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Notation 

 Ap the cross-sectional area of a pile 

 As the side surface area of pile 

 a the pile acceleration 

 cp the wave propagation speed of pile material, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 

 cc the cushion damping 

 cc
* the dimensionless cushion damping 

 C the damping factor 

 Cav the average damping factor 

 CH the hysteretic damping 

 CH,b the hysteretic damping at the pile base 

 CR the radiation damping 

 CR,b the radiation damping at the pile base 

 CV the viscous damping 

 D the pile diameter/width 

 Dw the wave length 

 Dmax the maximum value of damping ratio 

 Dr the damping ratio of soil 

 e the void ratio of soil 

 Ep the Young’s modulus of the pile material 

 f the frequency 

 f1 the first natural frequency 

 fn the natural frequency 

 fp the force acting in the pile 

 fp
* the dimensionless force acting in the pile 

 fs the unit skin friction capacity 

 F the force derived from strain gauge reading 

 Fa the inertia force 

 Fp the pore pressure resistance 

 Fpeak the maximum force 

 Fs the static capacity 

 Fsoil the soil resistance 



 

 

xix 

 Fs,corrected the corrected static capacity 

 Fs,ULM the static capacity at the unloading point 

 Fu the ultimate static resistance 

 Fv the damping resistance 

 g the acceleration due to gravity, g = 9.81 m/s2 

 G the shear modulus of soil 

 Gmax the shear modulus at zero shearing strain amplitude 

 Gs the secant shear modulus 

 h the drop height 

 H the thickness of soil layer 

 Ivα the viscosity index of soil 

 J the damping constant 

 Js the Smith damping factor 

 jc the CASE method damping constant 

 JG the Gibson damping factor 

 k the spring stiffness 

 kc the cushion stiffness 

 kc
* the dimensionless cushion stiffness 

 ks the soil stiffness 

 K the OCR exponent 

 L the pile length 

 LL the liquid limit 

 mr the hammer mass 

 ma the anvil mass 

 ma
* the dimensionless anvil mass 

 M the pile mass 

 n the dimensionless parameter 

 N the number of loading cycles 

 Nw the wave number 

 p0
’ the effective overburden pressure 

 PI the plasticity index 

 q the quake, or, displacement at the proportional limit 

 qp the unit end bearing capacity 



 

 

xx 

 Qf the skin friction resistance 

 Qp the total end bearing 

 Qu the total resistance 

 R the pile radius 

 su the undrained shear strength of the soil 

 t the time of measurement 

 t* the dimensionless time 

 tL the loading duration 

 Tr the relative loading duration 

 u the pile displacement 

 v the pile velocity 

 vav the average velocity 

 vmin the velocity of the Constant Rate of Penetration Test (CRP) 

 v0 the reference velocity 

 v0,r the velocity of the ram when it strikes the pile 

 vtoe the velocity of the pile toe 

 Vs the shear wave velocity in soil 

 Z the pile impedance 

 α the viscous parameter 

 αR the Rayleigh damping coefficient 

 β the viscous parameter 

 βR the Rayleigh damping coefficient 

 γ the shear strain 

 γc the cyclic shear strain amplitude 

 η the rate effect factor 

 μ ULM correction factor 

 ρ the soil density 

 ρp the pile density 

 𝜎′0
̅̅ ̅̅  the mean effective stress 

 τ the shear stress 

 τc the cyclic shear stress amplitude 

 τd the dynamic shear friction 

 τs the static shear friction 
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Chapter 1: INTRODUCTION 

1.1 Background 

Pile foundations are constructed based on specification of length and cross section area. 

The settlement under working load conditions and the ultimate bearing capacity are two 

main criteria for pile design. Typically, safety factors are used in design to cover 

uncertainties such as ground variation, qualities of works and accuracies of empirical 

correlations, etc. The efficiency and reliability design, can be improved by performing 

pile load tests. The number of tested piles depends on the scale of construction and 

owner, which is commonly suggested in the national standards. 

Nowadays, there are three main load testing methods namely the static load test 

(SLT), the dynamic load test (DLT), and the rapid load test (RLT). A major difference 

among them is the velocity of loading. Details of these tests will be discussed in Chapter 

2. 

An important item to be considered for the interpretation of RLT is the damping or 

rate effect which enhances the soil resistance during testing. The most widely used 

interpretation method is the Unloading Point method (ULM) proposed by Middendorp 

et al. (1992). However, Brown (1994) indicated that the ULM performs well in sandy 

soils, but over-predicts the pile capacity over 25 to 30% in stiff clayey soils. Therefore, 

it is necessary to propose a new technique which is more suitable for the latter soil type. 

1.2 Aims and objectives 

The aim of this study is to verify and apply the rapid load test on clayey and sandy soils. 

To meet this aim, the following objectives are set: 

1. To modify existing dynamic load testing apparatuses to be capable of rapid load 

testing. 

2. To modify existing interpretation method to get a better prediction of equivalent 

static response from rapid load test results. 
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1.3 Thesis structure 

Literatures related to this study are presented in Chapter 2. This chapter points out the 

important role of pile load testing and introduces the details of each pile load testing 

method. The comparisons among tests are also presented in this chapter. Existing 

interpretation methods for RLT are described in this chapter. 

Chapter 3 describes the modification of existing dynamic testing equipment to serve 

as rapid pile load tests. 

Chapter 4 presents the extension of the Unloading Point method (ULM) to consider 

the delayed response along the pile shaft. The rate-dependent resistance of pile and the 

velocity at the pile tip are determined from the measurements under rapid loading. The 

velocities at pile toe and pile head are considered for estimating the velocity of the 

whole pile. Based on these modifications, a better estimation of load-displacement 

curves can be obtained from the ULM. 

Chapter 5 summaries measured results from static and rapid tests reported in 

literatures. The collected data consist of three sites in sandy ground and five sites in 

clayey ground and involve with three pile types which are driven concrete piles, driven 

steel pipe piles, and drilled piles. The data was used to validate the performance of the 

proposed method. In addition, the optimum rate effect factors of clayey soils were 

determined and suggested. 

Chapter 6 summarizes the key conclusions of the rate effect factor η for the 

Unloading Point method and the Unloading Point method associated with Time Delay. 

Chapter 7 summarizes some conclusions from this study and makes suggestions for 

further work. 
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Chapter 2: LITERATURE REVIEW 

2.1 Introduction 

In recent decades, estimations of axial pile capacities have been improved significantly. 

However, almost prediction techniques are heavily based on empirical relationships 

(Randolph, 2003). It is mentioned in Eurocode 7 that uncertainties in pile design must 

be verified by static load tests. Poulos (2000) stated that pile testing is a basic part in 

the design and construction process, and is an effective mean to solve uncertain 

problems related to pile foundations. Fundamental information which can be known 

from testing are: 

1. The ultimate bearing capacity of piles. 

2. The load-displacement behavior of piles. 

3. The modulus of soil which can be back analyzed from load-settlement curves. 

4. The structural integrity of piles. 

The information can be used in many ways, e.g., 

1. Construction quality control. 

2. Validation of design assumptions 

3. Revise origin designs.   

Fundamental pile testing methods are static load tests (SLT), dynamic load tests 

(DLT) and rapid load tests (RLT). There is also a method called Osterberg Cell or O-

Cell (Osterberg, 1998) which is less popular because of some limitations (Schmertmann 

and Hayes, 1997). 

