penetration test (CPTu) · Dynamic probing super 
heavy (DPSH-A) · Bearing capacity · Pile · Static 
load test

1 Introduction

Geological conditions in Tallinn vary substantially. 
There are areas where limestone’s hard stratum is, 
on average, 1  m deep. Furthermore, there are areas 
where rock is cut by a complex system of several 
ancient valleys buried by dense fluvioglacial sands 
and soft limnoglacial and marine clayey sediments, 
often tens of metres thick (Arbeiter 1962; Estonian 
Land Board 2020). The use of pile foundations for 
buildings in such places is unavoidable. Boring piles, 
displacement piles and continuous flight auger (CFA) 
piles are the most frequently used pile types in Esto-
nia (Mets et al. 2016). For safe and economic founda-
tions, it is essential to determine the bearing capacity 
of the piles as precisely as possible. Due to the large 
variety of soil types and pile installation procedures, 
it is generally complicated to predict the axial bear-
ing capacity of the pile. The capacity of the single 

Abstract Determining the load-bearing capac-
ity of piles using the results of in situ tests is one of 
the most widely used methods. The objective of this 
study is to examine suitable cone penetration test 
(CPT)-based methods for predicting the load-bearing 
capacity of piles in silty soils. In addition, it is ana-
lysed whether standard penetration test (SPT)-based 
methods can be used with dynamic probing super 
heavy (DPSH-A) test data to evaluate pile capacity. 
Five CPTs and one piezocone penetration test (CPTu) 
based on direct methods were applied to determine 
the load-bearing capacity of piles. In addition, six 
SPT direct methods were used based on DPSH-A 
test data to estimate the load-bearing capacity of the 
investigated piles. The capacity of the pile obtained 
by various direct methods was compared with the 
outcome of the pile load test. Of the direct CPT 
methods, the LCPC (also known as French method) 
method and the German method demonstrated decent 
results when CPT probing reached deeper than the 
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compressed pile (Rc) is calculated as the sum of the 
base capacity (Rb) and shaft friction capacity (Rs) 
using the following formula EN 1997–1 (2004):

The weight of the pile must be deducted from the 
defined Rc value. The end bearing capacity (Rb) is 
determined by multiplying the end bearing resistance 
(qb) by the pile tip area (Ab). The shaft friction capac-
ity (Rs) is calculated as the sum of the product of the 
unit shaft friction (qs,i) and the outer pile shaft area 
(As,i) for different soil layers.

The most accurate method to define pile capacity 
is the static pile load test, which results in a load-set-
tlement relation. Because of its high cost, the static 
loading test is usually not used in the early stages 
of construction planning. One possibility is to col-
lect disturbed or undisturbed samples from the con-
struction site and test them in the laboratory, after 
which the results can be used in theoretical pile bear-
ing capacity calculation methods. There are many 
inaccuracies in the taking and testing of specimens, 
especially when the sampling depth increases. Fur-
thermore, many such design methods have several 
inherent drawbacks (Niazi et al. 2013). Adopting cal-
culation methods based on the results of ‘in situ’ tests 
is the most informative and useful method nowadays 
(Eslami and Fellenius 1997; Cai et  al. 2012; Mosh-
feghi and Eslami 2016).

In Estonia, site investigations are usually carried 
out using a dynamic probing super heavy (DPSH-
A) test. On certain occasions, investigations are 
performed using the cone penetration test (CPT). 
Although DPSH is fast and inexpensive and pen-
etrates thicker soil layers with ease, it is primarily 
intended for use in cohesionless soils. Soundings 
in fine-grained soils or below groundwater level 
may lead to erroneous results (Gadeikis et al. 2010; 
Žaržojus 2010; Czado et al. 2012). CPT offers con-
tinuous, reliable and repeatable data; however, in 
some cases, anchoring or larger reaction mass to 
reach deeper layers is needed. In addition, the cone 
penetrometer can be considered a mini-pile foun-
dation (Bandini and Salgado 1998; Mayne 2007; 
Jardine et  al. 2013). As indicated by Eslami and 
Fellenius (1997) and Ardalan et  al. (2009), the 

(1)Rc = Rb + Rs = qb ⋅ Ab +

n
∑

i=1

qs,i ⋅ As,i

mean effective stress, compressibility and rigid-
ity of the surrounding soil medium affect the pile 
and the cone in a similar manner. Therefore, CPT 
data enables the evaluation of pile capacity without 
the need to supplement the field data with labora-
tory testing. This approach has led to the evolu-
tion of a significant number of CPT-based design 
methods (Nottingham 1975; Schmertmann 1978; 
De Ruiter and Beringen 1979; Bustamante and Gia-
neselli 1982; Eslami and Fellenius 1997; Kempfert 
and Becker 2010). The CPT-based methods can 
be divided into two groups (Eslami and Fellenius 
1997, Mayne 2007; Ardalan et al. 2009): direct and 
indirect (rational) approaches. Many studies have 
compared the pile test results of various pile types 
in allogeneous soils with different CPT methods all 
over the world (i.e. Briaud et al. 1988; Eslami and 
Fellenius 1995; Eslami and Fellenius 1997; Roll-
ins et  al. 1999; Abu-Farsakh et al. 2004; Cai et  al. 
2009; Mayne et al. 2009; Niazi et al. 2010; Pardoski 
2010; Reuter 2010; Titi et al. 2010; Cai et al. 2011; 
Eslami et al. 2011; Hu et al. 2012; Flynn et al. 2014; 
Moshfeghi and Eslami 2016; Amirmojahedi et  al. 
2019). Most of the studies rely on a large number of 
testing sites with different soils. The studies clearly 
demonstrate the universality of various CPT meth-
ods. However, only a few of these studies offer an 
opportunity to estimate the bearing capacity of piles 
in silty soils (Cai et  al. 2009). This study focuses 
primarily on defining the pile capacity in silty soils 
with the help of CPT test results. Five CPTs and one 
CPTu based on direct methods were implemented 
and compared to evaluate the eligibility for the use 
of these methods in this area. In addition, pile bear-
ing capacities were determined from DPSH-A data. 
Since there are no DPSH-A-based direct methods, 
six commonly used methods based on the standard 
penetration test (SPT) were used. The outcomes 
were compared to static pile load tests with a French 
criterion of s/B = 10%, where B denotes the diam-
eter of the pile tip and s denotes the settlement of 
the pile head. For that purpose, a database of seven 
Fundex piles in silty soils with adjacent CPT, CPTu, 
DPSH-A and static pile load test data at two sites 
was analysed. This analysis included the analytical 
calculations. Further analysis and verification of the 
results will continue with, for example, numerical 
and more detailed statistical methods. Those results 
will be recorded in future publications.
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2  Use of Sounding Test Methods 
for the Prediction of Axial Pile Bearing 
Capacity

2.1  CPT, CPTu and DCPT Methods

Finding the accurate values of the base and shaft 
resistances (qb and fpi) is one of the keys for calcu-
lating the capacity of the pile foundations. Without a 
doubt, penetration tests are one of the best solutions 
for this purpose. Penetration testing has become very 
popular during the past four decades and continues to 
provide an abundance of research topics for scientists 
around the world. Whereas SPT dominates outside 
Europe, various types of dynamic and static pene-
trometers are used in Europe (Massarsch 2014).

The CPT is recognized as one of the most effective 
in situ options for the characterization of soil. During 
the test, the probe is pushed into the soil at a constant 
speed to the desired depth or as long as the counter-
weight is sufficient. The CPT is a decent, quick, sim-
ple, economic and robust test providing continuous 
readings of subsurface soil, while the electrical CPT 
probe (piezocone) allows the measurement of the 
cone base resistance (qc) and sleeve friction (fs). The 
piezocone (CPTu) also provides the measurement of 
pore water pressure (u2). These are three independ-
ent parameters that can be used for soil identifica-
tion and classification and the evaluation of differ-
ent soil properties, such as strength and deformation 
characteristics. In soft fine-grained saturated soils, in 
which pore pressure can be relatively large compared 
to cone resistance, pore water pressure correction is 
especially crucial.

The dynamic cone penetration test (DCPT) is a sim-
ple and inexpensive soil investigation method with a 
solid penetrometer driven into the ground. The num-
ber of blows to drive the cone to the desired depth is 
recorded. Originally, dynamic cone penetrometers 
were designed to gather quantitative and qualitative 
data on the soil resistance to penetration and mainly to 
determine the compactness of the cohesionless soils, 
which are frequently challenging to samples. Depend-
ing on the size of the cone, the weight of the hammer 
and the height of the drop, four types of probes can be 
differentiated: dynamic probing light (DPL), dynamic 
probing medium (DPM), dynamic probing heavy 
(DPH) and dynamic probing super heavy (DPSH). 
According to EN ISO 22476-2 (2005), DPSH is further 

divided into two categories: DPSH-A and DPSH-B. In 
the first case, the drop height of the hammer is 0.5 m 
and in the second case 0.75 m. The shapes of the cone 
and drive rod also differ. In Estonia, the first variant 
has been widely used in recent decades.

2.2  Direct Approaches to Define Pile Capacity

2.2.1  Direct Approaches for CPT and CPTu 
Soundings

Direct cone penetration methods for CPT apply cone 
sleeve friction for unit shaft resistance and cone bear-
ing for end bearing resistance of the pile by the anal-
ogy of the cone penetrometer as a model pile.

To determine the axial bearing capacity of piles, 
more than 30 different CPT- and CPTu-based meth-
ods have been developed. New methods are being 
elaborated, and the existing ones are being refined 
based on larger databases of pile load tests. Niazi and 
Mayne (2013) have reviewed existing methods and 
have developed new ones (Niazi and Mayne 2016). 
Six methods were examined in this study: five most 
appropriate direct CPT methods and the Unicone 
method based on CPTu results (Table 1).

The Eurocode 7 method has no upper limits for 
pile unit shaft friction. In the present work, the Euroc-
ode 7 method has been modified, and a limit value of 
120 kPa has been used for the pile unit shaft friction.

2.2.2  Direct Approaches for DCPT Based on SPT 
Methods

The DCPT device DPSH-A complies with Swedish 
standard EVN 1997-3; 1995 for HfA. HfA is reported 
in the literature (Bergdahl and Ottosson 1988), saying 
that the number of blows N20 received by the device 
is equal to the number of shots N30 recorded by the 
SPT device. This allows the correlation of soil prop-
erties developed for SPT to be used for evaluation. 
Site investigations in Estonia often refer to this cor-
relation. Unfortunately, no corresponding local tests 
have been carried out to verify the validity of the cor-
relation. Six commonly used methods (Shariatmadari 
et al. 2008; Benali et al. 2013; Karimpour-Fard et al. 
2013; Shooshpasha et al. 2013) were examined in this 
study (Table  2). Before using SPT methods, it must 
be kept in mind that they do not take into account the 
excessive pore water pressure generated during the 
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test. Therefore, the results may not be reliable in low-
permeable soils such as silt and clay.

The SPT methods used for the analysis do not have 
an upper limit for ultimate end bearing resistance. In 
dense subsoils, it can significantly affect the results. 
For all SPT methods except for the Briaud and Tucker 
(1988) method, a limit value of 15 MPa was applied 
to the ultimate end bearing resistance.

3  Test Sites

Both test sites of this study are located in Tallinn 
(see Fig.  1), northern Estonia. They are both over 

old valleys buried in Quaternary sediments. Marine, 
lacustrine and alluvial deposits incorporate clay, silty 
sands, sandy silts, and sand at the Ahtri site and clay, 
silty clay, sand, and silty sand at the Paldiski mnt site. 
The hard stratum of both sites is tens of metres deep 
(see Fig. 1). Soil behaviour type (SBT) was selected 
for soil classification because the chart is global in 
nature and in the studied cases presents the alternation 
of thin layers of soil well. Soil was classified accord-
ing to a non-normalized CPT SBT chart (Robertson 
2010). This was done using the CpeT-IT 3.0 program.

The Ahtri test site is located by the Baltic Sea in the 
centre of Tallinn. The soil profile consists of 0.6–3.2 m 
fill. At a depth of 19–29.2  m, sporadic thin layers of 

Table 2  Current SPT direct methods for prediction of pile bearing capacity

Ns is the average value of N around pile embedment depth; kt = 1,868,400 ·  (Nb)0.0065, where Nb is the average of SPT blow-count 
between 4B above and 4B under the pile base; ks = 20,000 · (Ns)0.27; rt,max = 1975 ·  (Nb)0.36; rs,max = 22.4 · (Ns)0.29; rt,res = 557 · L · ((ks 
· p)/(At · Ep))0.5, where L: length of pile, p: perimeter of pile, At: cross-section area of pile, and Ep: elastic modulus of pile; rs,res = rt,res 
(At/As), where  As: surface area of pile

Method/reference Design equations

Pile unit shaft resistance (qs) Pile end bearing resistance (qb)

Aoki and De`Alencer (1975) qs =
(

ak

3.5

)

Ns qb =
(

k

1.75

)

Nb

Failure criteria: Van der Veen method
 Energy ratio for N: 70% For sand: a = 14 and k = 1

For clay: a = 60 and k = 0.2
Nb: average of three values of SPT blows 

around pile base
Meyerhof (1976)
Failure criterion: minimum slope of 

load-movement curve
Energy ratio for N: 55%

qs = nsNs

Bored piles (low disp.): ns = 1
Driven piles (high disp.): ns = 2

qb = 0.4N1C1C2

N1: Nb value at the base level
C1 = ((B + 0.5)/2B)n: n = 1, 2 and 3, respec-

tively, for loose, medium and dens soil when 
pile diameter (B) > 0.5 m, otherwise C1 = 1

C2 = D/10B when penetration in dense layer 
(D) > 10B, otherwise C2 = 1

Briaud and Tucker (1988)
qs =

0.1

1

ks
+

0.1

rs.max + rs.res

− rs.res qb =
0.1

1

kt
+

0.1

rt.max + rt.res

+ rt.res

Failure criteria: penetration of pile 
head equal 10% of pile diameter

Poulos (1989)
Martin (1987)
Meyerhof (1956)
Decourt (1982)

qs = α + β Ns
For cohesionless soil: α = 0, β = 2.0
For cohesionless and cohesive soil: α = 10, 

β = 3.3
qs = α + β Ns

qb = K Nb
For silt and sandy silt: K = 0.35
For sand: K = 0.4–0.45

(for driven displacement piles)
Decourt (1995) qs = α (2.8 Ns + 10) qb = kb Nb

Driven piles and bored piles in clay: α = 1 Driven and bored piles in sand: kb = 0.325
Bored piles in granular soils: α = 0.5–0.6

Shariatmadari
et al. (2008)

qs = 3.65 Ngs qb = 0.385 Ng

Ngs: geometrical average of N values along 
the pile

Ngb: geometrical average of N values between 
8D above and 4D below pile base



636 Geotech Geol Eng (2023) 41:631–652

1 3
Vol:. (1234567890)

silty clay and clayey silt lie on the dense sandy deposit. 
Silty soils with natural water content ranging from 
24.75 to 38.49% are trapped there. The water table is 
1.2–1.8 m below the ground surface. In 2016, hundreds 
of Fundex-type piles were erected to the facility build-
ing. The construction stopped, and the upper ends of 
the piles were filled with fillings.

The Paldiski mnt site is located on the slope of 
the buried Kopli valley. Up to 6.4–7.0  m layers of 
clay and silty soils alternate. Beneath them, there is a 
6.2–11.0-m-thick deposit of clayey silt and then there is 
a 2.6–6.8-m-thick dense silty fine sand layer. The natu-
ral water content of the clayey silt is between 24.3 and 
29.5%. The silty sand contains weak interlayers. From 
the depth of 19.2–22.6 m, a layer of fine sand begins. 
The water table is 1.0–1.7 m below the ground surface.

The site plan of Ahtri st 3 with the existing piles, 
tested piles (SLT) and sounding points is presented 
in Fig. 2. In addition, the shortest distance in metres 
from the nearest pile is given for CPTu survey points. 
Figure 3 shows the Paldiski mnt site with tested piles 
(SLT) and sounding points.

4  Pile Tests and Analyses

4.1  Characteristics of the Investigated Piles

Data from static pile load test reports were collected 
and analysed. On both sites, static loading tests were 

carried out with Fundex piles. The pile tip diam-
eters were 0.45 and 0.56  m. The length of the piles 
was between 15.0 and 27.5  m. Fundex piles can be 
arranged as cast in  situ concrete displacement piles 
(Van Baars 2018). In Europe, these piles are com-
monly known as ‘screw piles’ (Basu et  al. 2010). 
The number, diameter and depth of piles tested are 
given in Table  3. The diameter of the Fundex piles 
is given with two numbers. The first value desig-
nates the shaft diameter, and the second value indi-
cates the diameter of the pile tip. As Fundex pile has 
a pile tip with overlap, it leads to a loosening of the 
ground in the shaft area. In succession, it leads to the 
reduction of shaft resistance (Kempfert et  al. 2010). 
Table 4 summarizes the main case records, including 
the pile embedment depth, measured bearing capac-
ity and settlement from the pile load tests. In addition, 
the maximum depths of soundings are given with the 
maximum qc and N20 values. The pile head settlement 
is s; pile tip diameter B ratio (s/B) is given as a per-
centage. The letter ‘A’ indicates the piles of the Ahtri 
site and the letter ‘P’ the piles of the Paldiski mnt site. 
Table  4 shows clearly that the dynamic penetration 
soundings reached the deepest layers in all investi-
gation points. Furthermore, all the CPTu soundings 
carried out with an anchored lightweight machine 
at the Ahtri site penetrated deeper than the previous 
CPT soundings with a heavy truck. However, no CPT 
probing reached the depth of the pile tip at the Ahtri 
site. In three cases, DPSH-A test reached the same 

Fig. 1  On the left location of research points in Tallinn (Map 
applications of the Estonian Land Board 2020). Yellow indi-
cates the location of Paldiski mnt 81 and red indicates the loca-

tion of Ahtri street 3. On the right hard stratum relief around 
survey sites (Map applications of the Estonian Land Board 
2020)
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or deeper depth with a pile tip at the Ahtri site. Only 
pile A-1 did not reach by any sounding. Nevertheless, 
Table 5 shows the pile drilling resistance in the zone 
of pile tip when installing piles A-1 and A-2. It is 
clear that the soil under pile A-1 has soil with similar 
strength as that under pile A-2. In addition, previous 
studies (Saks et al. 1985) in the vicinity have proven 
that to a maximum depth of 75 m, the soil strength is 
increasing.

4.2  Static Axial Pile Load Tests

The piles were tested in accordance with EVS-EN 
1997-1:2006 based on EN 1997-1 (2004). The largest 

load on the test pile was 3600  kN on the Ahtri site 
and 1200 kN on the Paldiski mnt site. The pile head 
settlement was between 4.9 and 50.7 mm. The piles 
were tested 2–4 weeks after installation at the Ahtri 
site and 2–3 weeks after installation at the Pald-
iski mnt site. More exact time is not available. The 
test piles were tested before the entire pile field was 
constructed.

There are different techniques to determine the 
ultimate capacity of a pile from the results of a static 
load test (Hirany and Kulhawy 1989). These methods 
for evaluating ultimate pile capacity can be divided 
into two: offset limit and extrapolation. On the basis 
of the offset limit method, many researchers have 

Fig. 2  Site plan of Ahtri st 
3 with existing piles, tested 
piles (SLT) and sounding 
points
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suggested that the pile ultimate resistance should take 
a load corresponding to a settlement that equals 10% 
of the pile diameter. Eurocode also sets the failure cri-
terion, as the pile shows a settlement equal to 10% of 
its nominal diameter. This principle is also known as 
the French criterion, introduced by Vesić (1977).

Since the piles were not loaded to the ultimate 
capacity, the Chin (Chin 1970) extrapolation method 
and load-settlement curve were used to estimate the 
ultimate pile capacity. Based on Kondner’s (1963) 
work, the Chin extrapolation method is well known 
and widely used in practice (Al-Homoud et al. 2003; 

Fig. 3  Site plan of Paldiski mnt 81 with sounding points

Table 3  Statically tested 
piles

Site Pile type Diameter of piles Number of 
tested piles

Depth of piles (m)

Ahtri Fundex 450/560 4 23.2–27.0
Paldiski mnt Fundex 350/450 3 15.0–15.5

Table 4  Pile case records 
summary with the measured 
bearing capacity and 
maximum settlement from 
the pile load tests

Pile name A-1 A-2 A-3 A-4 P-1 P-2 P-3

Pile length (m) 27.0 26.0 23.2 23.5 15.5 15.5 15.0
Max load from pile load test (kN) 3600 3240 3600 2160 1200 1200 1200
Max settlement from pile load test (mm) 4.9 6.2 22.0 50.7 6.3 6.5 15.0
s/B (%) 0.9 1.1 3.9 9.1 1.4 1.4 3.3
Max depth of CPT sounding (m) 20.7 20.33 22.67 22.67 – – –
Max depth of CPTu sounding (m) 23.5 20.94 22.98 22.98 18.98 19.82 19.82
Max depth of DPSH-A sounding (m) 23.6 26.0 23.6 23.6 24.41 23.6 22.4
Max qc reading from CPT (MPa) 15.5 18.5 9.5 9.5 – – –
Max qc reading from CPTu (MPa) 48.9 33.5 22.6 22.6 37.4 33.2 33.2
Max N20 reading from DPSH-A 285 467 285 285 123 111 165
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Basu et al. 2010; Elsamee 2012; Niazi 2014; Cama-
cho et  al. 2018). Concurrently, this method allows 
predicting the ultimate resistance, according to the 
10% criteria, even if the pile head settlement does not 
reach 10% of the pile diameter (Holeyman et al. 1997; 
Maertens et  al. 2003; Borel et  al. 2004; De Cock 
2009; Basu et al. 2010).

As the maximum settlement of most of the tested 
piles was less than 10% of the pile diameter, the 
reliability of the Chin method was examined on 
the basis of the literature for similar soils and Fun-
dex piles. Two Fundex 380/450 piles in Belgium 
were analysed. Both piles were tested to at least a 
settlement equal to 10% of the pile diameter. The 
first A1bis was tested in Limelette (Maertens et al. 
2003). Another, designated P3, was tested in Ghent 
(Holeyman 2001). The soils of the Ahtri site are 
more similar to those of the Limelette test site and 
the soils of the Paldiski mnt to those of the Ghent 
test site. Thus, the results of pile A1bis should be 
compared with piles A-1 to A-4 and the results of 
P3 with piles P-1 to P-3. Comparison of the results 
extrapolated by the Chin method (Qu,Chin10%) with 
the measured values (Qu,SLT) should give an idea 
of the accuracy of the Chin method for different 
pile settlements. The accuracy results of the two 
piles for the four different settlements are given in 
Table 6. The results show that the reliability of the 
extrapolation results of the A1bis pile is high even 
at very small settlement. The results of pile P3 dem-
onstrate that for smaller settlements, the accuracy of 
the extrapolation results must be taken into account 

around 20%. The s/B values in Table  4 show that 
the most accurate results should be for piles A-3 
and P-3. Pile A-4 has the most sizeable settlement 
at the lowest load compared to piles A-1 to A-3. 
The results of the A-4 pile should be treated with 
caution.

In this research, the extrapolation of the Chin 
method was used to determine the pile load at a 
settlement equal to 10% of the pile diameter. The 
results were compared with the pile capacities cal-
culated by different direct methods. In Fig.  4, the 
load–displacement curve from the pile load test and 
the hyperbolic curves as a result of the extrapolation 
of the compressed pile are presented.

Table 5  Drilling resistance near the pile tip on piles A-1 and 
A-2

Pile A-1 Pile A-2

Depth (m) Resistance (bar) Depth (m) Resistance (bar)

22.50 70–110 21.50 70–100
23.00 70–110 22.00 70–100
23.50 70–110 22.50 180–200
24.00 160–180 23.00 180–200
24.50 160–180 23.50 180–200
25.00 220–240 24.00 180–200
25.50 220–240 24.50 220–240
26.00 220–240 25.00 220–240
26.50 220–240 25.50 220–250
27.00 240–260 26.00 220–250

Table 6  Accuracy of determining the settlement of piles 
A1bis and P3 by the Chin method on the basis of four different 
settlements

Pile ID s/B (%) Qu,Chin 10%/Qu,SLT Accuracy (± %)

A1bis 1.1 0.90 10.0
A1bis 1.4 0.94 6.2
A1bis 3.5 1.03 2.7
A1bis 6.0 1.03 2.6
P3 1.2 1.09 9.3
P3 1.5 1.24 23.9
P3 2.8 1.13 13.3
P3 6.0 0.99 0.7
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Fig. 4  Load–displacement curve of the pile load test and the 
extrapolation results for one pile
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4.3  CPTu Testing

A total of six CPTu soundings were made at two sites. 
At the Ahtri site, four CPTu soundings were con-
ducted between the piles in the framework of the sup-
plementary studies in 2019. The minimum distance 
between the three CPTu sounding points and the 
centre of piles varied from 1.8 to 2.7 m. The fourth 
CPTu testing point (CPTu-A3) located more than 
5.5 m from the piles was made to compare the other 
three CPTu tests and previously made CPT tests (see 
Fig. 2).

At the Paldiski mnt site, two CPTu soundings were 
conducted near the two opposite sides of the com-
pleted building. It was four and a half years after the 
piles were installed. The distance between the tested 
piles and CPTu soundings varied between 18 and 
20 m at the Paldiski mnt site (Fig. 3). The soundings 
were at least 3 m deeper from the pile tip.

For CPTu soundings, a lightweight truck with 
ground anchors was used. In some places, predrill-
ing was carried out because of impenetrable fill in the 
upper layer. A Nova cone produced by Geotech AB 
was used. CPT Geotech Nova system meets the stand-
ards EN ISO22476-1 and ASTM D-5778 (2000). The 
probe had a 10   cm2 base area and 150   cm2 sleeve 

surface area. The procedures of the testing concurred 
with Lunne et al. (1997).

The typical sounding profiles of qt, fs, Rf and u2 for 
both sites are shown in Figs. 5 and 6. Rf is defined as 
fs/qt × 100%. The types of soil layers defined via CPTu 
SBT (Robertson 2010) are shown on the left. The 
water table was indicated with u0 (hydrostatic pres-
sure) and u2 profiles. The soil profile of both objects 
shows that silty soils predominate. There is a limited 
amount of clayey soils at both sites. An increase in 
pore water pressure is an excellent indicator of clay 
layers. This helps to highlight the presence of thin 
clay layers, which can be clearly seen from the pore 
water graph of the Ahtri site at depths lower than 
16 m. The thicknesses and location of the layers vary 
within a few metres between the probing points on 
the Ahtri site. The variability at the Paldiski mnt site 
is not significant.

4.4  Previous Soundings

In addition to the CPTu soundings conducted dur-
ing the research, previous soundings (at the Ahtri 
site CPT and DPSH-A tests and at the Paldiski mnt 
site DPSH-A tests) were also included in the analy-
sis. Piezocone tests were performed on a HYSON 

Fig. 5  Results of the piezocone test at the Ahtri site. qt, cone resistance corrected for the pore pressure effects; fs, sleeve friction; Rf, 
friction ratio; u2, pore pressure



641Geotech Geol Eng (2023) 41:631–652 

1 3
Vol.: (0123456789)

device with a 200-kN counterweight. The PAGANI 
CPTu penetration cone with a 10-cm2 base area was 
used. The cone allowed determining the base and side 
resistance, pore water pressure and cone inclination. 
Dynamic penetration tests (DPSH-A) were carried 
out with GEOTECH 504. The weight of the hammer 
was 63.5 kg, and the weight of the rods was 6 kg. The 
hammer was lowered from 0.5  m drop height. The 
cone tip area was 1600   mm2. The number of blows 
per 200 mm was measured.

At the Ahtri site, 10 CPT and 13 DPSH-A sound-
ings were conducted nearly 1 year before the piling 
work. For CPT soundings, CPTu probes were used. 
The pore pressure was measured only for the dis-
sipation test. Due to the dense subsoil, neither CPT 
nor DPSH-A could be probed deeper than the pile 
tip. Beside some piles, the probes did not even reach 
the depth of the pile tip because of the lack of push-
ing force. The distance between the tested piles and 
CPT soundings varied between 3.0 and 4.5  m. At 
the Paldiski mnt site, six DPSH-A soundings were 
made 2 weeks before the installation of the testing 
piles. The soundings were at least 15 times deeper 
than the pile tip diameter. The distance between the 
tested piles and DPSH-A soundings varied between 
5.8 and 13.0 m. At the Ahtri site, the number of blows 

recorded to pass 200 mm was corrected for growing 
rods weight and thereby diminishing impact energy.

The CPT soundings at the Ahtri site were car-
ried out before the piles were installed, and the 
CPTu soundings were executed between the piles 5 
years later. This raises the question of whether CPTu 
sounding results between piles differ significantly 
from CPT data. For this purpose, the closest CPT and 
CPTu sounding results have been considered side by 
side, as shown in Figs. 7 and 8.

Most CPT and CPTu cone resistance values are 
akin. Only the results of CPTu-A2 are significantly 
different. This sounding point is also closest to the 
previously installed piles. The installation of the pile 
has increased the density of the soil. Therefore, the 
values of cone resistance and sleeve friction have 
also increased. This must be taken into account in 
the analysis of the load-bearing capacity of pile A-2 
based on CPTu-A2 data.

5  Estimated Versus Measured Ultimate Pile 
Capacity

The test piles were loaded 2–4 weeks after the instal-
lation of the piles. Togliani et  al. (2014) mentioned 

Fig. 6  Results of the piezocone test at the Paldiski mnt site. qt, cone resistance corrected for pore pressure effects; fs, sleeve friction; 
Rf, friction ratio; u2, pore pressure



642 Geotech Geol Eng (2023) 41:631–652

1 3
Vol:. (1234567890)

that piles installed in partly clayey and partly sandy 
soils would increase their bearing capacity for at least 
100 days after the pile had been deployed. In practice, 
the waiting time used in Estonia is 3 weeks (21 days). 
Mets (1997) claimed that for soft silts, a 2-week wait-
ing period would be sufficient. In clayey soils, shaft 
friction increases even after 4 weeks. For pile capac-
ity, this is in favour of the reserve. As the test sites 
were predominantly silty soils, a similar kind of 
capacity increase was not expected; therefore, it was 
estimated that the increase did not significantly affect 
the pile total load-bearing capacity.

For each of the tested piles, the closest sounding 
was used to calculate the axial bearing capacity. Five 
CPT methods, one CPTu method, and six SPT meth-
ods were used for the analyses. If the pile calculation 
method did not provide a maximum value for the pile 
bottom and lateral friction, a limiting ultimate unit 
shaft friction of 120 kPa (Poulos 2016) and limiting 
ultimate end bearing resistance of 15 MPa were used. 
The Eurocode method results based on CPT data and 
SPT methods except for the Briaud and Tucker (1988) 
method at the Ahtri site were most affected. Without 

restrictions, these methods would significantly over-
estimate the pile bearing capacity in the occurrence 
of very dense subsoils.

If the probing did not reach the depth of the pile 
tip, the last reading of the probing was used in the 
analysis. This assumption has a major impact on the 
analysis based on the CPT result and tends to under-
estimate the load-bearing capacity of the pile. The 
analysis based on DPSH-A results is not affected.

The results are summarized in Figs. 9, 10 and 11. 
The calculation methods with reference to the type of 
probing test used are shown on the horizontal axis; 
only the calculation method is presented on the hori-
zontal axis. The vertical axis shows the absolute per-
centage difference between the predicted and calcu-
lated capacities. In addition, the hatched area in the 
figures indicates 20% variability around the 0 value. 
The 20% limit is used to assess the accuracy of the 
different methods. The more the results within ± 20%, 
the better the method.