SLT is expensive and time consuming but its analysis and interpretation is quite 

simple. Conversely, DLT and RLT can be done quickly, but more specialized 

equipment and complex analyze are required (Brown, 2004). 
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The content of this chapter consists of 

1. Discussion of each pile load testing method. 

2. Damping of soil under dynamic loading. 

3. The influence of loading rate on rapid test results. 

4. Existing methods for interpreting rapid test results. 

2.2 Static pile load testing methods 

Two common types of static load tests are the maintained load test (MLT) and the 

constant rate of penetration test (CRP). The former is more common than the latter one 

(Fleming et al., 2009).  

MLT is good for determining the response of piles in clay. It is convenient for the 

end-bearing piles. However, it is not reasonable for determining the ultimate capacity 

of piles (Fleming et al., 2009). 

CRP is suitable for determining the ultimate resistance of piles because its procedure 

is similar to the procedure used to obtain the shear strength of soil in laboratory 

(Fleming et al., 2009).  

Static load tests require common reaction systems such as kentledges, reaction piles 

or ground anchors are shown in Figure 2.1.  
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Figure 2.1 Typical reaction systems for static pile load testing (Poulos, 2000). 

2.2.1 Maintained load test 

The MLT requires a series of loading and unloading increments which are held 

constant. This test procedure has been developed and specified in various codes, for 

example, ASTM-D1143 (2013), BS-8004 (1986), the ICE Piling Specification (ICE, 

2007). Each increment is hold a minimum specific time before applying the next 

increment. An example of minimum loading time for each increment and the test result 

are shown in Table 2.1 and Figure 2.2, respectively. Normally, the ultimate capacity of 

a pile may be taken when its displacement is equal to 10% of the diameter at pile base 

(BS-8004, 1986), or when pile plunging occurs. 
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Table 2.1 Minimum increment loading times for maintained load test (ICE, 2007). 

Load* Minimum time of holding load 

25% DVL 30 minutes 

50% DVL 30 minutes 

75% DVL 30 minutes 

100% DVL 6 hour 

75% DVL 10 minutes 

50% DVL 10 minutes 

25% DVL 10 minutes 

0 1 hour 

100% DVL 1 hour 

100% DVL + 25% SWL 1 hour 

100% DVL + 50% SWL 6 hour 

100% DVL + 25% SWL 10 minutes 

100% DVL 10 minutes 

75% DVL 10 minutes 

50% DVL 10 minutes 

25% DVL 10 minutes 

0 1 hour 

* SWL denotes Specific Working Load; DVL denotes Design Verification Load. 
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Figure 2.2 Relationship between load, settlement and time of maintained load test 

(BS-8004, 1986). 

The limiting rate of axial movement of the pile head is shown in some codes, for 

example, 0.25 mm/h (BS-8004, 1986; ASTM-D1143, 2013) or 0.1 mm/h when the pile 

head displacement is less than 10 mm, 1% x pile head displacement/h when the pile 

head displacement is between 10 mm to 24 mm and 0.24 mm/h when the pile head 

displacement is greater than 24 mm (ICE, 2007). 

The MLT can be used to validate the settlement of piles under working load, which 

shall be tolerable by superstructures. 

MLT is the most reliable pile testing method because it repeats the pile-soil behavior 

under working load by the superstructure. However, it is also expensive and time 

consuming. A test requires at least 19h for loading and unloading steps consuming 

around 5 days to one week when the time for setting up and dismantling are also 

considered (Nguyen, 2005). 
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2.2.2 Constant rate of penetration test 

On the contrary to the maintained load test, the settlement rate of piles is maintained in 

the constant rate of penetration test (CRP). ASTM-D1143 (2013) recommends the 

settlement rate of 0.25 to 1.25 mm/minute for cohesive soil and 0.75 to 2.5 mm/minute 

for granular soil. British standard (BS-8004, 1986) suggests the settlement rate of 0.75 

mm/minute for friction piles in clay and 1.5 mm/minute for end-bearing piles in sand 

or gravel. ICE Piling Specification (ICE, 2007) requires the settlement rate of 0.01 

mm/second for piles in predominantly cohesive soils and 0.02 mm/second for piles in 

predominantly coarse grained soils. The time for a ARP test is usually shorter than that 

of a MLT test (Nguyen, 2005). 

In the CRP test, piles are loaded to failure point which is defined either as the load 

at which a pile moves downward continuously without further increase in load, or the 

load at which the pile settlement is equal to 10% of the diameter at pile base (BS-8004, 

1986) or at least 15% of the average pile diameter/width (ICE, 2007; ASTM-D1143, 

2013). For very long piles or large diameter piles this criterion is not suitable because 

the elastic shortening of piles alone is greater 10% of pile base diameter. It is also 

practically difficult to prepare reaction system for high capacity piles (Nguyen, 2005). 

For such piles, the assessment of the ultimate capacity should be done based on the 

response or load-displacement relationship of piles, e.g., the Offset Limit Load 

(Davisson, 1972), the Brinch-Hansen Failure Criterion (Brinch-Hansen, 1961), the 

Chin Failure Criterion (Chin, 1970), the De Beers method (Fellenius, 1980), etc. 

2.3 Dynamic pile load testing methods 

On the contrary to static tests which load piles over duration of 2 ~ 72 hours (Horvath 

et al., 1993), loading durations of dynamic tests are as short as 3 to 10 milliseconds 

(Horvath et al., 1993; CGS, 2006; Hyde and Brown, 2008). Dynamic loading is 

generated by dropping a ram on the pile head (Figure 2.3). The weight of rams are 

determined based on criteria such as 2% of the maximum test load (Middendorp et al., 

2000), 50% of the pile weight or 1.5% of the working load of piles (Long, 2007).   
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Figure 2.3 Dynamic pile load tests by a drop weight, (a) with a guiding system 1, (b) 

without a guiding system 2. 

The response of piles under impact loading is usually measured by accelerometers 

and strain gauges mounted to the pile shaft at the distance more than two pile diameter 

below the pile head (Figure 2.4). Normally, accelerometers and strain gauges are 

installed in pair on opposite sides of the shaft to check whether the pile is loaded evenly 

across the section or not (Randolph, 2003). The measurement is then used to derive the 

applied load and velocity of the pile during testing. The former is derived by 

multiplying the measured strains with the cross-sectional rigidity of the pile and the 

latter is calculated from the integration of accelerations.  

                                                 
1 http://www.civil.ist.utl.pt/sw2008/invitation4.htm 
2 http://www.indiamart.com/proddetail/high-strain-dynamic-load-testing-pda-2526958288.html 

(a) (b) 
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Figure 2.4 Installation of sensors to a precast concrete pile for DLT 3. 

The stress wave created by impact loading travels down along the pile shaft as shown 

in Figure 2.5.  

 

Figure 2.5 Schematic of the propagation of stress wave in pile (Randolph, 2003). 

                                                 
3 http://www.bhumisiam.com/dynamic-load-test 
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The force and velocity are related by: 

F Z v     (2.1) 

where 

F = the force derived from strain gauge reading; 

Z = the pile impedance, 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝 ∙ 𝑐𝑝; 

Ap = the cross-sectional area of the pile; 

Ep = the Young’s modulus of the pile; 

cp = wave speed in the pile, cp = √
𝐸𝑝

𝜌𝑝
; 

ρp = the density of the pile material; 

v = the pile velocity. 

While a wave travels down along the pile shaft, the development of the shaft friction 

along the shaft or any change in pile section such as at the pile base, which will cause 

reflection waves which move up to the pile head. The total resistance of the pile during 

moving of the stress wave down and up of the pile is equal to the sum of the downward 

travelling wave force plus the upward travelling wave force that arrives at the 

instrumentation at a time 2L/c, L is the pile length, after the initial peak load (Rausche 

et al., 1985; Randolph, 2003). 

Dynamic test results can be interpreted by various methods, e.g., visual inspection, 

pile driving formulas, signal processing, numerical models and frequency domain 

analyses (Holeyman, 1992). A simple signal processing for estimating the static 

capacity in the field is the CASE method (Rausche et al., 1985). This analysis uses 

closed form solutions of the one-dimensional wave propagation theory and empirical 

correlates to static pile load tests. The static resistance can be determined by: 
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  (2.2) 

where 

Fs = the pile static capacity; 

t = the time of measurement; 

jc = the CASE method damping constant (Table 2.2); 

M = the pile mass; 

L = the length of pile below the instrumentation point. 

Table 2.2 Suggested values for CASE damping coefficient (Rausche et al., 1985). 

Soil type Suggested range, jc Correlation value, jc 

Sand 0.05 ~ 0.20 0.05 

Silty sand or sandy silt 0.15 ~ 0.30 0.15 

Silt 0.20 ~ 0.45 0.30 

Silty clay and clayey silt 0.40 ~ 0.70 0.55 

Clay 0.60 ~ 1.10 1.10 

The derived static capacity of a pile depends on the selection of the CASE damping 

value. The increase of jc will decrease the estimated static capacity. Therefore, the high 

value of jc may be used when there is little available experiences for providing a 

marginal safety to the designer (Rausche et al., 1985). 

A more reliable technique to interpret the stress wave data is done by modelling the 

pile as a series of elements embedding in the ground with varying properties. The 

simulation is done in iterative manner by adjusting input parameters until the computed 
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signal matches with the measured data, such as the force or velocity at the pile head. 

Examples of this process can be seen in Goble et al. (1980). Popular commercial 

packages are such as CAPWAP (CAse Pile Wave Analysis Program) by Rausche et al. 

(1985) and TNOWAVE by Bielefeld and Middendorp (1995). 

Dynamic methods are widely used due to a number of advantages including 

- Short execution and set up time, e.g., testing with load around 10 MN can be done 

two times within one day (Middendorp et al., 2000). 

- The testing cost is around half of an equivalent static load test (Randolph, 2003). 

The dynamic method also has some disadvantages such as 

- The complexity of analyzing procedure which only suitable for experts (Brown, 

2004). 

- The dependency of the derived static capacity on the justifications of the viscous 

damping constant and pile material properties such as the length, mass, density and 

Young’s modulus (Middendorp et al., 2000). 

- Damages that may occur due to tension stresses during testing (Middendorp et al., 

2000). 

2.4 Rapid pile load testing methods 

The earliest rapid testing, called Dynatest, was proposed by Gonin et al. (1984). They 

used a heavy mass to strike on soft coil springs attached to the pile head (Figure 2.6). 

The springs have an important role to lengthen the duration of the force pulse which is 

in a range of 100 to 150 ms for the maximum load of 4 MN (Holeyman, 1992).  
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Figure 2.6 Dynatest apparatus (Holeyman, 1992). 

Bermingham and Janes (1989) developed another loading system called Statnamic 

(Figure 2.7). The apply force in this method is generated by gas pressure of a solid fuel 

burned in a combustion chamber. The force associated with this gas accelerates the 

reaction mass upward at 20 g, producing an equal force on the pile. In other words, the 

reaction mass required for the test weights approximately 5% of the maximum test load 

(Justason et al., 1998; van Ginneken and Middendorp, 2000). Loading duration of 

Statnamic tests is typically 100 to 200 ms (Matsumoto et al., 2000; Turner, 2006).  
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Figure 2.7 Statnamic device 4. 

Schellingerhout and Revoort (1996) developed a similar equipment called Pseudo-

Static Load Tester (PSPLT) by attaching a set of non-linear springs to the bottom of the 

falling mass (Figure 2.8). The non-linear springs were essential to create a slow-rising 

and long-lasting force to the pile head (Huy, 2010). 

                                                 
4 http://www.allnamics.eu/services-new/pile-testing-2/pile-testing-statnamic-load-testing-stn 
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Figure 2.8 Drawing of the Pseudo Static Pile Load Tester (Schellingerhout and 

Revoort, 1996). 

Kanazawa University and Marubeni Material Lease Corporation (Matsumoto et al., 

2004) developed another RLT method called Spring Hammer Method (SHM). The 

loading mechanism of the SHM is similar to that of the PSPLT but the spring hammer 

unit, made from arrays of coned disk springs, was placed on the pile head instead of 

attaching to the falling mass (Figure 2.9). The loading characteristic of a spring hammer 

unit can be adjusted by changing the hammer mass, the spring value as well as the 

falling height of the hammer. One of the advantages of the SHM is that repetitive 

loading can be done easily. 



 

 

17 

     

Figure 2.9 Spring hammer test device, (a) portable type, (b) machine-mounted type 

(Matsuzawa et al., 2008).   

Miyasaka et al. (2008) proposed another rapid loading system called Hybridnamic 

Load Test (HLT) (Figure 2.10). HLT loads a pile by dropping a mass on the 

Hybridnamic cushion, which is a composite sheet consists of a steel plate, air cell, and 

an elastomer layer. During unloading process, the recovery to the original configuration 

of the cushion is delayed due to the effect of the negative pressures acting on the air 

cell. This mechanism gives low repulsion of the drop ram, and small rebound. 

Moreover, the lateral deformation of the elastomer layer is restrained by the steel plate 

which also prevents the stress in the elastomer layer to go beyond its maximum limit 

and prolong the useful life under repeating uses. 

(a) (b) 
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Figure 2.10 Hybridnamic system, (a) test equipment, (b) cushion (Miyasaka et al., 

2008).  

Another rapid test named StatRapid was developed by Cape Holland and Allnamics 

(Chew et al., 2015). As is shown in Figure 2.11, the device consists of the top frame 

(A), the bottom frame with hydraulically adjustable legs (B), the container for modular 

drop weight assembly (C), a set of rubber springs (D), the impact plate equipped with 

load cells (E), the internal lifting tool for continuous adjustment of the drop height (F), 

and the brake system for catching the rebounding drop hammer after impacting (G). 

The magnitude and duration of loading can be adjusted by varying the hammer mass, 

the drop height and the spring stiffness. The catch mechanism can prevent the repetition 

of loading after the first impact. 