The calculations for pile A-2 are based on data 
from two CPTu points. The aim was to determine 
whether the results of the probing made between the 

Fig. 7  Results of CPT and CPTu cone resistance values side by side at the Ahtri site. qc, cone resistance
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Fig. 8  The results of CPT and CPTu sleeve friction values side by side at the Ahtri site. fs, sleeve friction

Fig. 9  Comparison of the 
absolute difference between 
the measured and predicted 
capacity for piles at the 
Ahtri site; + , overesti-
mates; − , underestimates
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piles could be used as a basis for calculating the load-
bearing capacity of the pile. Test CPTu-A2 was made 
between the piles, and the minimum distance from 
the adjacent pile was 1.8 m. It was also the shortest 
distance between the survey points and the piles. The 
investigation point CPTu-A3 was at least 5.5 m from 
the adjoining pile and 27.7 m from the test pile A-2.

The calculations performed with the five CPT 
and one CPTu method are compared in Fig. 10. The 
results based on the data from the two study points 
are similar. The biggest difference was observed 
using the Eurocode 7 method (EN 1997–2:2007). 
Figure 10 shows that this difference is 12%. In addi-
tion, it can be clearly seen from Fig.  10 that if the 

Fig. 10  Comparison of the 
absolute difference between 
the measured and predicted 
capacity for pile A-2 based 
on CPTu sounding A2 and 
A3 at the Ahtri site
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Fig. 11  Comparison of the 
absolute difference between 
the measured and predicted 
capacity for the piles at the 
Paldiski mnt site; + , overes-
timates; − , underestimates
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result of the direct method remained within 20% of 
the area, it remained there according to both CPTu-
A2 and CPTu-A3, with a small difference for the 
LCPC method. Hereby, the results of the CPTu tests 
between the existing piles can be used in the study.

Figure 9 shows that the results found on the basis 
of the CPTu and CPT vary widely between the piles. 
This can be attributed to the limiting capacity of the 
cone penetrometers. The greatest variability between 
the results calculated by the LCPC method is based 
on CPT data, and it is in the range of 96%. The 
smallest variability is calculated on the basis of two 
methods, the Nottingham and Schmertmann (1975, 
1978) method and the Eurocode 7 (EN 1997-2: 2007) 
method, both being within 64%. The minimum and 
maximum values of the calculations performed with 
DPSH-A results also vary considerably. Excluding 
the pile A-4 results, the variability for all methods 
is within 37%. Based on three piles, the Briaud and 
Tucker (1988) method gives results within 20% of 
the measured capacity. Furthermore, the results of all 
SPT methods fit within the ± 20% range at the Ahtri 
site.

At the Paldiski mnt site, the variability of CPT-
based methods between different piles was sig-
nificantly smaller than at the Ahtri site, as shown in 
Fig.  11. The Nottingham and Schmertmann (1975, 
1978) method and Eurocode 7 (EN 1997-2: 2007) 
method clearly overestimated the load-bearing capac-
ity of the pile. Furthermore, none of the calculated 
values fell within the 20% range. The De Ruiter and 
Beringen (1979) method and the Unicone method 
tended to overestimate capacity. The closest results 
to the measured ones were received by the LCPC 
method; all the results were also within 20% of the 
measured capacity. The German (EA-Pfähle 2014) 
method also gave quite similar results to the outcomes 
obtained from the pile load test.

The results from the direct SPT methods varied 
more than the results attained by the CPT methods. 
The results achieved by the Shariatmadar (2008) 
method varied the most, and no value fell within the 
20% range. The outcomes with the least variabil-
ity were obtained by the Meyerhof (1976) method. 
Nevertheless, no result fell within the 20% range, 
and outcomes overestimated the capacity of the pile. 
The Briaud and Tucker (1988) method provided the 
closest results compared to the outcomes of the pile 
load test. The calculation results of piles P-1 and 

P-2 by the Briaud and Tucker (1988) and Aoki and 
De`Alencer (1975) methods were of considerable 
accuracy. However, the calculation results of pile P-3 
were outside the 20% range by both methods. The 
method by Aoki and De`Alencer (1975) also tended 
to overestimate the pile capacity. Both the (Poulos 
1989; Martin 1987; Decourt; 1982) method and the 
Decourt (1995) method predicted that only pile P-3 
would be within the 20% range. Furthermore, it can 
be seen from Fig.  11 that the (Poulos 1989; Martin 
1987; Decourt; 1982) method tended to underesti-
mate the capacity of the pile. The results of three 
CPT, one CPTu, and two SPT methods fit within the 
20% ± 20% range at the Paldiski mnt site.

Based on the results of the Ahtri site, it is obvi-
ous that if the probing did not even reach the depth of 
the pile tip, the use of direct methods was restricted. 
The results of the pile capacity calculations were also 
of questionable value. At the Ahtri site, dynamic pen-
etration was achieved in deeper layers related to CPTu 
and CPT soundings. This was reflected in the smaller 
variability of the results. One possibility in such cir-
cumstances would be to investigate further the calcu-
lation of the shaft friction capacity from CPTu data. 
At the same time, DPSH-A data could be utilized to 
calculate the end bearing capacity of the pile.

Measuring pore water pressure is a useful value 
in determining the correct shaft friction capacity 
of the pile. It also provides the possibility to deter-
mine the SBT and the interlayer of soils. At the Ahtri 
site, soft interlayers of clay appeared. If the pile tip 
remained above such a weak layer, the pile capacity 
was reduced remarkably.

At the Paldiski mnt site, where the probing reached 
at least 3.48 m deeper than the pile tip, the calculation 
results had significantly less variability than at the 
Ahtri site, excluding piles A-2 and A-3 based on SPT 
methods. The best results were obtained by the LCPC 
method. The German method also provided simi-
lar pile capacities. Many researchers (Rollins et  al. 
1999; Abu-Farsakh et  al. 2004; Cai et  al. 2009; Titi 
et al. 2010; Pardoski 2010; Hu et al. 2012; Amirmo-
jahedi et al. 2019) have also concluded that the LCPC 
method shows acceptable performance among CPT-
based methods. One reason for this could be the influ-
ence zone for the pile utilized in the LCPC method, 
which is 1.5D below and above the pile tip. The pile 
zone of influence in silty soils estimated by Yang 
(2006) covers a reasonably balanced range between 
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those used in the LCPC method. Moshfeghi and 
Eslami (2016) highlighted the promising performance 
of the German method for different piles in different 
soils. The achievement of the German method in the 
present work could be explained by the fact that this 
method offers an empirical relation solely for Fundex 
piles. Nevertheless, all CPT-based methods outlined 
in the paper should be used for pile capacity analy-
sis under similar conditions in the future. Mayne and 
Niazi (2009) find it prudent to use a number of dif-
ferent CPT methods and see how they compare or 
disagree with each other. They suggest that averag-
ing the methods seems to be warranted in such cases. 
Determining the local correlation factors helps to 
increase the accuracy of the direct methods as well. In 
addition, it would help to understand when to use the 
upper and lower limits of the unit shaft and toe capac-
ity, for example, utilizing the German method.

Of the SPT methods, the Briaud and Tucker (1988) 
method is worth highlighting. It proposed remarkably 
good results at both sites. It was also the only SPT 
method used that referred to the s/B = 10% failure cri-
terion. Notable results at both sites are a clear indica-
tion that DPSH-A data can be used with SPT-based 
direct methods under similar conditions. In the future, 
a comparative analysis of the piles, together with the 
results of the pile load tests, should also be performed 
adopting SPT direct methods.

6  Summary

The static pile load test is the most accurate method 
for determining the static load-bearing capacity of a 
pile. Due to their high cost, such tests are rarely per-
formed in Estonia. On certain occasions when such 
tests are carried out, the piles are loaded no more than 
3 weeks after the installation of the test piles. The 
piles are not tested for failure but only up to 120% of 
the expected design load. In practice, soundings are 
needed to design how many piles are needed and what 
their size and depth would be. Static loading tests are 
used after piling to check how reliable the design has 
been. A large number of static pile load tests in paral-
lel with probing allow the calculation of the bearing 
capacity of a pile based only on the results of the pen-
etration test. The probing data alone can be used to 
find the pile bearing capacity in the future under simi-
lar conditions. CPT and CPTu sounding are fast and 

reliable methods to define soil type and its properties 
for pile capacity estimations. Several previous studies 
(Briaud et  al. 1988; Eslami et  al. 1995; Eslami and 
Fellenius 1997; Rollins et al. 1999; Abu-Farsakh et al. 
2004; Cai et al. 2009; Mayne et al. 2009; Niazi et al. 
2010; Pardoski 2010; Reuter 2010; Titi et  al. 2010; 
Cai et  al. 2011; Eslami et  al. 2011; Hu et  al. 2012; 
Flynn et al. 2014; Moshfeghi and Eslami 2016; Amir-
mojahedi et al. 2019) have clearly demonstrated that 
direct methods based on CPT or CPTu data provide 
reliable results in different soils on different piles. 
However, in denser soils, the penetrometer must have 
a sufficient capacity of up to 500 kN (Eslami and Fel-
lenius 1997). As CPTs with such a high capacity are 
seldom available, one alternative could be to apply 
the DPSH-A system. DPSH-A penetration is fast and 
inexpensive, which also penetrates denser soil lay-
ers. One possible approach to using the results of the 
DPSH-A test to identify the load-bearing capacity 
of a pile is to use SPT-based direct methods. When 
using the results received with this device, it must be 
kept in mind that the pore pressure and cohesion of 
the soil can significantly affect the results.

The load-bearing capacities of the four piles dif-
fer significantly at the Ahtri site, as shown in Fig. 12. 
However, if the result of pile A-4 is excluded, all SPT 
methods show results with relatively little variabil-
ity (19–33%). The variability of the CPT and CPTu 
methods is significantly larger than that of the SPT 
methods. The main reason for this is the fact that CPT 
soundings did not penetrate the pile tip level. At the 
Paldiksi mnt site, the measured load-bearing capaci-
ties of piles are similar (see Fig. 13). Comparing the 
measured and calculated load-bearing capacities of 
the piles in Fig. 13, the LCPC and Briuad and Tucker 
(1988) methods stand out clearly. The variability of 
these two methods is considerably less than that of 
the other methods.

The results of the LCPC (LCPC-A and LCPC-P) 
and B&T (B&T-A and B&T-P) methods have been 
statistically compared in Table  7 with the results of 
the pile load test results (SLT-A and SLT-P). B&T 
is an abbreviation of the Briaud & Tucker method. 
The letter A indicates the Ahtri site, and the letter P 
indicates the Paldiski mnt site. The mean value ( x ), 
standard deviation (SDx) and coefficient of vari-
ation (COVx) were calculated. The results of pile 
A-4 were not included in the analysis. The percent-
age accuracy was defined between the pile load test 
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and the calculated mean value. A minus percentage 
value indicates that the calculation underestimates 
the measured result. On the contrary, a plus sign indi-
cates that the calculations overestimate the measured 
values.

Table  7 shows that the coefficient of variation 
is in the range 0.09–0.28% in the Ahtri site and in 

the range 0.04–0.16% in the Paldiski mnt site. The 
accuracy of the calculated values is in the range of 
6.0–10.4%. The LCPC method underestimates the 
load-bearing capacity of a pile at the Ahtri site by 
7.0%. In all other cases, the calculation overesti-
mates the load-bearing capacity of the pile.

Fig. 12  Comparison of 
the measured and predicted 
capacity for piles at the 
Ahtri site
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Fig. 13  Comparison of 
the measured and predicted 
capacity for piles at the 
Padiski mnt site
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The pile tip and shaft capacities derived by LCPC 
and Briaud and Tucker (1988) methods for all seven 
piles are shown in Fig.  14. The vertical axis of the 
figure also shows the installation depth of the piles. 
The piles at the Ahtri site were installed in a deeper 
and stronger subsoil than at the Paldiski mnt site. 
The load-bearing capacity of the pile base compared 
to the whole pile capacity at the Ahtri site is very 
similar by both LCPC and Briaud and Tucker (1988) 
methods. The values found by the LCPC method are 
in the range of 58–69% and by the Briaud and Tucker 
(1988) method in the range of 58–68%. At the Pald-
iski mnt site, the load-bearing capacity of the pile 
base compared to the whole pile capacity is higher 
by the Briaud and Tucker (1988) method than by the 
LCPC method. It is in the range of 60–61% for the 

Briaud and Tucker (1988) method and 48–53% for 
the LCPC method.

This study focused on Fundex-type piles. It must 
be borne in mind that such piles have a pile tip with 
overlap. As a result, when installing the pile, the 
soil starts loosening in the shaft area (Kemfert et al. 
2010). In contrast, the screw-shaped shaft of the pile 
increases the load-bearing capacity of the pile com-
pared to the smooth pile shaft (Basu et  al. 2010). 
Therefore, pile calculation methods do not always 
estimate the actual load-bearing capacity of such 
piles with the desired accuracy (Kemfert et al. 2010). 
Another issue is that Eq.  (1) includes the idea that 
base and shaft resistance do not affect each other and 
the superposition principle is valid. In reality, these 
two resistances depend on each other; how much 
there is a correlation depends on soil conditions.

7  Limitations of this Study

• Extrapolation was used to determine the ultimate 
pile capacity from the static pile load test. Offset 
limit- or extrapolation-based methods are most 
common. However, the method for evaluating ulti-
mate pile capacity can affect the results.

• The piles studied in the research are 15–26  m 
long, and the resistance of the shaft is a significant 
part of the load-bearing capacity of the pile.

Table 7  Determination of pile bearing capacity accuracy 
based on LCPC and Briaud and Tucker (1988) methods

Variable x(kN) SDx (kN) COVx Measured 
x/predicted 
x

Accuracy 
(± %)

SLT-A 5021 1058 0.21 1 0
LCPC-A 4692 1300 0.28 1.070 − 7.0
B&T-A 5603 529 0.09 0.896 10.4
SLT-P 1782 280 0.16 1 0
LCPC-P 1895 72 0.04 0.940 6.0
B&T-P 1951 178 0.09 0.913 8.7
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• Both test sites had very high groundwater lev-
els, approximately 1 m below the ground level. It 
could affect sounding results and the time of the 
pile bearing capacity.

• These results may be inaccurate for other pile and 
soil types.

8  Conclusion

The study compared the outcome of five CPT, one 
CPTu and six SPT-based direct methods with the 
results of seven pile load tests from two sites. A pile 
failure criterion of s/B = 10% was used by extrapolat-
ing the pile load test results. To compare the methods, 
the absolute percentage difference between the results 
calculated by direct methods and those obtained as a 
result of the pile load test was determined.

One of the main objectives of this work was to 
identify suitable CPT-based methods to predict the 
load-bearing capacity of piles in silty soils. In addi-
tion, the possibility of applying DPSH-A readings in 
SPT-based methods appraising pile bearing capacity 
was investigated. Data with two different densities of 
subsoil were used as a basis for analysis. Limits of 
20% were used to identify the best method. Statisti-
cally, the percentage of accuracy was found for the 
LCPC and Briaud and Tucker (1988) methods.

The research clearly showed that if the sound-
ings did not reach at least the depth of the pile tip, 
the calculation outcome often underestimated the 
pile capacity. The calculated load-bearing capacity 
results of the piles varied up to 96%. The reason is 
that the soundings have ended into stiff layers, which 
tend to get stiffer by depth, increasing the pile capac-
ity. When the CPTu or DPSH-A test reached several 
metres deeper than the pile tip, the variability of the 
calculated results was significantly reduced. Of the 
CPT-based direct methods, the LCPC method demon-
strated the best results. This method underestimated 
the load-bearing capacity of the piles on average at 
the Ahtri site by 7.0% and overestimated at the Pald-
iski mnt site by 6.0%. The German method also pro-
vided similar pile capacities. Nevertheless, the CPTu 
method used in the study should be applied compar-
atively in silty soils with Fundex piles in the future. 
Of the SPT methods, the Briaud and Tucker (1988) 
method deserves special attention because it provided 
remarkably good results on both sites studied. This 

method overestimated the load-bearing capacity of 
the piles on average at the Ahtri site by 10.4% and 
at the Paldiski mnt site by 8.7%. In the attendance of 
dense subsoil, other SPT methods demonstrated simi-
lar results. It can be clearly seen that in the presence 
of dense subsoils in silty soils, the results of DPT can 
be of considerable use in predicting the load-bearing 
capacity of the pile. Therefore, the calculation of the 
pile capacity based on DPSH-A data using SPT-based 
direct methods deserves further investigation with 
different piles for different soils.
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Abstract. The bearing capacity of screw cast in situ displacement piles is mostly 
unexplored. There is also insufficient research on piles in silty soils. Therefore, 
five cone penetration tests (CPT) and one piezocone penetration test (CPTu) 
using direct methods were utilised to determine the load-bearing capacity of 
four displacement piles in Estonia. In addition to the CPT sounding data, static-
dynamic test (SDT) results were used to analyse the load-beating capacity of the 
piles. Both deterministic and probabilistic methods were used in the analysis. 
Characteristic values as a 95% reliable mean and 5% fractile values for sounding 
parameters, according to the Eurocode 7, were included. Additionally, Monte 
Carlo simulation was included in the reliability-based design (RBD). The bearing 
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capacities of screw cast in situ displacement piles in silty soils, here based on the 
CPT and SDT sounding data, were similar. The adaptation of SDT results for the 
CPT direct methods for pile load-bearing capacity analysis certainly deserves 
attention and further investigation. For both sounding types, the Eurocode 7 
method provided the best results for all piles. The results of pile-bearing 
capacities in the absolute difference varied within ±11% between the average, 
RBD and characteristic values.

Keywords: bearing capacity of pile, cone penetration test (CPT), Monte Carlo 
simulation, pile, static-dynamic probing test (SDT), static load test.

Introduction

In the Tallinn area, geological conditions vary substantially. There 
are areas where, on average, limestone hard stratum is at a depth of 
1 m. On the other hand, there are areas where the hard stratum is cut 
by a complex system of several ancient valleys that are buried by dense 
fluvioglacial sands and soft limnologlacial and marine clayey sediments, 
which are often tens of meters thick (Arbeiter, 1962; Map applications 
of the Estonian Land Board, 2020). The use of piles under buildings in 
these conditions is often required. Bored piles and displacement piles 
are the most frequently used pile types in Estonia (Mets & Leppik, 2016). 
As a result of the diversity of soil types and pile installation methods, 
it is generally complicated to anticipate the vertical bearing capacity of 
the pile. The static axial compression resistance of a single pile (Rc) is 
calculated as the sum of the pile base resistance (Rb) and shaft resistance 
(Rs); this is done by implementing the following formula (EN 1997-
2:2007, 2007):

 R R R q A q A
i

n

i ic b s b b s, s,� � � �� �
�
�
1

. (1)

The pile base capacity (Rb) is found by multiplying the unit end 
bearing or base resistance (qb) by the pile toe area (Ab). The shaft friction 
capacity (Rs) is calculated as the sum of the product of the unit shaft 
friction (qs,i) and the outer pile shaft area (As,i) for each soil layer. The 
static pile load test is the most accurate method for defining pile capacity 
after installation, which results in a load–settlement relation. Because of 
its high cost, the static loading test is often not used in the early phases 
of construction planning or in small piling sites. 

Soil properties are often defined from the in situ sounding resistance. 
Simultaneously, pile-bearing capacity calculation methods based on the 
results of in situ tests, which are informative and useful method, are 
applied more regularly nowadays (Eslami & Fellenius, 1997; Cai et al., 
2012; Moshfeghi & Eslami, 2016). The cone penetrometer test (CPT) is 
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one of the most generally implemented methods for pile-bearing capacity 
analysis (Niazi & Mayne, 2013). In addition, there are methods that 
utilise all readings of piezocone test (CPTu) (Eslami & Fellenius, 1997).

In Estonia, the most popular sounding type is the dynamic probing–
super heavy test (DPSH-A). Some investigation companies have also 
actively adopted the static-dynamic probing test (SDT). Various variants 
of this method are widely used in the Nordic countries. In fine-grained 
soils or below groundwater level, DPSH-A may lead to erroneous results 
(Gadeikis et al., 2010; Žaržojus, 2010). CPT has been used in Estonia in 
a small number of investigations. CPT provides continuous, repeatable 
and reliable data. However, in some cases, anchoring or a larger reaction 
mass is needed to reach deeper layers when using CPT. Comparatively, 
the SDT method pushes the probe until upper anchoring resistance is 
reached. After that, the denser layers penetrate with dynamic blows. 
If there is a weaker layer under the denser layer and the anchoring is 
sufficient, probing can be continued by pushing the probe. This could be 
a good alternative in fine-grained soils, in which the CPT method cannot 
penetrate to the required depth. Passing through deep soils is essential 
for calculating the base bearing capacity of piles.

Because the cone penetrometer can be considered a mini-pile 
foundation (Bandini & Salgado, 1998; Mayne, 2007; Jardine et al., 
2013), this has led to the evolution of a significant number of CPT-
based pile-bearing capacity calculation methods (e.g., Nottingham, 
1975; Schmertmann, 1978; de Kuiter & Beringen, 1979; Bustamante & 
Gianeselli, 1982; Eslami & Fellenius, 1997; Kempfert & Becker, 2010). In 
the present research, direct methods were used to find the load-bearing 
capacity of piles. As the SDT method does not have direct methods for 
defining the load-bearing capacity of a pile, CPT-based direct methods 
have been adjusted for SDT by converting sounding resistance to cone tip 
resistance (qc).

The current study focuses on finding the load-bearing capacity of 
four piles from the CPT and SDT results in silty soils for screw cast in 
situ displacement piles from the Soodi site in Tallinn. One CPTu-based 
and five CPT-based calculation methods were used and analysed. The 
results were compared with a static pile load test with French criterion 
s/B = 10%. In the criterion, s denotes the settlement of the pile head, 
while B denotes the diameter of the pile tip. 

As the reliability and economic requirements of the design become 
increasingly important and related to the new generation of design 
codes around the world, the reliability-based design (RBD) method was 
also used in the analysis of the load-bearing capacity of the piles based 
on the LCPC method. Monte Carlo simulation (MCS) based on 10 000 
simulations was implemented for this purpose. Based on the LCPC 
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method, 95% and 5% fractiles of the distribution of soil characteristic 
values were included.

Niazi (2014) has presented four alternatives for interpreting pile 
axial capacity based on in-situ geotechnical investigations (Figure 1). 
In the paper, three of the four possibilities were used in the analysis: 
correlation (empirical methods), statistics (analytical methods) and 
full-scale load test (experimental tests). Numerical methods should be 
included in the subsequent research.

1. Use of sounding methods and data for the 
prediction of pile-bearing capacity 

1.1. CPT, CPTu and SDT soundings

The CPT is one of the most common probing methods to be widely 
used, studied and developed around the world for the past hundred 
years (Massarsch, 2014). The method is fast and economical. The probe 
has a 1000 mm2 base area and 15 000 mm2 sleeve surface area. The drive 
rod has the same diameter as the probe (35.7 mm). During the test, the 
probe is pushed at a constant speed of 20 mm/s to the required depth 
or until the compressive force runs out. The readings of the cone tip 
resistance (qc) and sleeve friction ( fs) with short depth intervals (from 
10 to 20 mm) create a nearly continuous representation of the soil 
layers. Additionally, pore pressure (u2) data are collected if the CPTu is 
employed. These three independent parameters allow us to determine 
the properties of the soil, including its strength and compressibility 
(Massarsch, 2014).

Figure 1. Alternatives to interpret axial pile response from in-situ 
geotechnical investigations (Niazi, 2014)
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The SDT method was developed in Finland in the early 1980s. 
Especially in the Department of Geotechnics of the City of Helsinki, the 
method has been studied more intensely (Melander, 1989; Rantala & 
Halkola, 1997) and used for years. This method combines static and 
dynamic penetration tests. The test started as a static penetration 
test in which the drill rods with the cone were pressed and rotated 
simultaneously. The equipment usually has a maximum compressive 
force of 30 kN. When the maximum compressive force is reached, the 
device switches to the dynamic penetration phase (hammering). The 
dynamic phase switches to static penetration again if the amount of 
the blows (N20) value is less than or equal to five within 0.4 m. During 
the test, compressive force, torque, number of strokes, sounding depth 
and speed of rotation are measured in the intervals of 20 mm to 40 mm 
(Finnish Geotechnical Society, 2001).

The SDT method uses a loose cone, which remains almost always on 
the ground when the rods are pulled out. The cone must be 45 ± 0.2 mm 
in diameter and 90 ± 2 mm in length. The apex angle is 90°. The cross-
sectional area of the cone end is 1600 mm2, and the area of the side 
surface is 12 700 mm2. The diameter of the drive rod is 32 mm, which is 
smaller than the diameter of the cone (45 mm). During the compression 
stage, the rods are compressed at a constant speed of 20 ± 5 mm/s. A 
hammer weighing 63.5 ± 0.5 kg and a lowering height of 0.5 m are used 
for dynamic penetration (Finnish Geotechnical Society, 2001). 

Determining the geotechnical parameters from the results of the SDT 
method is based on calculation formulas developed for CPTu sounding. 
Unlike the CPTu, the diameter of the SDT cone is larger than the driving 
rod (Figure 2). Accordingly, the relationship between the SDT and CPT 
test results must be known. Based on laboratory experiments, Rantala 
& Halkola (1997) have determined that the cone tip resistance (qc,CPT) of 
the CPTu can be found from SDT results of static pressure penetration 
using Equation (2). According to Sounding guidelines 6-2001 (Finnish 
Geotechnical Society, 2001), the net resistance of the static pressure 
penetration of the SDT test can be calculated based on the total torque 
(Mtot) and total compressive force (Qtot) values using Equation (3). Based 
on the results of the dynamic penetration of the SDT test, Equation (4) 
can be utilised to convert the blow numbers to cone tip resistance (qc,CPT) 
of the CPTu. The net stroke rate Nn is defined from Equation (5) with 
the help of the total stroke rate (N20) and total torque (Mtot) (Finnish 
Geotechnical Society, 2001).
 q qc CPT n SDT, ,.� �1 07  (2)

 q
Q

A
k M Qn,SDT

tot

c

p tot tot�
�

� �� �� �
1000

1� , (3)
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 N N Mn � �20 0 04. tot , (5)
where 
qc,CPT is cone tip resistance of CPT;
qn,SDT is the net resistance to static pressure penetration, MPa, of SDT;
Qtot is the total compressive force, kN, of SDT;
kp is a standard (kp = 1/(Ac∙r∙106) = 0.039 (1/m3));
Mtot is the total torque value, Nm, of SDT;
µ1 is a device-specific constant (e.g., for GM4000 µ1 = 1 Nm/kN) to 

estimate the effect of axial loading of the compression phase on 
the friction of the transmission thrust bearing;

Nn is the net stroke rate [l/0.2 m] of SDT;
N20 is the total stroke rate [l/0.2 m] of the SDT.

Figure 2. SDT penetrometer cone on the left and CPTu cone on the right.
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1.2. Direct approaches for CPT and CPTu soundings 
to define pile capacity 

The mean effective stress, compressibility and rigidity of the 
surrounding soil medium have an effect on the CPT cone and pile in a 
comparable manner (Eslami & Fellenius, 1997; Ardalan et al., 2009). 
Direct cone penetration methods for the CPT apply cone sleeve friction 
for unit shaft resistance and cone bearing for the unit end-bearing 
resistance of the pile, here by the analogy of the cone penetrometer as 
a model pile (Mayne, 2007). This concept has led to the development of 
many direct CPT methods around the world, whereby CPT readings are 
simply scaled up and used to evaluate the load-bearing capacity of full-
scale piles (Niazi & Mayne, 2013). More than around 30 different CPT- 
and CPTu-based direct methods have been developed (Niazi & Mayne, 
2013). Six direct methods were applied in the present study: five CPT 
methods and the Unicone method, which is based on CPTu results. The 
methods are the Nottingham (1975) and Schmertmann (1978) method, 
de Kuiter & Beringen (1979) method (Dutch method), LCPC method 
(Bustamante & Gianeselli, 1982; Bustamante & Frank, 1997), Eurocode 7 
(EN 1997-2:2007, 2007) method and German method (EA-Pfähle, 2014). 
The Unicone (Eslami & Fellenius 1995, 1996, 1997; Fellenius & Eslami, 
2000; Eslami, 1996; Fellenius, 2020) method is certainly a remarkable 
method because it is the first method to use all three readings of the 
CPTu sounding (qt, fs and u2) in the pile load-bearing capacity analysis. In 
addition, the Unicone method developed a new soil profiling chart. The 
methods were chosen based on the fact that most of them were suitable 
for all soil types and for a wide range of piles. The only exception is the 
German method (EA-Pfähle, 2014), which is suitable for sandy soils. 
Concurrent, the German (EA-Pfähle, 2014) method offered good results 
in similar soils for screw cast in situ displacement piles (Leetsaar et al., 
2022). The current study applies these methods to piles installed in silty 
soils. A summary of the methods used is presented in Table 1. Based on 
the SDT data, three of the six methods were used to analyse the load-
bearing capacity of the piles. The Nottingham (1975) and Schmertmann 
(1978) method, together with the de Kuiter & Beringen method (1979), 
utilises the value of fs to determine the load-bearing capacity of the pile. 
In addition to reading fs, the Unicone (Eslami & Fellenius, 1997) method 
also exploits u2 readings. SDT sounding does not record either of these 
readings. 
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Table 1. Summary of direct CPT-based pile design methods

Method/reference Design equations

Pile unit shaft friction (qs) Pile end bearing resistance (qb)

Nottingham (1975) and 
Schmertmann (1978) (for 
driven concrete, steel and 
timber piles, and drilled 
shafts in all soil types)

In clay: qs = Kf · fs ≤ 120 kPa, 
Kf = 0.2−1.25
Kf is a function of the sleeve 
resistance
In sand: qs =cs · qc or fp=k · fs

cs = 0.8−1.8%, k = 0.8−2.5

qb = C · qca ≤ 15 MPa (in sands) 
and 10 MPa (in very silty sands)
C = 0.5−1.0 depending on 
overconsolidation rate (OCR)
qca = (qc1 + qc2)/2

Dutch method (de Kuiter 
& Beringen 1979) (for 
offshore piles in all soil 
types)

In clay: qs = a · su ≤ 120 kPa;
a = 1 for NC clay and 0.5 for OC 
clay; su = qca/Nkt; Nkt = 15–20
In sand: qs = min[fs, qc/300 for 
compression, qc/400 for tension, 
120 kPa]

In clay: qb = Nc su ≤ 15 MPa, 
su = qca/Nkt, Nc = 9; Nkt = 15–20; 
qca = (qc1 + qc2)/2
In sand: similar to Nottingham 
(1975) and Schmertmann (1978) 
method

LCPC or French method 
(Bustamante & Gianeselli, 
1982; Bustamante & 
Frank, 1997) (for all pile 
types in all soil types)

qs = qside/ks ≤ fp(max)

ks = 30–150 depending on soil 
type, pile type and installation 
procedure

qb = kb · qeq depending on soil 
types:
kb = 0.15–0.375 for non-
displacement piles
kb = 0.375–0.60 for displacement 
piles

EUROCODE 7 (EN 1997-
2:2007, 2007) (for all pile 
types in all soil types)

qs = as · qc,z

as = 0.005 – 0.030 depending 
on soil type or pile type and 
installation procedure

q s

q q
q

b p� � �

�
�

�
�
�

�
�
�

�0 5

2

.