(a) (b) 
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Figure 2.11 StatRapid setup (Chew et al., 2015). 

Loading mechanisms of RLT can be divided into two types which are falling mass 

type and combustion type (Statnamic). The falling mass type seems to have more 

advantages than combustion type in the following aspects (Matsumoto et al., 2008): 

- Preparation time is short. 

- Repetitive tests can be done easier. 

- Loading duration can be adjusted by varying hammer and spring stiffness. 

- Maximum load can be adjusted by varying the drop height. 

- Cost of the test is cheaper. 

 

Hammer 

G 

A 

F 

B 

D 

E 

C 



 

 

20 

Poulos (2000) offered a number of advantages of Statnamic testing as follows; 

- The testing is quick and the device is easy to mobilize. 

- The test can be done for high loading capacity. 

- The loading is centered and can be applied to either single piles or group piles. 

- The test does not require any pre-installation of loading equipment. 

- Statnamic can easily apply for lateral loading. 

- The damage due to tensile stress during testing is not likely to occur because of 

the long loading duration. 

- The test can be carried out on either the un-instrumented and instrumented piles. 

- The applied load can be measured directly by a calibrated load cell which does 

not depend on the pile material and cross-sectional properties. 

The typical loading duration of RLT ranges between 80 ms to 300 ms (CGS, 2006). 

JGS-1815 (2002) suggested that the relative loading duration, Tr, as defined be equation 

(2.3), is between 5 and 500.  

2 /

L
r

p

t
T

L c
    (2.3) 

where 

 Tr = the relative loading duration; 

tL = the loading duration; 

L = the pile length; 

cp = the wave velocity, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝; 

Ep, ρp = the Young’s modulus and density of the pile material, respectively. 
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2.5 Analytical consideration of hammer impact 

2.5.1 The effect of drop height 

Schellingerhout and Revoort (1996) used a simple model for the simulation of the 

Pseudo Static Pile Load Tester (PSPLT). The magnitude of loading can be estimated 

by 

2
1 1peak r

r

k h
F m g

m g

   
      

   

   (2.4) 

In which, 

Fpeak = the maximum force; 

mr = the mass of the drop weight; 

k = the spring stiffness; 

h = the drop height; 

g = the acceleration due to gravity, g = 9.81 m/s2. 

An example, which considers a mass of 25 tons and a spring stiffness of 8 MN/m is 

shown in Figure 2.12.  
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Figure 2.12 Maximum force as a function of the drop height (Schellingerhout and 

Revoort, 1996). 

The influence of the drop height to the duration of loading is plotted in Figure 2.13.  
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Figure 2.13 The influence of the drop height on the force-time history (Schellingerhout 

and Revoort, 1996). 

Note: t50% = the duration where the force exceeds 50 % of the maximum force. 

The graphs show that the variation of the drop height has little effect to the duration 

of force. 
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2.5.2 The ram/pile model 

Deeks and Randolph (1993) proposed a simple model consisted of an impacting mass 

and a pile (Figure 2.14a). In their model, the pile is represented by a dashpot with the 

impedance of 

 

Figure 2.14 Analytical pile hammer models (Deeks and Randolph, 1993). 
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where 

Ep, Ap = Young’s modulus and cross-sectional area of the pile, respectively; 

cp = axial wave velocity in the pile, cp = √
𝐸𝑝

𝜌𝑝
 . 

The dimensionless force exerted on the pile, fp
*, is defined by 

1
p t

f
e



     (2.6) 

The force acting on the pile, fp, is given by 

0,p p rf f Z v      (2.7) 

where v0,r = the velocity of the ram when it strikes the pile. 
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The dimensionless time, t*, is defined by 

r

Z
t t

m

      (2.8) 

where t = the time of measurement. 

The result of this simulation is shown in Figure 2.15, denoted by the infinite cushion 

stiffness. It can be seen that the dimensionless force increases instantaneously to unity 

at time zero and then degrades exponentially with the dimensionless time constant of 

unity. 
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Figure 2.15 The influence of the cushion stiffness on the force-time history (Deeks and 

Randolph, 1993). 

2.5.3 The ram/cushion/pile model 

To consider the cushion between the ram and the pile, the model described earlier can 

be modified by adding a linear spring as shown in Figure 2.14b (Deeks and Randolph, 

1993).  
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The dimensionless stiffness, kc
*, of the cushion is defined by 

2

c r
c

k m
k

Z

 
    (2.9) 

where kc = the cushion stiffness. 

If kc
* is greater than 4, the dimensionless force, fp

*, exerted on the pile is 
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k
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
     (2.13) 

2
'

4

c
c

k
k


     (2.14) 

The effect of the cushion stiffness on the dynamic force at pile head are shown in 

Figure 2.15. A soft cushion lengthens the rise time whereas a hard cushion shortens the 

rise time. When the stiffness grows to infinity, the solution becomes similar to the 

ram/pile model in Section 2.5.2. 
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2.5.4 The ram/cushion/anvil/pile model 

Deeks and Randolph (1993) introduced a finite anvil mass to the hammer model (Figure 

2.14c), the additional term can improve the accuracy of the model. The anvil mass is 

represented by a dimensionless unit as 

a
a

r

m
m

m

     (2.15) 

where ma = the anvil mass. 

The dimensionless force exerted on the pile head are presented by 

1 2
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c t c t

p p

t
f F e e

 



 


      
   

 
   (2.16) 
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The ram will separate from the top of the cushion at time ts
*, which is determined by 

the following relation; 
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The dimensionless velocity of the anvil when it separates from the ram is denoted 

by vs
*. This velocity relates to the dimensionless force by 

( )/s at t m

p sf v e
         (2.24) 

The effect of the anvil mass on the force exerted on the pile head is shown in Figure 

2.16. As seen from the figure, the rise time increases with the anvil mass. However, the 

peak force only increases in a range of ma
*, then decreases after ma

* exceeds a certain 

value.  
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Figure 2.16 The effect of the anvil mass on the force-time history (Deeks and Randolph, 

1993). 
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2.5.5 The damped cushion model 

Since the cushion deforms non-linearly and absorbs energy under impact loading, a 

dashpot is introduced to the model explained earlier for obtaining the model shown in 

Figure 2.14d. Deeks and Randolph (1993) concluded that this model was adequate for 

simulating the behavior of real pile hammers.  

The additional dimensionless cushion damping, cc
*, is given by 

c
c

c
c

Z

     (2.25) 

where cc = the cushion damping. 

The dimensionless force exerted at the pile head is expressed as 
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The ram will separate from the top of the cushion at time ts
* as 

2
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Figure 2.17 shows the effect of the dimensionless cushion damping on the force at 

the pile head. It can be seen that the increase of the damping will reduce the oscillation 

and the maximum value of the applying force. 
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Figure 2.17 The effect of the cushion damping on the force-time history (Deeks and 

Randolph, 1993). 
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2.6 Damping of soil 

When driving a pile, impact energy transforms to stress waves which transmits through 

the pile and the soil. The energy in stress waves is stored by elastic deformation, 

absorbed by plastic deformation or dissipated by hysteretic damping of the soil. 

2.6.1 Hysteretic damping 

Hysteretic damping is caused by the nonlinear stress-strain behavior of the soil. The 

loss of mechanical energy is increased through the expansion the hysteretic loop 

(Yoshida, 2015).  

Hysteretic damping can be evaluated by laboratory tests or field tests (Tien, 1987). 

It can be estimated by Eq. (2.35) 

2H r r RC R L D G D C           (2.35) 

where 

CH = the hysteretic damping; 

R, L = the radius and length of the pile, respectively; 

ρ, G, Dr = the density, shear modulus and damping ratio of soil, respectively; 

CR = the radiation damping. 

The damping ratio can be estimated by Eq. (2.36) (Hardin and Drnevich, 1972). 

max max

1rD G

D G
     (2.36) 

where 

Dmax = the maximum value of the damping ratio; 

Gmax = the shear modulus at zero shearing strain amplitude (Figure 2.18). 
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Figure 2.18 Idealized first cycle symmetric stress-strain loop (Lanzo et al., 1997). 

Notes: τ = the shear stress, γ = the shear strain, τc = the cyclic shear stress amplitude, γc 

= the cyclic shear strain amplitude and Gs = the secant shear modulus 

corresponding to γc. 

The maximum value of damping ratio for cohesive soils can be estimated by 

'

max 031 (3 0.03 ) 1.5 1.5logD f f N       (2.37) 

where  

f = the frequency of shearing in cycles per second; 

𝜎0
′  = the mean effective stress in kg/cm2; 

N – the number of loading cycles. 
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The maximum shear modulus, Gmax, can be estimated for any soils by 

2
'

max 0

(2.973 )
1230 ( )

1

Ke
G OCR

e



 


   (2.38) 

where 

e = the void ratio of soil; 

OCR = the over-consolidation ratio; 

K = the OCR exponent depends on the plasticity index, PI, of the soil and can be 

interpolated from the values given in Table 2.3; 

𝜎0
′ , Gmax = are in pounds per square inch, 1 pound/in2 = 6.895 kPa. 

Table 2.3 The value of the OCR exponent, K (Hardin and Drnevich, 1972). 

Plasticity index, PI, % Exponent, K 

0 0 

20 0.18 

40 0.30 

60 0.41 

80 0.48 

≥ 100 0.50 

An approximate value of the maximum shear modulus of normally consolidated 

clays (zero internal friction angle) is given by Brinkgreve et al. (2016a) as: 

2

max

(2.97 )
33 [ ]

1

e
G MPa

e


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
   (2.39) 
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Hysteretic damping at the pile base is suggested by Tien (1987): 

, 4
1

p

H b r

G L
C R D

 



  
  


   (2.40) 

where ν = the Poisson’s ratio of the soil. 

2.6.2 Viscous damping 

Viscous damping is the damping that varies proportionally to the velocity. Viscous 

damping can be estimated by Eq. (2.41) (Lai-bing, 2000; Zhang et al., 2001). 

V s sC F J     (2.41) 

where 

CV = the viscous damping; 

Js = the Smith damping factor (Table 2.4); 

Fs = the static resistance.  

Table 2.4 Smith damping constant of soils (Rausche et al., 2010). 

Soil type Smith damping factor, Js 

Shaft  

   Sand  0.15 s/m (0.05 s/ft) 

   Clays 0.65 s/m (0.20 s/ft) 

   Clayey silt / Sandy clay 0.50 s/m (0.15 s/ft)  

   Sandy silt / Clayey sand 0.33 s/m (0.10 s/ft) 

Toe   

   All soils 0.50 s/m (0.15 s/ft) 

   Hard rock 0.15 s/m (0.05 s/ft) 
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   (2.42) 

ks = the soil stiffness; 

u = the pile displacement; 

Fu = the ultimate static resistance; 

q = the quake, or, displacement at the proportional limit (Table 2.5). 

Table 2.5 Quakes at the shaft and toe of piles. 

Reference  Quake for shaft, qs, mm Quake for toe, qt, mm 

Smith (1960) 2.54  2.54  

Coyle et al. (1973) 

Clay: 2.54  Clay: 2.54  

Sand: Loading: 5.1  Sand: Loading: 10.2  

          Unloading: 2.54            Unloading: 2.54  

Hannigan et al. (1997) 2.54  
Very dense/hard soil: D/120 

Soft soil: D/60 

Note: D = the diameter or width of piles. 

2.6.3 Radiation damping 

Radiation damping (also called as geometric damping, geometric attenuation or inertial 

damping) is the reduction in amplitude of stress waves when propagate away from piles 

because of the spreading of energy over a greater volume of soil (Kramer, 1996). 

Radiation damping from the pile shaft can be evaluated according to Randolph and 

Simons (1986); Randolph (1991): 

2RC R L G          (2.43) 

Radiation damping from the pile tip is estimated by 



 

 

35 

2

,

3.4

1
R b

R
C G


 


   (2.44) 

2.6.4 Rayleigh damping 

Damping in dynamic calculations can occur due to various factors, e.g., the viscous 

properties of soil, the friction and the development of irreversible strains. Although 

some of them may be simulated by the use of elasto-plastic soil models, an additional 

damping called Rayleigh damping is still required to fully simulate the damping 

characteristic of the soil (Brinkgreve et al., 2016b). 

Rayleigh damping is a numerical damping which is composed from the mass matrix, 

M, and the stiffness matrix, K, by 

R RC M K        (2.45) 

where αR, βR = the Rayleigh damping coefficients. 

The parameter, αR, represents the influence of mass in the damping of the system. 

The higher αR is, the more the lower frequencies are damped. The parameter, βR, 

represents the influence of stiffness in the damping of the system. The higher βR is, the 

more the higher frequencies are damped. 

Rayleigh damping coefficients can be linked to the damping ratio, ξ, by the following 

relationship: 

2 2R R            (2.46) 

where  

ω = the angular frequency, 𝜔 = 2 ∙ 𝜋 ∙ 𝑓; 

f = the frequency. 

Based on Eq. (2.46), αR and βR, can be determined when target damping ratios are 

specified at two different frequencies. 
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The relationships in Eq. (2.46) and (2.47) can be shown by Figure 2.19. 

 

Figure 2.19 Rayleigh damping parameter influences (Brinkgreve et al., 2016b). 

Hudson et al. (1994); Brinkgreve et al. (2007); Phillips and Hashash (2009) 

suggested that the target frequencies must be selected in the range of the natural 

frequency of the system, fn and the dominant loading frequency. The former is usually 

estimated by 
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where 

Vs = the shear wave velocity in the soil; 

H = the thickness of soil layer. 

They suggested to select the first target frequency as the first natural frequency of 

the soil profile, f1,  
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1
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H
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
   (2.49) 

while the second target frequency, f2, is a higher mode that corresponds to the 

predominant frequency of the input motion. 

Yoshida (2015) mentioned that the Rayleigh damping, αR, works proportional to the 

absolute velocity whereas the Rayleigh damping, βR, works with the relative value of 

the velocity. The stiffness proportional component may be used to simulate hysteretic 

damping (Salgado et al., 2015). 