, ,

,

� �

c,I mean c,II mean

c,III mean

qb,max ≤ 15 MPa; ap = 0.6–1.0 
depending on soil type, pile type 
and installation procedure; b 
factor that takes into account 
the shape of the pile tip; s factor 
that takes into account the shape 
of the bottom of the pile

German method (EA-
Pfähle, 2014) (for piles in 
sandy soils)

Provides upper and lower bound 
estimates of qs, kPa, based on qc 
(measured in MPa)

Provides upper and lower bound 
estimates of qb, MPa, based on qc 
(measured in MPa)

Unicone method (Eslami & 
Fellenius, 1995, 1996, 1997; 
Fellenius & Eslami, 2000; 
Eslami, 1996; Fellenius, 
2020) (all piles in all soils)

qs = Cse·qE

qE = qt − u2

Cse = 0.8–8%

qb = Cte·qEg; qEg is the geometric 
average of qc

Cte is generally taken as 1; for pile 
diameter d > 0.4 m
Cte = 1/(3d)
qb = Cte·qEg; qEg is the geometric 
average of qc
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1.3. Statistical determination of sounding data

In the current study, the characteristic value (here as a 95% 
reliable mean) and 5% fractile values for the sounding parameters 
were included in analysis of the direct methods in the pile capacity 
calculations. The aim is to determine how the characteristic values of 
soil properties based on EC7 change the results of these direct methods. 
For homogeneous soil without a significant trend in the ground, the 
characteristic value Xk as a 95% reliable mean value of the parameter 
can be determined from a set of individual values according to Frank et 
al. (2005):
 X X k Vnk mean x� �� �1 , (6)
where 
Xmean is the arithmetical mean value of the individual sample parameter 

value;
Vx is the coefficient of variation of the parameter X;
kn is a statistical coefficient.

 V
s

Xx
x

mean

= , (7)

where sx is the standard deviation of the n sample test results.
The value of the coefficient kn,mean for the assessment of a 

characteristic value as a 95% reliable mean value equation is as follows:

 k
nn =1 645
1

. . (8)

The value of the coefficient kn,low for the assessment of a 
characteristic value as a 5% fractile value equation is as follows:

 k
nn � �1 645
1

1. , (9)

where n is the number of test results of the soundings.

1.4. Reliability-based design (RBD)

Direct methods usually assume that the pile is located in soil layers 
with homogeneous properties. Odd ‘peaks and troughs’ in the sounding 
data are reduced when using mean values (Eslami et al., 1997). In cases 
where in situ soil variability is considerable, deterministic analysis 
based on the mean values could be inefficient. One possible solution is to 
use statistical distributions of soil properties and implement them in a 
deterministic analysis with simulations.
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One of the most commonly used techniques of reliability analysis is 
Monte Carlo Simulation (MCS), which is a repetitive simulation process 
that generates a set of values based on random variables with the known 
probability distribution. The increase in the number of simulations 
increases the accuracy of the MCS outcome. However, a very large number 
of simulations make the analysis slow and has little effect on the results. 
Typically N=104 or 105 number of simulation is chosen (Orr & Denys, 
2008). The probability distribution (i.e., beta, normal, lognormal, etc.) for 
each independent variable is provided. The outcome can be presented in 
a histogram or an average value can be highlighted. In addition, the RBD 
determines the probability of failure or reliability index.

In the present study, the soil was divided into four layers. Three soil 
layers were analysed around the piles. The fourth layer was formed 
based on the influence zone for the pile according to the LCPC method. 
For the LCPC method the influence zone is 1.5 D below and above the 
pile base. The variable of the soil layers was the qc value. The layers were 
assigned a mean value and standard deviation. Three of the four layers 
used a normal distribution for the variable. For the layer dominated by 
clayey soils, a lognormal distribution was used. Using software RiskAMP 
and MCS, 10 000 pile capacity values for each pile were generated. The 
average value of the results for each pile was used in the analysis. 

A choice was made between those methods that allow the load-
bearing capacity of the pile to be determined from both CPTu and SDT 
sounding data. The German method is based on tabulated values; 
therefore, it cannot be used in MC simulations. The Eurocode method 
was also excluded because it is too complicated, needing three different 
qc values for calculating the bearing capacity of the pile base. Only the 
LCPC method was used for the RBD simulations.

2. Test site and tested pile types

The test site was Soodi, which is located in Tallinn (see Figure 3), 
northern Estonia. It lies above an old valley buried in Quaternary 
sediments. Marine, lacustrine and alluvial deposits consist of varying 
layers of clay, silty clay, sand and silty sand. To a depth of 4.1 m, there are 
mainly alternating silty and sandy silt layers. At a depth of 11.7–11.9 m, 
the sand and silty sand deposits appear again. Between the soft clayey 
and silty soil, the layers alternate. The hard stratum of gravel/moraine is 
found at a depth of almost 30 m. The ground water table varies between 
0.05 and 0.65 m below the ground surface. A map of the sounding 
points and tested piles is shown in Figure 4. The SDT soundings SLP9 
and SLP10 were performed before the erection of the test piles. The 
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CPTu soundings were assembled after the construction of the building 
and, therefore, are located more than 46 m from the test piles. A non-
normalised CPT soil behaviour type (SBT) chart (Robertson, 2010) was 
used for soil classification. Internationally, the SBT chart is a global and 
favourable basis for comparing soils and test results.

Figure 3. On the left, the location of the research point in Tallinn (Map 
applications of the Estonian Land Board, 2020). The red mark indicates 
the location of Soodi Street 4

Figure 4. Site map with the tested piles and sounding points. S1 and S2 
indicate CPTu soundings. SLP9 and SLP10 indicate SDT soundings. The 
pile symbols are S-1 to S-4, and the type of pile is shown next to the name 
of the tested piles. The dimensions given in the map are in metres
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The two tested pile types were the Bauer full displacement pile (FDP) 
and displacement pile (DSP). During FDP pile installation (Figure 5 
on the left), a displacement tool with a widening shape is drilled into 
the ground by pushing and rotating it. The displacement tool includes 
a starter auger, which first loosens the soil, and then, the widening 
displacement tool pushes it laterally into the surrounding soil. After 
reaching the designed depth, the displacement tool is removed and the 
cavity is simultaneously filled with concrete through an opening at the 
end of the drill stem. After this, reinforcement casing is pushed into 
the wet concrete. ‘Lost bit’ technology was used to install DSP piles 
(Figure 5 on the right). By rotating and pushing, the jacket pipe with a 
closed end is drilled into the desired depth. The drill head is unscrewed 

Figure 5. The principle of installing an FDP pile is shown on the left; 
the principle of installing a DSP pile is shown on the right  
(https://www.trevispa.com/en/Technologies)

Table 2. Summary of pile and sounding data

Pile name S-1 S-2 S-3 S-4

Pile type DSP 406/520 DSP 406/520 FDP 440 FDP 440

Pile length, m 12.69 11.34 12.39 12.5

Max load from pile load test, kN 1870 1700 1870 1870

Max settlement from pile load test, mm 35.3 22.8 17.0 22.7

Max depth of CPTu sounding, m 25.18 25.18 25.18 25.18

Max depth of SDT sounding, m 21.49 21.13 21.3 21.3

Max qc reading from CPTu, MPa 21.7 21.7 21.7 21.7

Max qc reading from SDT, MPa 11.1 14.5 14.5 14.5

Max N20 reading from SDT 15 26 26 26
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and left in the ground as a pile toe. While lifting the jacket pipe up, the 
pile cavity is filled with concrete. Both pile types can be classified as cast 
in situ concrete displacement piles. At the test site, the diameter of the 
FDP pile head and shaft was 0.44 m. The shaft diameter of the DSP pile 
was 0.406 m, and the pile tip was 0.52 m. The length of the piles varied 
between 11.34 and 12.69 m. Piles of this type are classified in Europe 
as ‘screw piles’ (Basu et al., 2010). Table 2 shows the lengths of the 
statically tested piles with the maximum testing loads and respective 
settlements. In addition, the maximum resistance values of the CPTu and 
SDT soundings are given. 

The German method contains tabular values for driven precast piles, 
simplex piles, Atlas piles, Fundex piles and bored piles in sandy and 
clayey soils (EA-Pfähle, 2014). The DSP pile most closely resembles the 
Fundex pile. Both pile types have a pile tip with overlap, i.e., the diameter 
of the pile tip is bigger than the diameter of the pile shaft. The pile head 
remains in the ground after the pile installation on both types of piles. 
Driven precast piles and simplex piles are both driven piles. When 
installing the Atlas pile, the screw-shape shaft remains. Bored piles are 
not displacement piles. Thus, the FDP pile is also calculated on the basis 
of the Fundex pile tables using the German method.

3. Pile tests and soundings

3.1. Static axial pile load tests

The piles were tested in accordance with EVS-EN 1997-1:2006 
(based on EN 1997-1:2004) before the other parts of the pile field were 
constructed. The largest load on both types of test piles was 1870 kN. 
This is 83.7–98.8% from the ultimate capacity. The pile head settlement 
was between 17.0 mm and 35.3 mm. The piles were tested two to three 
weeks after installation.

According to Hirany & Kulhawy (1989), there are different methods 
to determine the ultimate capacity of a pile from the results of a static 
load test. One of the oldest definitions of pile-bearing capacity is the load 
at which the pile movement exceeds 10% of the diameter of the pile. This 
principle is also known as the French criterion (Vesić, 1977) and is used 
in Eurocode. 

As the piles were loaded into the settlement equal to 10% of its 
nominal diameter, Chin’s (1970) extrapolation method and load-
settlement curve were used to determine the ultimate pile capacity. The 
extrapolation results for all four piles are summarised in Figure 6. Based 
on Kondner’s (1963) work, Chin’s extrapolation method is familiar and 
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extensively used in practice (Al-Homoud et al., 2003; Basu et al., 2010; 
Elsamee, 2012; Niazi, 2014; Camacho et al., 2018). In agreement with the 
10% criteria, this method allows the ultimate resistance to be defined, 
even if the pile head settlement does not reach 10% of the pile diameter 
(Holeyman et al., 1997; Borel et al., 2004; De Cock, 2009; Basu et al., 
2010).

3.2. CPTu tests

Two CPTu soundings were made in 2019. CPTu soundings were 
performed with a Nova cone manufactured by Geotech AB and mounted 
on a lightweight truck. The Nova cone has a 1000 mm2 project area and 
15 000 mm2 sleeve surface area, according to ASTM D-5778 (2000) 
and EN ISO22476-1 standards. The covering fill layer was penetrated 
by predrilling. The lightweight truck was anchored with two ground 
anchors to achieve a higher compression force. The tests were performed 
according to Lunne et al. (1997) guidelines. 

The distance between CPTu sounding points and test piles varied 
from 44.9 to 75.3 m. The sounding profiles of the corrected cone 
resistance (qt), unit sleeve friction resistance ( fs), friction ratio (Rf) 
and pore pressure measured behind the cone (u2) are shown in 
Figure 7. Sounding S1, which reached a depth of 25.18 m, is marked 
in blue. Sounding S2 reached a depth of 20.42 m and is marked in red. 

Figure 6. Load-displacement curve of the pile load test 
and the extrapolation results for the four piles
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Rf is defined as fs/qt × 100%. The types of soil layers defined by SBT 
(Robertson, 2010) are shown on the left. Different mixtures of silt 
predominate in soils. The pore water pressure image also includes the 
water table and in situ pore pressure (u0) profile. 

3.3. Static-dynamic probing tests

SDT soundings were performed in spring 2015 with the GM 65 GTT 
unit, here according to Melander’s (1989) instructions. A total of 10 
soundings were conducted. The results of the two soundings closest 
to the piles tested were utilised. The distance of the piles from the 
nearest sounding point varied between 2.9 and 8.8 m (see Figure 4). 
The depths of the SDT soundings SLP9 and SLP10 were 21.13 and 
21.49 m, respectively. The results of the soundings are shown in 
Figure 8. The figure on the left shows the results of SLP9. The figure 
clearly demonstrates the alternation of static penetration (qc−SDT) with 
dynamic penetration (N20−SDT) of the SDT test. The middle figure shows 
the SLP9 and SLP10 test results (qc−SDT + N20−SDT) with the qc values 
derived from the SLP9 and SLP10 results (qc−SDT−CPT) after applying 
Equations (2) to (5). In the figure on the right, the qc values derived from 
the results of SLP9 and SLP10 (qc−SDT−CPT) are compared with the 
CPTu tip resistance values of S1 and S2 (qc−CPTU).

Figure 7. Soil description and the results of CPTu tests S1 (blue figures) 
and S2 (red figures) at the Soodi site. qt, cone resistance corrected 
for the pore pressure effects; fs, sleeve friction; Rf, friction ratio; u2, pore 
pressure
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4. Estimated versus measured ultimate pile capacity

The current study has analysed piles ranging in length from 11.34 
to 12.69 m. Settlement of the pile equalling 10% of the pile diameter 
should be 56 mm for the DSP pile and 44 mm for the FDP pile. The two 
tested DSP piles had a maximum settlement of 37% and 59% less than 
the required size of 10% of the pile base diameter. On the two FDP piles, 
the percentage was 61% and 48%, respectively. The results might be 
affected by extrapolation, which was done to define the ultimate pile 
capacity. 

A high groundwater level could also affect sounding results and the 
time of the pile-bearing capacity, especially for fine-grained cohesive 
soils. The effect of time on the pile load-bearing capacity certainly 
depends on the type and length of the pile. It is also important to 
distinguish whether the clayey soil layers are around the pile base or 
only above it. In conditions where nearly 50% of the pile is surrounded 
by clayey soils, the load-bearing capacity of the pile may increase for up 
to 100 days after construction of the pile (Togliani & Reuter, 2014).

Figure 8. SLP9 sounding results in the figure on the left. The results 
of SLP9 and SLP10 (qc−SDT + N20−SDT) converted to the qc value of CPT 
(qc−SDT−CPT) in the middle. The results of SDT test compared with 
the CPTu test at the Soodi site on the right. qc−SDT, cone resistance from 
static readings of SDT; N20−SDT, cone resistance from dynamic readings 
of SDT; qc−SDT−CPT, measured and derived qc values from SDT qc and N20 
values; qc−CPTu, cone resistance from CPT
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The piles included in the present study had clayey soils layers above 
the pile base; thus, generating adhesion on the pile shaft affected the 
load-bearing capacity of the pile. Therefore, it is important to know how 
quickly the load tests were performed after installation and how much of 
the total pile load-bearing capacity was the pile shaft capacity. The pile 
shaft resistance was analysed based on the average results of S1 and S2, 
as well as on the SLP9 and SLP10 soundings. As an average of the results 
for the five CPT methods and one CPTu method, pile shaft resistance 
accounted for 30% of the total bearing capacity for DSP piles and 37% 
for FDP piles. Using the average results of the two SDT soundings, the 
average values of the results of the three CPT methods were 41% and 
49%, respectively. The higher proportion of the bearing capacity of the 
base of the DSP piles can be explained by the larger diameter of the pile 
base compared with the pile shaft. Because the load-bearing capacity of 
the pile shaft is a significant part of the total load-bearing capacity, it can 
be assumed that the actual load-bearing capacity of the tested piles was 
higher than that measured during the static load test.

The five CPT methods and one CPTu method referred to in Section 2.2 
were used for analyses. The estimated pile capacities (Rcp) from the 
different sounding data were compared with the measured capacities 
(Rcm). The results for pile S-1 based on S1 and SLP10 soundings are 
shown in Table 3. In Table 3, the ratios of the measured total capacity, 
Rcm, to estimated pile capacity, Rcp, are given, along with the absolute 
percentage difference between the estimated and measured capacities. 
The minus sign indicates that the calculation method underestimates 
the load-bearing capacity of the pile. In addition to the total load-bearing 
capacity (Rc) of the pile, the base capacity (Rb) and shaft friction capacity 
(Rs) are also shown separately for different calculation methods. The 
sounding ID indicates which investigation point data were used to 
calculate pile capacity. Only the soundings made during the research 
after the installation of the piles carry the abbreviation CPTu in sounding 
ID.

As the distance between two CPTu soundings was only 8.8 m and 
the tested piles were more than 46 m away from the sounding points, 
the results of axial bearing capacity based on two CPTu soundings were 
first compared. The results of the four piles in bearing capacity absolute 
differences based on CPTu soundings S1 and S2 are summarised in 
Figure 9. The calculation methods with reference to the type of probing 
test used are shown on the horizontal axis in Figure 9. The vertical axis 
shows the absolute percentage difference between the predicted and 
calculated capacities. The values calculated from soundings CPTU-S1 
(S1) and CPTU-S2 (S2) are presented side by side in pairs. In the figure, 
±10% and ±20% areas are indicated by hatching. The more the results 
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Table 3. Comparison between the static load test results and bearing capacity 
prediction for the test pile S-1

Method Rb,
kN

Rs,
kN

Rc,
kN Rcm/Rcp

Absolute
difference, %

Sounding
ID

Static Loading Test (s/B=10%) 1965 1.0000 0

Nottingham (1975) and 
Schmertmann (1978) 1797 325 2121 0.9264 7 CPTU-S1

de Kuiter and Beringen (1979) 1797 680 2436 0.8067 19 CPTU-S1

LCPC (1982; 1997) 1128 640 1727 1.1378 −14 CPTU-S1

EUROCODE 7 (EN 1997-2:2007, 
2007) 1263 763 2025 0.9704 3 CPTU-S1

German method (EA-Pfähle, 2014) 1448 659 2107 0.9326 7 CPTU-S1

Unicone method (1997) 961 663 1582 1.2421 −24 CPTU-S1

LCPC (1982; 1997) 1012 629 1600 1.2281 −23 SLP10

EUROCODE 7 (EN 1997-2:2007, 
2007) 1005 916 1880 1.0452 −5 SLP10

German method (EA-Pfähle, 2014) 1058 616 1632 1.2040 −20 SLP10

Figure 9. Comparison of the measured and predicted capacity for the piles 
at the Soodi site based on CPTU-S1 and CPTU-S2; + overestimates, 
− underestimates
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were within ±20% or even ±10%, the better the method. Figure 9 shows 
the difference between the results of soundings S1 and S2 as calculated 
for pile S-3, here based on the Nottingham (1975) and Schmertman 
(1978) method. Differences in the results of all four piles have been 
calculated using the same principle. The results are shown in Table 4. 
The average values in the bottom row clearly show that the results 
differ in the range of 14.2–19.9% based on the results of the two CPT 
soundings. The smallest difference is 5.2%, and the largest difference is 
33.1%. Hereinafter, the average values of S1 and S2 were used in load-
bearing capacity analysis of the piles. The average values of SLP9 and 
SLP10 were also used.

Based on the average sounding results, the load-bearing capacity of 
the four piles found by all the utilised methods is shown in Figure 10. 
The results were compared with the measured results of four static 
pile load tests. In addition, the significant results are marked with a 
yellow circle. In Figure 11, the same results are shown as an absolute 
percentage difference between the predicted and calculated capacities. 

As can be clearly seen in Figures 10 and 11, when comparing the 
measured and calculated results of all four piles, the best agreement 
is with the results obtained by the Eurocode 7 (EN 1997-2:2007, 2007) 
method. In addition, very comparable results were achieved with this 
method based on both the CPT and SDT sounding data. Most results of 
the Eurocode 7 (EN 1997-2:2007, 2007) method are within or close to the 
±10% range. The largest absolute difference was 13%. 

Table 4. Absolute percentage difference in load-bearing capacity of four piles 
as the distinction between the results based on the CPTU-S1 and CPTU-S2 

soundings

Method S-1 DSP406/520,
%

S-2 DSP406/520,
%

S-3 FDP-440,
%

S-4 FDP-440,
%

Nottingham (1975) and 
Schmertmann (1978)

18.2 22.0 33.1 31.0

de Kuiter and Beringen 
(1979)

13.3 16.5 21.9 20.8

LCPC (1982; 1997) 20.2 15.6 10.2 22.8

EUROCODE 7 (EN 1997-
2:2007, 2007)

15.5 17.6 19.6 13.9

German method (EA-
Pfähle, 2014)

5.2 12.4 15.6 16.4

Unicone method (1997) 13.1 13.7 12.6 14.2

Average 14.2 16.3 18.9 19.9
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Other methods gave significantly different results between the 
two types of piles. The results of the DSP piles tended to overestimate 
the measured capacity. In contrast, the calculated capacities of most 
FDP piles underestimated the measured values. The results of the DSP 
piles were most overestimated by the Dutch (de Kuiter & Beringen, 
1979) method (28%). Nevertheless, all other methods offered results 
for the DSP pile within the ±20% range. The LCPC method and the 
Unicone (1997) method underestimated the load-bearing capacity of 
the FDP piles the most. The absolute differences were 59% and 66%, 
respectively. Further, the LCPC method and Unicone (1997) method 
underestimated the load-bearing capacity of all four piles compared to 
the measured capacity. Figure 11 shows that the LCPC method, together 
with the Eurocode method and German method, gave very comparable 
results based on both the CPT and SDT sounding data. The load-bearing 
capacity of the FDP piles varied within a ±10% range using the Dutch (de 
Kuiter & Beringen, 1979) method and the Eurocode 7 (EN 1997-2:2007, 
2007) method. The variability ranged from −7% to 5% and −5% to 6%, 
respectively.

Figure 10. Comparison of the measured and predicted capacity 
for the piles at the Soodi site based on CPTU-S1 and CPTU-S2 average 
results
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Figure 12 compares the average (average) and MCS results against 
the 95% reliable estimate of the mean value (characteristic) and 5% 
fractile (Low 5) results obtained by the LCPC method. The results shown 
in Figure 12 on the left are based on CPTu soundings S1 and S2. The 
results in Figure 12 on the right are based on SDT soundings SLP9 and 
SLP10. The results are presented and compared based on the absolute 
differences.

Compared with the absolute difference, the MCS and characteristic 
values based on the S1 and S2 soundings were similar for all four piles. 

Figure 11. On the left based on a comparison of CPTU-S1 or CPTU-S2 
average results between pile types; on the right based on a comparison 
of SLP9 and SLP10 average results between pile types; + overestimates, 
− underestimates

Figure 12. Comparison of average (Average), Monte Carlo simulation 
(MCS), 95% reliable estimate of the mean value (characteristic) and 
5% fractile (Low 5) values based on LCPC method. On the left based 
on CPTU-S1 or CPTU-S2 result comparison between pile types; on the 
right based on SLP9 and SLP10 result comparison between pile types; 
+ overestimates, − underestimates
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The biggest difference was 3%. The results based on the S1 and S2 
soundings obtained with the average values are 3–8% lower than the 
MCS and characteristic values. Low 5 values of the same soundings are 
43–132% lower than the RBD and characteristic values. The average 
values based on the results of SDT soundings SLP9 and SLP10 are 
similar to the RBD values. The difference is between 1% and 3%. The 
characteristic values are 5–11% lower than the average and RBD values. 
Low 5 values are 47–96% lower than the average and MCS values.

5. Discussion

As shown in Figure 11, in four out of the six methods, the direct 
methods tended to overestimate the bearing capacity of the DSP piles. 
The load-bearing capacity of the pile was underestimated by the LCPC 
and Unicone methods only. As the DSP piles have a pile tip with a larger 
diameter and the installation technology resembles a Fundex pile, they 
should behave in a similar way. According to Kemfert & Becker (2010), 
a pile tip with a larger diameter leads to loosening of the ground in the 
shaft area, resulting in a reduction of shaft resistance. In contrast, the 
screw-shaped shaft of the pile increases the load-bearing capacity of the 
pile when compared with a smooth pile shaft (Basu et al., 2010). This 
may be the reason why pile calculation methods do not always provide 
the actual load-bearing capacity of such screw-shaped type piles with 
the desired accuracy (Kemfert & Becker, 2010). The results of the two 
DSP piles in the present study are compared with the results of the three 
Fundex piles at the Paldiski mnt site (Leetsaar et al., 2022) in Table 5. 
Table 5 shows that the results have the same trend for most methods. 

Table 5. Absolute percentage difference in load-bearing capacity of two DSP 
piles at the Soodi site and three fundex piles at the Paldiski mnt Site;  

+ Overestimates, − Underestimates

Soodi site Paldiski mnt site

Method Absolute Difference, % Absolute Difference, %

Nottingham (1975) and Schmertmann (1978) 18 39

de Kuiter and Beringen (1979) 27 27

LCPC (1982; 1997) −7 6

EUROCODE 7 (EN 1997-2:2007, 2007) 12 36

German method (EA-Pfähle, 2014) 13 14

Unicone method (1997) −16 20
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The Dutch (de Kuiter & Beringen, 1979) method and the German method 
offer identical results for both sites. The Unicone method demonstrates 
the most significant variability. This method underestimates the load-
bearing capacity of the pile by an average 16% at the Soodi site and 
overestimates it at the Paldiski mnt site. The reason that direct methods 
may overestimate the load-bearing capacity of the pile could be related 
to the testing time of the pile after completion of the pile. The piles in the 
current study were loaded two to three weeks after completion. Togliani 
& Reuter (2014) have stated that the load-bearing capacity of the pile 
may increase even after 100 days from the construction of the pile in 
conditions where nearly 50% of the pile is surrounded by clayey soils. 
Further examination of the bearing capacity of the DSP pile in parallel 
with a Fundex pile is necessary. 

The fact that some direct methods underestimate the load-
bearing capacity of the FDP pile may indicate a lack of these methods 
considering the actual behaviour of this pile type in the soil. Bush et 
al. (2013) concluded that in silty and sandy soils, the cone resistance 
because of FDP pile installation was increased down to the depth of the 
displacement body. In addition, a slight decrease below the displacement 
body had no negative effect on the bearing capacity of the pile. Based 
on the calculations, in the soil around the pile, there were only minor 
changes in density and primarily changes in the horizontal stresses. It 
is very difficult to measure the horizontal stress state and void ratio in 
situ. Therefore, it is necessary to investigate this type of pile by static 
load tests in parallel with CPT and SDT soundings. Based on the load test 
and sounding results, direct methods can be better calibrated.

Based on average, MCS and characteristic values, the results differed 
by up to 11%. Characteristic values gave the pile capacity 3–8% lower 
than the average values. The results for the Low 5 fractile differed up 
to 132% compared with the average values. Eurocode 7 (Frank et al., 
2005) recommends the use of the Low 5 fractile when the soil volume 
involved in a limited state is very small compared with the length of the 
fluctuation of the soil property. In the studied soils, Low 5 values gave 
the capacity of the pile with a large reserve.

Conclusion

In the current study, the load-bearing capacity of four screw cast in 
situ displacement piles in silty soils was analysed. The outcome of the 
static pile load tests were compared with the results of five CPT-based 
methods and one CPTu-based direct method. The results of static pile 
load tests were extrapolated, and the s/B = 10% failure criterion was 
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applied to the piles. Data from both the CPT and SDT soundings were 
included in load-bearing capacity analysis of the piles. As there are no 
direct methods to apply the SDT results to pile-bearing capacity analysis, 
three CPT direct methods were used. The percentage of absolute 
difference was used to compare the methods. The percentage of absolute 
difference was found to be the difference between the calculated and 
measured load-bearing capacity from the pile load test. The comparison 
of the methods was based on the principle that the more the results 
were within ±20% or even ±10%, the better the method. In addition to 
deterministic methods, the probabilistic method with MCS was used for 
the analysis.

The results indicated that the application of the SDT sounding 
outcome in the CPT direct methods provided comparable results to 
the utilisation of the CPTs sounding data. However, a comparison of 
the bearing capacities calculated from the results of two close CPT 
soundings showed significant variations. The percentage of absolute 
difference varied between 5.2% and 33.1%. This is a clear indication 
of the need for statistical processing of sounding data prior to pile-
bearing capacity analysis. As a result, the soil around the piles was 
divided into three layers and treated statistically. The results of the 
CPT two soundings were considered together. The two SDT soundings 
were treated in the same way. The Eurocode 7 method showed the 
best performance based on analysis of the arithmetic average values of 
both the CPT and SDT soundings. Most of the results when using this 
method were within or close to the ±10% range, and the largest absolute 
difference was 13%. Other direct methods tended to overestimate the 
load-bearing capacity of DSP piles and underestimate the load-bearing 
capacity of FDP piles. Except for the Dutch (de Kuiter & Beringen, 1979) 
method, all other methods offered results for the DSP pile within a ±20% 
range. The LCPC method and Unicone (1997) method underestimated 
the load-bearing capacity of all four piles when compared with the 
measured capacity. The biggest absolute differences were 59% and 66%, 
respectively.

RBD analysis of the piles was performed using the LCPC method. 
Density functions were accomplished on the soil layers. Pile-bearing 
capacity was determined by the LCPC method with MCS, here based on 
the arithmetic average values of soils layers and standard deviation. 
Here, 10 000 simulations were used in the simulation. In addition, 
characteristic 95% reliable estimate of the mean value and 5% 
fractile results were obtained based on the LCPC method. Based on 
CPT and SDT soundings, the outcome of pile-bearing capacities in the 
absolute difference varied within 11% between the average, RBD and 
characteristic values. Based on CPT soundings, the 5% fractile was 
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43–132% lower than the RBD and characteristic values. Using SDT 
sounding data, 5% fractile results were 47–96% lower than the RBD and 
characteristic values.

The use of SDT sounding results in the CPT direct methods for 
analysing pile-bearing capacity in this case gives good results and 
deserves attention and further investigation. Studies should explore 
parallel soundings of the CPT and SDT in different soils along with 
different pile types tested statically. The piles must be loaded up to a  
s/B=10% failure criterion. Sounding data should be applied to load-
bearing analysis of the pile by sounding separately and then being 
statistically combined. In addition to average values, characteristic 
values should be used in parallel. Compared with analytical methods, 
RBD takes account of the variability of the parameters, provides more 
information and gives a reliable assessment of the probability of failure 
or actual safety. RBD should increasingly be included in load-bearing 
capacity analysis of piles, including direct methods, in the future.
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Abstract The determination of pile bearing capacity using 
the load–settlement relationship has been widely recognised 
as an effective means of directly determining the bearing 
capacity of a pile through in situ tests. Among the various 
techniques available for such investigations, the seismic cone 
penetration test (SCPTu) stands out as one of the most reli-
able. One key advantage of this test is its ability to measure 
the shear wave velocity (Vs) during the sounding process. In 
this study, the range of Vs values was examined specifically 
in silty soils. The data for this study were obtained from six 
SCPTu soundings and load tests conducted on seven screw 
in situ displacement piles. In addition to the four known cor-
relations between the cone penetration test (CPTu) and Vs, 
three new correlations were developed, showing promising 
results for most of the soil layers examined. Moreover, a 
correlation between the normalised operative shear stiffness 
and the normalised pseudo-strain was established based on 
back-calculations using the results of static pile load tests. 
The findings of this study highlight the complexity of the 
correlation between CPTu readings and Vs in silty soils, 
emphasising the need for further research in this area.

Keywords Seismic piezocone penetration test · Shear 
wave velocity · Pile load–displacement · Pile · Pile 
capacity · Static load test · Elastic continuum solution · 
Correlation

Introduction

Extensive research has been conducted globally to estab-
lish correlations between the cone penetration test with pore 
pressure measurement (CPTu) readings and shear wave 
velocity (Vs) values [1–4]. The four selected correlations 
have been divided into two categories: two correlations suit-
able for various soil types, including silty soils, and two cor-
relations specifically applicable to sandy silt soils. To assess 
the appropriateness of these correlations for different soil 
conditions, it is necessary to get measurements of the shear 
wave velocity. The in situ measurement of Vs using seis-
mic non-destructive tests is primarily accomplished using a 
multi-channel analysis of surface waves, cross-hole seismic 
testing or up-and down-hole methods. The seismic cone pen-
etration test (SCPTu) can be adopted to measure Vs values 
using the cross-hole or down-hole testing approach. In this 
study, data were gathered from down-hole tests. The dataset 
comprised six SCPTu soundings conducted at three sites, 
with a maximum depth of 23 m. The most informative, reli-
able and useful approach for analysing pile bearing capacity 
is the adoption of calculation methods based on the results 
of in situ tests [5–7]. One important factor to consider when 
assessing pile load capacity is the load–settlement (Q–w) 
relationship of the piles, which provides a better understand-
ing of the load-carrying capacity of the piles and enables the 
evaluation of differential settlements. To determine the Q–w 
relationship for different piles in different soils, analytical 
stress–strain–strength soil models in conjunction with the 
results of in situ tests have been extensively studied [8–12]. 
In this study, the Q–w relationship of seven screw in situ 
displacement piles (hereafter referred to as ‘screw piles’) 
in silty soils was analysed using static pile load tests and 
seismic cone penetration soundings. The Q–w relationship 
of piles is significantly influenced by the heterogeneity of 
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stiffness. Cook et al. [13] demonstrated that the operative 
shear modulus (G) is the most critical factor in determining 
the Q–w performance of a loaded pile. In the pile Q–w anal-
ysis, the shear modulus (G) is preferred over the Young’s 
modulus, E, for two reasons: (1) the shear modulus is often 
unaffected by whether the loading conditions are undrained 
or drained and (2) the primary deformation of the soil occurs 
in shear along the pile shaft. The small strain shear modulus 
(Gmax or G0) is generally calculated based on the measured 
shear wave velocity (Vs).