Cai et al. (2002); Hashash and Park (2002); Wilson (2005); Fakharian et al. (2014); 

Yoshida (2015) showed that the stiffness proportional damping, βR, is more important 

than the mass proportional damping, αR. Therefore, the latter may be neglected, which 

leading to a simpler relationship as follows; 

RC K     (2.50) 

and 

2
R







    (2.51) 

The typical duration of applying force in this study is 0.1 second which corresponded 

to the period of 0.2 seconds or the angular frequency ω of 31.416 rad/sec. By 

substituting this number into Eq. (2.51), the relationship is simplified to 

0.064R     (2.52) 

Biggs and Testa (1964) (as cited in Charatpangoon et al. (2014)); Richart et al. 

(1970); Hashash and Park (2002) suggested the damping ratio, ξ,  in the range of 2 ~ 

5% for all soil types. Moreover, Massarsch (1993); Salgado et al. (2015) suggested 

using the damping ratio of 5% when the soil deformation is in the elastic range. 
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2.7 Interpretation methods for rapid pile load test 

Rapid load testing may be used to investigate the dynamic and static response of piles. 

Several interpretation methods have been proposed for this purpose. 

2.7.1 Analysis using concentrated mass models with linear velocity 

Middendorp et al. (1992) suggested a simple method called the Unloading Point method 

(ULM). The method was formulated by the observation on rapid test results that the 

velocity at pile head reduces to zero when the displacement of the pile head reaches its 

maximum value and about to rebound, or in the other words, the unloading point. 

 Middendorp (2000) indicated three primary assumptions of the ULM for 

determining of the damping C. Firstly, the static resistance of the pile is maintained at 

its ultimate value during plunging. Secondly, the stress wave phenomena can be 

neglected when loading durations are longer than 10 ~ 12 of traveling time of stress 

waves from the head to the tip of a pile (Middendorp and Bielefeld, 1995; Nishimura 

and Matsumoto, 1998; JGS-1815, 2002; ASTM-D7383-10, 2010). Thirdly, piles are 

assumed to be rigid.  

The model, as shown in Figure 2.20(a), consists of a spring, a dashpot and a 

concentrated mass. The spring represents the static resistance, Fs, and the dash pot 

represents the rate effect the system, Fv. The pile can be modelled as a rigid body on 

which various forces are acting on as shown in Figure 2.20(b). In this figure, the 

displacement dependent forces consist of the static soil resistance, Fs, and pore pressure 

resistance, Fp which relates with the volume of displaced soil under the pile tip. 

Velocity dependent force, Fv, represents the soil damping and the acceleration 

dependent force, Fa, represents the inertia force acting on the pile mass. 
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Figure 2.20 Concentrate mass model (a) (Yamashita et al., 1995) and Equilibrium of 

forces (b)(Middendorp et al., 1992). 

The force equilibrium of the pile - soil system is expressed by: 

( ) ( ) ( ) ( ) ( )s v a pF t F t F t F t F t       (2.53) 

or 

( ) ( ) ( ) ( ) ( ) ( )a soil s v pF t F t F t F t F t F t       (2.54) 

Since the pore pressure resistance can be considered as a part of the damping 

(Middendorp et al., 1992), Eq. (2.54) can be reduced further to 

( ) ( ) ( )soil s vF t F t F t     (2.55) 

or 

( ) ( ) ( ) ( )sF t F t C v t M a t        (2.56) 

where  

t = the time of measurement; 

F = the measured rapid load; 

Fs = the static resistance of soil; 

Mass of pile, M

Coefficient of 

damping, C
Static stiffness of 

soil spring, K

Pile head load, F

(a) 

F

Fp

Fa

FsFv

(b) 
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Fv = the damping force of soil, 𝐹𝑣(𝑡) = 𝐶 ∙ 𝑣(𝑡); 

C = the damping factor; 

v = the pile velocity; 

u = the pile displacement; 

a = the pile acceleration; 

Fa = the inertia force, 𝐹𝑎(𝑡) = 𝑀 ∙ 𝑎(𝑡); 

M = the pile mass; 

Fp = the pore pressure resistance. 

The governing equation (2.56) is in determinate. Since the spring stiffness, k, and 

damping factor, C, are two remaining unknowns which cannot be measured directly. 

To solve this equation, Middendorp assumed that the damping becomes zero at the 

unloading point. As a result, the force equilibrium at the unloading point can be written 

as 

,max ,max ,max( ) ( ) ( )s u u uF t F t M a t      (2.57) 

or 

,max ,max( ) ( )s u soil uF t F t    (2.58) 

Based on assumptions that the static resistance is constant during pile plunging and 

the damping is constant during testing, the damping C can be estimated by Eq. (2.59) 

(Middendorp, 2000). 
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Figure 2.21 Time window for determining the damping constant (Mullins et al., 2002). 

,max( ) ( ) ( )
( )

( )

soil uF t F t M a t
C t

v t

  
    (2.59) 

Middendorp and Bielefeld (1995); Middendorp (2000); Mullins et al. (2002) 

suggested that the damping value is fairly constant between the maximum rapid load 

(point (1) in Figure 2.21, 2.22) and the unloading point (point (2) in Figure 2.21, 2.22). 

Hence, the damping constant can be approximated from the average over this range as 

shown in Figure 2.22.  

 

Figure 2.22 Variation of the ULM damping C from point (1) to point (2) (Mullins et al., 

2002). 
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Once the value of C has been determined from Eq. (2.59), the derived static soil 

resistance can be computed by 

( ) ( ) ( ) ( )sF t F t M a t C v t        (2.60) 

Since the ULM assumes piles to be rigid, the variation in displacement does not 

occur along the pile. However, an appreciable delay of movements can occur between 

the head and toe of long piles, hence, negating the rigid body assumption. This situation 

becomes prevalent for end-bearing piles, when the lower portion of piles is prevented 

from moving jointly with the top one (Mullins et al., 2002). 

Middendorp and Bielefeld (1995) defined the “Wave number”, Nw, to quantify the 

applicability of the ULM (Figure 2.23). 

 

Figure 2.23 Relationship between the wave number, Nw, the loading duration, tL and 

the wave length, Dw (Middendorp and Bielefeld, 1995).  
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The wave number is calculated by dividing the wave length, Dw, by the pile length, 

L. This wave length, Dw, is obtained by multiplying the wave speed, cp, with the loading 

duration, tL. 

p Lw
w

c tD
N

L L


     (2.61) 

Based on the wave number, Nw, a pile load test can be categorized as follows: 

- If Nw > 1000, the test is considered as static load test.  

- If 12 < Nw ≤ 1000, the test is considered as rapid load test, and no need to correct 

for the stress wave phenomena. 

- If 6 ≤ Nw ≤ 12, the test is considered as pseudo rapid load test, and the correction 

for the stress wave phenomena is required. 

- If Nw < 6, the test is considered as dynamic load test. 