It is crucial to comprehend the potential presented by 
using SCPTu data for the analysis of a pile. This study used 
analytical elastic continuum solutions to achieve a deeper 
understanding of the correlations of the test data. Four 
known empirical correlations between Vs and CPTu were 
analysed, and three new correlations for silty soils were pro-
posed. An elastic solution proposed by Randolph and Wroth 
[14, 15] was applied to determine the Q–w relationship of 
piles based on Niazi and Mayne’s [11] methodology. The 
exponent parameter g [16] for the screw piles in silty soils 
was analysed. Correlations between the normalised opera-
tive shear stiffness (G/Gmax) and normalised pseudo-strain 
(γp/γp-ref) were developed based on the back-calculations of 
the static pile load test results. In normalised pseudo-strain, 
γp = wt/d and γp-ref = 0.01, where wt represents the settlement 
at the pile top and d is the pile diameter. The results of the 
back-calculations of the static pile load tests were compared 
with those obtained by Niazi and Mayne [11]. Because the 
piles were not loaded to their ultimate capacity during the 
static pile load test, extrapolation was used. Since most of 
the tested piles had significant settlements, potential biases 
resulting from these extrapolations were found to have no 
significant effect on the results.

CPT– Vs Correlations

Four empirical correlations that connected CPTu readings 
with Vs (m/s) were included in the analyses. The first cor-
relation uses a database that includes sand, silt and clay, as 
well as mixed soils, as derived by Hegazy and Mayne [1]. 
It uses both cone (qc) and shaft resistance (fs). The second 
correlation equation derives the value of Vs only from the fs 

readings, using a database for saturated clay, silt and sand 
from well-documented experimental sites [3]. The following 
two correlations have been proposed for soils dominated by 
sandy silt. Trevor et al. [4] proposed a correlation for sandy 
silt soils using corrected cone resistance qt and fs values. 
The correlation proposed by Holmsgaard et al. [2] uses the 
value of qt and is suitable for sandy silt with clay stripes. 
In addition, this paper proposes three correlations for silty 
soils. Four correlations from previous studies are presented 
in Table 1.

Use of SCPTu Data to Predict the Load–
Displacement Capacity of a Pile

SCPTu was used to determine the penetrometer readings and 
in situ shear waves (S). According to shear wave theory, Vs 
can be measured. For this purpose, a geophone is integrated 
into the cone. Gmax or G0 is calculated based on the Vs value. 
Most commonly, shear waves are measured at every metre 
in the borehole with the down-hole SCPTu. For this reason, 
both Vs readings and G0 values represent the average value 
of a one-metre interval.

The initial value of soil stiffness (Gmax or G0) gradually 
decreases to G as the strain increases. The decrease in the 
modulus can be described with a modified hyperbola. Fahey 
and Carter [16] proposed a modified hyperbola form for the 
monotonic torsional shearing of normally consolidated sands 
(1):

Here, f and g are fitting parameters, and G is a shear mod-
ulus calculated as G = E/[2(1 + ν)], where ν` = 0.2 (drained 
case) is the approximate value of the Poisson’s ratio of geo-
materials at small strains. The value of τ/τmax can be treated 
as the reciprocal of the factor of safety (FS) or 1/FS. There-
fore, it can also be considered a level of mobilised load, Q/
Qult. At small strains, the material’s stiffness is finite and can 
be indicated by the low-strain shear modulus:

(1)
G

Gmax

= 1 − f

(

�

�max

)g

.

(2)Gmax = G0 = �V2
s
,

Table 1  Summary of 
correlations between shear wave 
velocity Vs and CPTu output 
from other studies

qt, cone resistance corrected for the pore pressure effects; qc, cone resistance; fs, sleeve friction; and Vs, 
shear wave velocity

References Correlation Soil type

[1] Vs = [10.1· log qc − 11.4]1.67 [fs/qc·100]0.3 For all soils
[3] Vs = 118.8 log (fs) + 18.5 (fs in kPa) Saturated clays, silts, sands
[4] Vs = 12.02 ⋅q0.319

t
 ⋅f −0.0466

s
    (qt in kPa) Sandy silt soils

[2] Vs = 99.45 q0.428
t

 (qt in MPa) Sandy silt with clay stripes
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where ρ indicates the total mass density of the material. As 
the strains of G0 are too small to cause excess pore water 
pressure, Eq. 2 applies to both drained and undrained condi-
tions [17]. In addition, previous studies have shown that the 
value of G0 is the same under both static (monotonic) and 
dynamic loading conditions [18, 19].

The first-order evaluation values of f = 1 and g = 0.3 pro-
vide normally reasonable approximations and have been 
confirmed by laboratory torsional, triaxial and simple shear 
tests for the monotonic loading of unaged and uncemented 
quartz sands and insensitive and unsaturated clays [20, 21]. 
The exponent parameter, g ≈ 0.3 ± 0.1, is suitable for many 
uncemented and nonstructured soils [22, 23]. In our analysis, 
the values of f = 1, g = 0.2, g = 0.3 and g = 0.4 were adopted 
in Eq. 1.

In addition to the load-bearing capacity of a pile, it is 
necessary to determine the Q–w relationship to design an 
economical foundation solution. A suitable approach is to 
use the approximate analytical elastic solution for pile–soil 
interaction, provided by Randolph and Wroth [14, 15]. This 
solution accounts for piles in Gibson-type soils (i.e. linearly 
increasing soil stiffness with depth) and in homogenous two-
layered soils (i.e. constant soil stiffness with depth). The 
settlement of pile top (wt) for a compressible pile can be 
calculated as follows [14, 15]:

where wt represents the settlement at the pile top; Qt is the 
load applied at the pile top; GL is the operative soil shear 
modulus at the pile base; η is the factor for underreamed 
piles that take greater loads at the pile base, calculated as 
η = rb / ro; L is the pile length; ro is the radius of the pile 
shaft; rb is the pile base radius for underreamed piles; μL is 
the measure of pile compressibility, calculated as μL = 2·[2/
(ζ λ)]0.5·(L/ds); ζ is the measure of influence radius, calcu-
lated as ζ = ln(rm/ro); rm is the maximum radius of influence, 
calculated as rm = L{0.25 + ξ·[2.5ρE·(1—νs) -0.25]}; λ is the 
pile–soil stiffness ratio, calculated as Ep/GL; Ep is the pile 
modulus; ξ is the factor for end-bearing piles resting on a 
stiffer stratum (Gb >  > GL), calculated as GL/Gb; Gb is the 
soil shear modulus below the pile base; ρE is the modulus 
variation factor, calculated as GM/GL; GM is the operative 
soil shear modulus at the midpoint of the pile embedment 
depth, calculated as GM = (Go + GL)/2; Go is the operative 
shear modulus at the pile top (Z = 0); and νs is the Poisson 
ratio of soil.

The solution is suitable for both constant and linearly 
increasing soil stiffness with depth (Gibson-type model) 
conditions; it incorporates end-bearing and floating piles. 
However, the solution does not directly account for the 

(3)wt =

Qt

[

1 +
4η tanh (�L)L

��(1−�s)�(�L)r0

]

GLr0

[

4�

(1−νs)�
+

2��E tanh (�L)L

� (�L)r0

] ,

differences in pile types and pile installation methods. For an 
accurate analysis of different pile types and their load–dis-
placement relationships, the solution must first be calibrated 
with the static pile load test data. An important variable in 
this analysis is the parameter g in Eq. 1, which is assigned 
values of 0.2, 0.3 and 0.4 in the analysis.

To determine the value of G0, it is essential to know the 
total mass density ρ values. The total mass density of the 
soils can be determined in the laboratory. However, collect-
ing soil samples from deep layers below the water table is 
a complex and time-consuming process. Furthermore, it is 
practically impossible to obtain undisturbed samples from 
silty soils below the water table. Thus, an expression that 
uses all three CPTu readings (fs, qt and u2) is included to 
determine the soil unit weight [24]. The mass density, ρ, can 
be obtained from the unit weight as ρ = γt / 9.8. Equation (4) 
is based on a variety of clays, silts and sands.

Test Sites and Tested Piles

All three test sites are located in Tallinn, northern Estonia, 
and are found in old valleys buried under quaternary sedi-
ments. Marine, lacustrine and alluvial deposits incorporate 
sandy silts, silty sands, clay and sand at the Ahtri site and 
silty sand, sandy clay, clay and sand at the Paldiski mnt site 
[25]. At the Soodi site, the soil deposits comprise varying 
layers of silty clay, silty sand, clay and sand [26].

At all three sites, static loading tests were conducted. At 
the Ahtri site, one Fundex pile (A3) was tested; at the Pald-
iski mnt site, two Fundex piles (P-1 and P-3) were tested [25] 
and at the Soodi site, two displacement piles (S-1 and S-2) 
and two Bauer full displacement piles (S-3 and S-4) were 
tested [26]. All piles were tested in accordance with EVS-EN 
1997–1:2006 based on EN 1997–1:2004 [27]. Because the 
piles were not loaded to their ultimate capacity, Chin’s [28] 
extrapolation was used to complete the Q–w curves. This 
method was chosen because it was also used by Maertens 
and Huybrecht [29] in silty soils with the same type of piles. 
In a previous study [25] using Fundex piles, Chin’s method 
also demonstrated favourable results in silty soils. Therefore, 
it was assessed as the most reliable method. Table 2 shows 
the pile types and lengths, with the maximum testing loads 
and the respective settlements. The diameter specifications 
of Fundex piles in Table 2 are denoted by two numerical 
values. The first value corresponds to the diameter of the 
shaft, while the second value represents the diameter of the 
pile tip. This particular study focused on Fundex piles with 
two different diameters, where the pile tip diameters were 
measured at 0.45 and 0.56 m. The respective diameters of 

(4)
�t = 11.46 + 0.33 ⋅ log(z) + 3.1 ⋅ log

(

fs
)

+ 0.7 ⋅ log
(

qt
)

.
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the pile shaft were 0.35 and 0.45 m. Notably, both the FDP 
pile base and shaft had a consistent diameter of 0.44 m.

SCPTu Soundings

Six SCPTu soundings were conducted at all three sites. At 
the Ahtri site, three SCPTu soundings, with depths rang-
ing between 20.0 and 23.5 m, were conducted (Fig. 1). At 
the Paldiski mnt site, two SCPTu soundings, with depths 
ranging between 19.0 and 19.8 m, were conducted (Fig. 2). 
At the Soodi site, one SCPTu sounding, with a depth of 
20.0 m, was performed (Fig. 3). The corrected cone resist-
ance (qt) and sleeve friction (fs) values were reported for all 
soundings. At all sounding points, the ground water level 
was at a depth of almost one metre above the ground surface. 
Pore water pressure was measured behind the cone (u2) and 

presented with in situ pore pressure (u0) profiles. The types 
of soil layers, presented on the left of the sounding figures, 
were defined using CPTu and the soil behaviour type (Rob-
ertson 2010 [30]. At all three sites, silty soils predominated.

The Geotech AB Nova cone, mounted on a lightweight 
truck, was used to perform all soundings. To ensure a higher 
compression force, the truck was secured in the soil using 
two screw anchors. To penetrate the covering fill layers, 
predrilling was conducted. The Nova cone, in accordance 
with ASTM D-5778 [31] and EN ISO 22476–1:2012 [32], 
had a project area of 1000  mm2 and a sleeve surface area of 
15,000  mm2.

The shear wave velocity was determined through an 
SCPTu down-hole test, where the energy source was posi-
tioned on the ground and the receiver was placed in the 
cone. Seismic tests were conducted at one-metre inter-
vals throughout the borehole, resulting in consistent Vs 

Table 2  Summary of pile data

Pile name A-3 P-1 P-3 S-1 S-2 S-3 S-4

Pile type Fundex 450/560 Fundex 350/450 Fundex 350/450 DSP 406/560 DSP 406/560 FDP 440 FDP440
Pile length (m) 23.2 15.5 15.0 12.69 11.34 12.39 12.5
Measured max 

load from pile 
load test (kN)

3600 1200 1200 1870 1700 1870 1870

Max settlement 
from pile load 
test (mm)

22.0 6.3 15.0 35.3 22.8 17.0 22.7

Soil descrip�on

Drill out

Clean sand to silty sand

Silty sand & sandy silt

Sensitive fine grained 

with clay & silty clay 

layers

Clay & silty clay

Silt & sand mixtures

Sand & silty sand

Fig. 1  Results of the piezocone test at the Ahtri site. qt, cone resistance corrected for the pore pressure effects; fs, sleeve friction; u2, pore pres-
sure; and Vs, shear wave velocity
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and Gmax values (refer to Figs. 1, 2, 3). Table 3 displays 
the minimum and maximum Vs values obtained from 
all six soundings, which ranged from 37 to 352  m/s. 

Additionally, the table presents the difference between 
the maximum and minimum Vs values (ΔVs). As for the qt 
and fs values, measurements were taken every 20 mm, and 

Soil descrip�on

Drill out

Sand & silty sand

Silty sand & sandy silt

Sensi�ve fine grained 
with clay layers

Silty sand & sandy silt
Sand & silty sand

Sand & silty sand with 
silty sand & sandy silt 

layers

Sand & silty sand

Silty sand & sandy silt
Sand & silty sand

Fig. 2  Soil description and the results of SCPTu tests P1 (blue figures) and P2 (red figures) at the Paldiski mnt site. qt, cone resistance corrected 
for the pore pressure effects; fs, sleeve friction; u2, pore pressure; and Vs, shear wave velocity

Soil descrip�on
Drill out

Sand & silty sand & 

sandy silt

Clay & silty clay

Clay 

Silty sand & sandy silt

Sensitive fine grained 

with clay & silty clay 

layers

Clay & silty clay

Sand & silty sand

 

Fig. 3  Results of piezocone tests at the Soodi site. qt, cone resistance corrected for the pore pressure effects; fs, sleeve friction; u2, pore pressure; 
and Vs, shear wave velocity
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the average values of one-metre-thick layers were used 
for the analysis. Table 3 also includes the minimum and 
maximum qt and fs values for all six soundings.

The measured Vs values were analysed to improve the 
database quality by removing outliers based on statistical 
considerations. Outliers were identified through the ‘2σ’ 
statistical criteria, where σ is the standard deviation of 
the variable Vs. This resulted in 95% confidence interval 
criteria for the data. Two Vs values (37 and 352 m/s) out 
of 108 were removed from the entire database and not 
included in the analysis.

Estimated Versus Measured Vs Values

Alongside the measured Vs results, the calculated values 
are based on four empirical regression equations from 
the literature for all six SCPTu soundings, as presented in 
Figs. 4 and 5. The details of these correlations are presented 
in Table 1. Because the existing correlations did not pro-
vide overwhelming fitness to the dataset used in this study, 
three new correlations were introduced. The first relation-
ship (5) proposed in this work uses fs values, and the second 
(6) uses qc and u2 values. Both correlations can be used in 
parallel to compare the calculated Vs values. In addition, a 
correlation is proposed that exploits both qt and fs values 
simultaneously. The values of Vs calculated using Eqs. 5–7 
are also included in Figs. 4 and 5. The Vs values obtained 

Table 3  Summary of Vs values 
alongside the minimum and 
maximum results of average 
qt and fs values for 1-m-thick 
layers

Vs -min Vs -max Δ Vs qt-min qt-max Δqt fs -min fs -max Δfs
m/s m/s m/s MPa MPa MPa kPa kPa kPa

SCPTu-A1 46 259 213 0.5 4.3 3.7 7.9 76.9 69.0
SCPTu-A3 44 203 159 0.5 8.0 7.5 3.4 107.5 104.1
SCPTu-A4 58 352 294 0.6 4.8 4.2 2.3 91.1 88.8
SCPTu-P1 37 233 196 0.4 17.7 17.3 0.6 157.3 156.6
SCPTu-P2 57 270 213 0.3 25.6 25.3 2.8 144.4 141.5
SCPTu-S1 76 248 172 0.4 18.5 18.1 0.5 137.1 136.6

Fig. 4  Comparison of Vs as predicted from CPT–Vs correlations and as measured by SCPTu at the Ahtri site
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from the correlations are calculated from CPTu readings, 
measured at intervals of 20 mm and rounded to 1-m-thick 
layers. The rounded layer interval is the same as that in the 
Vs measurements.

To test the performance of existing and newly derived 
functions, the computed Vs values are plotted against the 
measured Vs values in Fig. 6. Regression analyses were 
performed on each set of results to achieve the best-fit 
line of the computed/measured ratios of Vs. The linear 
regression function and corresponding coefficient of deter-
mination (R2) were then obtained. The closer the best-fit 
line to the perfect-fit line, the higher the R2 value and the 
better the correlation function. The R2 values are pre-
sented in Table 4, and the equations of the best-fit lines 
are presented in Table 5. Because the results of the Ahtri 
site showed the lowest correlation, the data of this site 
were analysed separately; the data from the Paldiski and 
Soodi sites were analysed together. All seven correlations 

(5)Vs = 95.7 ⋅ f 0.155
s

,

(6)Vs = 128.4 ⋅ q0.169
t

,

(7)Vs = 103.9 ⋅ q0.058
t

⋅ f 0.107
s

.

offered the best results for the Paldiski and Soodi sites. Of 
the existing functions, the correlation proposed by Tre-
vor et al. [4] showed the best results based on Paldiski 
and Soodi site data, according to R2 and the best-fit line. 
The correlation offered the R2 value of 0.70. Based on 
the R2 and best-fit lines, the correlations presented in this 
paper provide equivalent results for the Paldiski and Soodi 
sites. The R2 value of function (5) is 0.55, function (6) 
is 0.69 and function (7) is 0.61. However, based on the 
results from all three sites, all three correlations proposed 
in this paper offer the best results. Functions (5) and (7) 
also obtain the highest R2 value of 0.33 for the data from 
all three sites. Moreover, functions (6) and (7) provide the 
lowest COV value of 0.28 for the data from all three sites. 
The lowest correlation occurred at the Ahtri site, where the 
R2 values of all seven correlations were between 0.10 and 
0.17. Although the results show great scatter, the correla-
tion proposed in this paper offers close results compared 
to the measured Vs values at all three sites, as shown in 
Fig. 4. A significant difference occurred only in CPTu-A1, 
CPTu-A3 and CPTu-A4 soundings deeper than 14 m at 
the Ahtri site. The correlations proposed by Hegazy and 
Mayne [1] and Mayne [3] showed significant flaps at all 
three study points. However, in the remaining third of the 
study points, these correlations did not show a good flap. 
The correlation proposed by Holmsgaard et al. [2] showed 
a significant flap with only a few study points.

Fig. 5  Comparison of Vs as predicted from CPT–Vs correlations and measured using SCPTu at the Paldiski and Soodi sites
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Fig. 6  Evaluation of correlations between computed and measured shear wave velocity Vs for silty soils
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Estimated Versus Measured Load–Displacement 
Capacity of the Pile

Using the Vs values measured based on soundings SCPTu-
A4, SCPTu-S1, SCPTu-P1 and SCPTu-P2, the Gmax val-
ues were calculated alongside the pile and beneath the 
pile base with Eq. 2. To determine the mass density of 
the soil, CPTu readings were applied with Eq. 4. The soil 
layers adjacent to the pile were counted as a single soil 
layer in which the increase in the value of Gmax is a func-
tion of depth [11]. Note that the depth-Gmax figures were 
compiled from all four soundings and the best-fit line was 
found (Fig. 7). The soil around the pile base was treated 
as a second soil layer. Gmax values were found on the basis 
of the Vs values measured at the depth of the pile base.

Equation 3 was applied to determine the Q–w relation-
ship of seven screw piles in silty soils. The values f = 1 
and g = 0.2, 0.3 and 0.4 were used in this analysis. The 
pile types and dimensions are given in Table 2. Piles A-3, 
P-1 and P-3 were Fundex piles; piles S-1 and S-2 were 
displacement (DSP) piles; and piles S-3 and S-4 were full 
displacement (FDP) piles.

Because static pile load tests were not carried to the 
pile failure, the Q–w curves were extended using Chin’s 
[28] extrapolation. The Q–w curves of all seven piles are 
presented in Fig. 8. Only the last two to three pile load test 
values were extrapolated at the Soodi site; most of them 
were extrapolated from the pile load test of P-1. In piles 
A-3 and P-1, the last third of the Q–w curve values were 
extrapolated.

For most analysed piles, the extrapolated results closest 
to the measured values were taken at g = 0.4. For the DSP 
piles (S-1 and S-2), the value g = 0.4 provided a satisfactory 
alignment with the measured values. For FDP piles (S-3 and 
S-4), g = 0.4 tended to underestimate the bearing capacity 
of the pile. On two out of three Fundex piles (A-3, P-1 and 
P-3), the Q–w curves exhibited an adequate alignment with 
the g = 0.4 line. Therefore, it is reasonable to use g = 0.4 to 
derive the Fundex pile Q–w curve in silty soils.

Discussion

In this study, the Vs values ranged between 37 and 352 m/s 
(Table 3). Poulos [33] proposed that the typical value of 
Vs for rough estimation is in the range of 85–105 m/s for 
very soft soils and 276–365 m/s for very stiff soils. For silty 
soils, Holmsgaard et al. [2] recommended a Vs range of 
150–250 m/s. Based on several previous studies, Hussien 
and Karray [34] presented Vs values for sandy soils in the 
range of 127–327 m/s for a stress state of K = 1.0. As shown 
in Figs. 1, 2, 3, Vs values of approximately 100 m/s and as 
small as 37 m/s were measured in sensitive fine-grained, 
silty sand and sandy silt layers, which were no deeper than 
10 m. In deeper layers, the measured Vs values ranging 
from 150 to 250 m/s agreed with the range proposed by 
Holmsgaard et al. [2], with small exceptions. Additionally, 
these measured values fell well within the range presented 
by Hussien and Karray [34] and Poulos [33]. In the current 
study, most measured Vs values in depths deeper than 10 m 
were approximately 200 m/s.

For the analysis of CPTu and Vs correlations, the results 
obtained at the Ahtri site were treated separately. In the 
Ahtri site, the soil layers below 14–16 m depth appeared 
to be more silty than in the two other sites. The results in 
Fig. 4 illustrate this as, at depths of 14–16 m, the corre-
lations proposed in the present work interlace clearly for 
all three study points. Other investigated correlations pro-
vided satisfying flaps in the range of 14–16-m depths. In 
the deeper layers, only the correlations from Hegazy and 
Mayne [1] and Mayne [3] provided an approximate flap. In 
deeper layers, the soils of complex silt and sand mixtures 

Table 4  Coefficient of determination (R2) for all seven correlations

Name of test sites and number 
of data points

Hegazy 
and Mayne 
[1]

Mayne Trevor et al. Holmsgaard 
et al. 

Current correlation Current correlation Current correlation

[3] [4] [2] based on fs (5) based on qt (6) based on qt + fs (7)

Ahtri + Paldiski + Soodi 
(n = 106)

0.32 0.31 0.29 0.30 0.33 0.31 0.33

Paldiski + Soodi (n = 48) 0.55 0.51 0.70 0.71 0.55 0.69 0.61
Ahtri (n = 58) 0.16 0.17 0.10 0.11 0.17 0.11 0.16

Table 5  Coefficients and exponents for (G/Gmax) Vs. normalised 
pseudo-strain (γp/γp-ref) formulation (Eq. 8)

Pile classification α1 β1

(type/installation method)
Bored cast in situ 1.912 0.97
Auger 1.176 1.01
Driven 0.84 1.07
Jacked 0.65 1.25
Screw pile (current study) 0.305 1.68
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rested at the Ahtri site. The beginning of the silt and sand 
mixtures was well distinguished from the u2 profile (Fig. 1) 
between 13 and 16 m, where the value of pore water pressure 
dropped sharply. For such soils, all correlations reviewed in 
this paper significantly underestimated the Vs values, apart 
from the correlations provided by Hegazy and Mayne [1] 
and Mayne [3].

The correlations proposed using Eqs. 5, 6 and 7 offered 
the best flap (Fig. 5) for the Paldiski and Soodi sites. The 
correlation provided by Trevor et al. [4] also showed excel-
lent results. The other three correlations substantially over-
estimated the Vs value in most soil layers at study points 
CPTu-P1 and CPTu-P3 at the Paldiski site. At study point 
CPTu-S1, the same three correlations significantly overesti-
mated the Vs value in several layers and significantly under-
estimated the Vs value in some layers. This clearly indicates 
that creating CPTu and Vs correlations for mixed soils is 
complicated. In mixed soils, universal correlations may not 
yield good results; hence, a correlation based on a specific 
soil is necessary. Such mixed soils need further investigation 
in the future.

As shown in Figs. 4 and 5, the Vs values resulting from 
the correlations provided by Hegazy and Mayne [1] and 
Mayne [3] approximated each other at all study points. The 
correlation provided by Hegazy and Mayne [1] included all 
CPTu readings, whereas the one provided by Mayne [3] used 
only fs values. In addition, Eq. 7 does not offer better results 
than Eqs. 5 and 6. Therefore, correlations with a single input 
value may provide good results. This is clear evidence that 
correlations based on the qt or fs values should be used sepa-
rately. Through this action, it becomes feasible to compare 
correlation findings derived from separate analyses of the 
same CPTu soundings.

Measuring the Vs value at the site provides a good 
opportunity to derive the pile Q–w relationship based on 
Eqs. 1–3. One of the key constant in the analysis is the 
exponent parameter g. In this study, the value of g = 0.4 
was found to be the most suitable for screw piles in silty 
soils. Based on the results of the seven static pile load tests, 
back-calculations were performed, resulting in a correlation 
(8) between normalised operative shear stiffness (G/Gmax) 
and normalised pseudo-strain (γp/� p-ref) with a coefficient 

Fig. 7  Depth-Gmax figures for all four soundings with best-fit lines
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Fig. 8  Estimated pile Q–w relationships found using Eq. 2 with g = 0.2, 0.3 and 0.4 for all seven piles. The results are presented alongside those 
of the static pile load test curves. The last parts of the pile load test curves were extrapolated using Chin’s method
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of determination of  R2 = 0.97 for N = 101 data points. 
The results are presented in Fig. 9. The values obtained 
by extrapolation can influence the results in the region of 
larger strains, which appear in the lower right part of the 
figure. However, in this part of the graph, the results from 
the different piles demonstrate minimal scatter. Thus, the 
presented correlations provide favourable outcomes and 
deserve attention.

A form of the correlation analysed in the current study 
was presented by Niazi and Mayne [11], who analysed 299 
pile load tests at 61 sites. In their study, a modified hyper-
bola was introduced based on the curves of Vardanega and 
Bolton [35]. Niazi and Mayne [11] proposed the following 
correlation (9), based on stiffness reduction from 299 pile 
load tests obtained through back-analysis. Coefficient α1 
and exponent β1 are parameters that identify the pile type 
and installation methods, as presented in Table 5. Piles are 
divided into four groups: driven, jacked, auger and bored 
cast in situ. The values of α1 and β1 obtained in the current 
study are presented in the last line of Table 5. These numbers 
differ significantly from the values proposed by Niazi and 
Mayne [11]. It is evident from Fig. 9 that the outcomes of 
the Niazi and Mayne [11] correlations for various pile cat-
egories significantly deviate from the correlation suggested 
in this study for screw piles in silty soils. Screw piles exhibit 
the most gradual decrease in shear stiffness within the ini-
tial range of per cent γp (< 0.3), becoming steeper for high 
values. Furthermore, it is evident from Fig. 9 that the screw 
pile exhibits superior load-bearing capacity in comparison to 
the other referenced pile types, particularly at small strains. 
This indicates the need for similar correlations to comprise 
larger numbers of pile types in different soils.

Conclusions

This study examines the potential of SCPTu in evaluating 
the load-bearing capacity of a pile in silty soils. Since one of 
the key values of the entire study is Vs reading, the research 
also analyses the correlations between CPTu readings and 
Vs. This study analysed four correlations between CPTu and 
Vs, as presented in the literature. These correlations were 
denied to a variety of soils [1, 3], particularly silty soils [2, 
4]. The best flaps for the selected correlations at all three 
sites were determined based on Trevor et al.’s [4] correla-
tion. The other three correlations demonstrated significant 
deviations from the measured results at several study points. 
Significant flaps for the Vs values for most soil layers were 
found in all three site specific correlations proposed in the 
paper. At the Ahtri site, the only approximating flaps with 
complex silt and sand soil mixtures were found based on 
the correlations from Hegazy and Mayne [1] and Mayne 
[3]. This indicates the need to study more mixed soils to 
produce suitable correlations. Correlations based on qt of 
fs values should be preferred for comparisons of correla-
tion results obtained from independent readings of the same 
CPTu sounding.

The shear wave velocity Vs values ranged from 37 to 
352 m/s in the soils examined in this study. The minimum 
Vs values and values around 100 m/s were measured in 
sensitive fine-grained layers, as well as in silty sand and 
sandy silt layers up to a depth of 10 m. Deeper than 10 m, 
Vs values of approximately 200 m/s dominated. The range of 
Vs values measured in this study mostly coincided with the 
range proposed by Holmsgaard et al. [2] for silty soils and 
Hussien and Karray [34] for sandy soils. Additionally, the 
ranges of Vs values measured in this study generally agree 
with those proposed by Poulos [33] for very soft soils and 
very stiff soils.

The present study analysed the static load test of seven 
screw piles in silty soils at three sites. Three Fundex piles, 
two DSP piles and two FDP piles were included in the study. 
Because the piles were not tested for their ultimate bear-
ing capacity, Chin’s extrapolation was used to complete the 
Q–w curve. In addition, seven SCPTu soundings were con-
ducted at the three sites. The Vs values obtained from the 

(8)
Current study

G

Gmax

=
1

[

1 + 1.108
(

�ref

�p - ref

)1.58
] .

(9)

Niazi and Mayne (2015)
G

Gmax

=
1

[

1 + 3.634�1
(

�ref

�p - ref

)0.942�1
] .

Fig. 9  Correlation between normalised operative shear stiffness (G/
Gmax) and normalised pseudo-strain (γp/� p-ref), where γp = wt/d and 
γp-ref = 0.01
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soundings were used to determine the soil stiffness (Gmax 
or G0) values. Gmax was applied in the analytical elastic 
solution for pile–soil interactions proposed by Randolph 
and Wroth [14, 15]. Based on this study, g = 0.4 (Eq. 1) is 
the most suitable for screw piles in silty soils. Addition-
ally, correlations between normalised operative shear stiff-
ness (G/Gmax) and normalised pseudo-strain (γp/� p-ref) were 
developed with  R2 = 0.97 for N = 101 data points based on 
the back-calculations of the static pile load test results. The 
results might have been affected by the extrapolation of pile 
load test results, causing some uncertainty. The results at the 
Soodi site were the least affected because only a few values 
were extrapolated. In general, the influence of the extrapo-
lated values on the accuracy of the outcome was found to 
be negligible. The outcomes of the study were compared 
with the values proposed by Niazi and Mayne [11] based on 
299 pile load tests from 61 sites. The results of the present 
study differed significantly from these, indicating the need 
to construct similar correlations for a larger number of pile 
types in different soils.
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