When a pile is socked into rock or driven to dense bearing strata, its resistance may 

not be mobilized fully during testing (Mullins et al., 2002). As a consequent, pile 

responses (i.e. acceleration, velocity, and displacement) between the top and the tip are 

significantly different. To overcome this problem, an additional accelerometer should 

be installed at the pile tip for determining the response at the pile tip. In this case, the 

entire pile is still assumed to be a single mass, but the acceleration and velocity of this 

mass are now defined by the average of values from the pile head and toe. This method 

is referred to as the Modified Unloading Point method (M-ULM) by Justason (1997) . 

Although the M-ULM is more refined than the ULM, it still not suitable for the tests 

with Nw < 12. To solve it, Middendorp (2000); Mullins et al. (2002) developed another 

method called the Segmental Unloading Point method (S-ULM). The S-ULM divides 

a pile into multiple segments where additional strain gauges are installed. Each segment 

is assumed as a rigid body. Its calculation is similarly to that of M-ULM with the 

average values measured from the upper and lower positions of each unit. The static 

response of the whole pile can be calculated by summing the static resistance of the 

individual segments.  
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The S-ULM can be implemented only when the test was planned prior to the 

construction phase because the strain gages, accelerometers, or other transducers have 

to be embedded beforehand. 

Brown (1994) analyzed the Statnamic tests by the ULM and suggested that the ULM 

produced excellent agreement in sandy soils, but over-predict capacity by as much as 

25 to 30% in stiff, over-consolidated clays. To overcome this shortcoming, the rate 

effect factor η was proposed to improve the ULM for the rapid load tests on piles 

embedded in clays, such as 0.65 (McVay et al., 2003; Paikowsky, 2006), or, 0.47 

(Weaver and Rollins, 2010). However, these rate effect factors were based on a very 

limited data set with several pile types in some soil condition. Thus, the further analyses 

are expected to obtain the approximate rate effect factors for the different piles in 

varying soil layers (Powell and Brown, 2006; Weaver and Rollins, 2010). 

2.7.2 Non-linear velocity dependent technique 

The simple linear damping relationship is suitable for sand when the rate effect has a 

minor role to dynamic pile response. However, more sophisticated models are required 

for clay because of its sensitivity to the rate of loading (Hyde et al., 1998). 

Based on of triaxial test results at Texas A&M University, Gibson and Coyle (1968); 

Coyle and Gibson (1970) suggested that the total resistance varies exponentially to the 

pile velocity which can written by 

 1 n

s GF F J v      (2.62) 

where  

F = the measured force; 

Fs = the static capacity; 

JG = the Gibson damping factor; 

v = the pile velocity; 
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n = the dimensionless parameter drawn from the test results which was 0.18 for clays 

and 0.2 for sands. 

Litkouhi and Poskitt (1980) performed tests on model piles (10 mm diameter, 260 

mm length with a 1200 cone tip) in fine-grained soil at velocities from 3x10-4 m/s to 

1.66 m/s. They suggested the non-linear viscous law for describing the dynamic friction 

as follows; 

1 n

sF F ( J v )      (2.63) 

where 

J = the damping constant; 

n = the dimensionless parameter, n = 0.2 for clays. 

Randolph and Deeks (1992) tested a closed-ended pipe pile with a diameter of 0.96 

m. The pile was seated in clay soil with shear modulus, G = 45 MPa, and shear strength, 

su = 330 kPa. They suggested that the dynamic shear resistance can be estimated by 

d s

0

v
1

v

  
     
   

   (2.64) 

where  

τd = the dynamic shear friction; 

τs = the static shear friction, defined at a very low slip velocity, 0.01 ~ 0.1 mm/s; 

Δv = the relative velocity between the pile and the adjacent soil; 

v0 = a reference velocity of l m/s; 

α, β = the viscous parameters, β = 0.2 (Gibson and Coyle, 1968; Heerema, 1979; 

Litkouhi and Poskitt, 1980), α = 0.1 for sandy soils and 1.0 for clayey soils (Randolph 

and Deeks, 1992). 

Hyde et al. (1998) collected data from previous researchers which were either 

penetration or shear tests at different rates on clay soils. Based on these data, they 

modified the equation of Randolph and Deeks (1992) to be 
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 6

0

1 10d

s

v

v




 


 
   

 
   (2.65) 

where  

β = viscous parameter, β = 0.2; 

α = viscous parameter which varies over with a large range as shown in Figure 2.24. 

It can be seen that a relatively small change of the parameter α gives considerable 

variation in the predicted dynamic resistance ratio. 

 

Figure 2.24 Ratio of dynamic resistance ratio versus velocity of pile in RLT (Hyde et 

al., 1998). 

Balderas-Meca (2004) tested full scale Statnamic tests in Grimsby glacial till. He 

predicted the static pile resistance from Statnamic data from a nonlinear damping model 

shown below. 

0.2 0.2

0 0

0.01
1

s

F M a
F

v

v v


 


    
     
     

   (2.66) 

where 
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M = pile mass; 

a = acceleration at the pile head; 

α = damping coefficient, this value is a function of pile displacement and varies 

linearly from zero when the pile displacement is zero to 0.9 when the pile displacement 

is 1% of the pile diameter and remains constant after that. 

Schmuker (2005) proposed an alternative analysis based on the viscosity index, Ivα, 

of the soil (as cited in Brown and Powell (2012)). 

0 02 vI

s

. mm / min
F ( F M a )

v



 
    

 
   (2.67) 

where Ivα = the viscosity index which depends on soil types (Table 2.6). 

Table 2.6 The viscous index, Ivα, for several soil types (Middendorp et al., 2008). 

Soil type Viscosity index, Ivα 

Sandy silt 0.018 

Silt 0.025 ~ 0.032 

Clayey silt 0.015 ~ 0.038 

Silty clay 0.017 ~ 0.034 

Clay, medium plasticity 0.03 

Clay, high plasticity 0.04 

Clay 0.06 

Peat 0.07 

Brown and Hyde (2008) carried out experiments on an augered cast in situ pile (12 

m long and 600 mm diameter) installed in Glacial Till, and suggested the following 

formula  

   
0 2 0 2

01

s

. .

peak peak

F M a
F

F F
v v

F F
 

 


   
            
   

  (2.68) 
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where 

Fpeak = the maximum applied load;  

α = a damping parameter, α = 0.92. 

Brown and Powell (2013) modified the ULM and Schmuker methods by allowing 

rate parameters to vary with pile settlement. The study was based on RLT results in two 

clay sites. The ground in the first case was made of high plasticity Quaternary London 

clay and the one in the second case was made of low to medium plasticity glacial till. 

The CFA piles in the first case were 450 mm in diameter and installed to 9.5 m below 

ground level, whereas the CFA piles in the second site were 600 mm in diameter and 

installed to 10.4 m below ground surface. The modified ULM formula can be written 

as 

,

,

1 ( 1) s
s corrected s

s ULM

F
F F

F


 
   

  
   (2.69) 

where  

Fs,corrected = the corrected static resistance; 

Fs,ULM = Fs at the unloading point; 

μ = ULM reduction factor, 𝜇 = −0.0033 ∙ 𝐿𝐿 + 0.69; 

LL = the liquid limit of clays. 

Schmuker method was also modified as: 

 
0 02 v peakI F / F

s

. mm / min
F ( F M a )

v


 
  

    
 

  (2.70) 

However, they suggested that further verifications are required for the existing 

viscosity parameter, Ivα. 

Moreover, Brown and Powell (2013) modified a nonlinear velocity-dependent 

method by Brown and Hyde (2008) to be the equation shown below; 
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 
   

0.2 0.2

min

0 0

( ) ( ) ( )
1

s

peak peak

F t M a t
F t

vF t v t F t

F v F v
 

 


      
       
         

  (2.71) 

where  

vmin = the velocity of the Constant Rate of Penetration Test (CRP) which is assumed 

to be 10-5 m/s as shown in the guidance of ICE (2007);  

α = the rate parameter of 0.9 (Balderas-Meca, 2004) or 1.0  for clayey soil and 0.1 

for sandy soil (Randolph and Deeks, 1992). 

Powell and Brown (2006) proposed a relationship between the rate parameter with 

the plasticity index PI as shown by 

0.03 0.5PI      (2.72) 

However, this formula was based on limit numbers of studies on clays with the 

plasticity index mainly in the range of 14 ~ 20%. Brown and Powell (2013) modified 

this formula by considering the test results on high to very high plasticity clays. The 

improved formula is shown by 

0.033 0.55PI      (2.73) 

The expression above can be linked to the liquid limit LL of soils as follows; 

0.027 0.25LL      (2.74) 

2.7.3 One-dimensional stress wave analysis (wave matching analysis) 

Smith (1960) is the first person who simulate pile driving by a series of pile segments 

which are supported by three components as shown by Figure 2.25. 
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Figure 2.25 Soil models for each pile segment in the pile driving analysis of Smith 

(Randolph and Deeks, 1992). 

Software that has been developed following Smith’s idea are GRLWEAP (Rausche 

et al., 1992), CAPWAP (Rausche et al., 2000), TNOWAVE (Middendorp, 2004). 

EI-Naggar and Novak (1992); Ochiai et al. (1997); Nishimura and Matsumoto 

(1998) applied a technique similar to wave matching analysis to Statnamic test results 

and found that the interpreted results agreed well with the measurement. 

2.7.4 Finite element method 

Finite element method (FEM) can be applied to complex boundary conditions which 

are not possible for concentrate mass models. Moreover, it can also consider the 

changes in drainage conditions explicitly. 

Applications of FEM to the interpretation of RLT have been demonstrated by 

Yamashita et al. (1995); Horikoshi et al. (1998); Matsumoto (1998); Boonyatee and 

Kimura (2000). 
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Spring
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2.8 Coefficient of determination 

The correlation between the derived static curve from RLT and the static curve from 

SLT can be evaluated by the coefficient of determination, R2.  5For example, a data set 

of the derived static curve from RLT has n values marked y1, y2,…, yn, each associated 

with a desired value of the static curve from SLT as f1, f2,…,fn. The data varies from the 

initial loading point to the unloading point (the point of the maximum pile head 

displacement) during rapid loading. 

The mean value of the calculated data from RLT as follows; 

1

1 n

i

i

y y
n 

     (2.75) 

The total sum of squares is calculated by 

 
2

1

n

tot i

i

SS y y


     (2.76) 

The sum of squares of residuals is computed by 

2

1

( )
n

res i i

i

SS y f


     (2.77) 

The coefficient of determination is expressed by 

2 1 res

tot

SS
R

SS
     (2.78) 

 

                                                 
5 https://en.wikipedia.org/wiki/Coefficient_of_determination 
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Chapter 3: DEVELOPMENT OF THE RAPID TEST 

EQUIPMENT 

3.1 Introduction 

Impact loading can be generated either by freely released or unspooled drop hammers. 

The energy losses of the latter are higher than the former due to various factors, e.g., 

the winch inertia, the operator is attempt to catch the ram just before the impact for 

maintaining stability (Rausche et al., 2010), the misalignment (Rausche, 2000), etc.  

In this study, freely released drop hammer system is combined with the hammer 

cushion to create the rapid load on the pile head. On the other hand, the existing 

dynamic test equipment is modified for rapid load testing by an additional hammer 

cushion putted at the pile head. 

3.2 Scope of study 

Three components considered in this study are the pile, hammer cushion and drop mass. 

The effects of them to the force-time history are investigated individually in the later 

sections. Sensors (strain gauges, accelerometers) are assumed to be installed at about 

two times of pile diameter below the pile head. 

The ultimate capacity of piles in this study ranges between 20 tons and 80 tons which 

is typical for driven piles in civil engineering. 

The cushion used in this study is shown in Figure 3.1. Its dimensions are 300 mm x 

300 mm with the thickness varying in the range of 25 ~ 300 mm. According to Lee 

Leon Lowery et al. (1967), the average elastic modulus is determined at one-half of the 

maximum strain, hence the Young modulus of the cushion  is about 0.00053 ton/mm2 

(Figure 3.2) which is based on 50 mm of thickness of the current sample. The 

coefficient of restitution of the cushion is assumed to be 0.5. 
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Figure 3.1 Rubber cushion. 

 

Figure 3.2 Stress-strain curve for a rubber cushion. 

The suitable weight of drop hammers should be selected before rapid testing. 

Justason et al. (1998); Middendorp et al. (2000) mentioned that the reaction mass in 

Statnamic is around 5% of the maximum test load. Therefore, the same ratio is also 

employed in this study. 

The drop height in this study is in the range of 0.5 ~ 3.0 m. Additionally, the drop 

mass is set to 2.5 ~ 25 tons, which can be operated by a common crane. The efficiency 

of drop hammers is assumed to be 0.67 as suggested by Rausche et al. (2010). 

300 mm300 mm

50 mm
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Brown et al. (2006) proposed the minimum applied load during rapid load testing in 

clayey soils to be higher than 1.7 times the design ultimate static capacity. Although 

this criterion does not be linked directly with the yielding of soil, it is easier for applying 

in the practice than others criteria which based on the percentage of the pile diameter. 

The analyses in this research were carrying out in this study on a 400 kN capacity 

pile with 2.1 m of the drop height, 5 tons of hammer mass and 150 mm of the hammer 

cushion thickness. This ultimate resistance is estimated from the square driven concrete 

pile, which is 0.3 m in edge and 12 m embedded in soil. It is noted that the peak of rapid 

load must be mobilized up to 680 kN, which is equivalent to 1.7 of the design ultimate 

static resistance.  

The program used to simulate the hammer-cushion-pile system is GRLWEAP 

version 2000 (GRL’s Wave Equation Analysis of Pile Driving) which was developed 

by Rausche et al. (1988) for analyzing the drivability of piles. In this study, the program 

is used to consider the effects of the mass and drop height of hammer, the thickness of 

hammer cushion and the pile capacity on the characteristic of generated load. 

3.3 Effect of the pile capacity 

This section tries to study the effect of the pile capacity on the shape of generated load. 

Except the pile capacity, other parameters are kept constant to the following conditions; 

pile length = 12 m, square concrete section of 300 x 300 mm, hammer mass = 5 tons, 

drop height = 2.1 m and the thickness of hammer cushion = 150 mm. The variation of 

pile capacity was made by changing the shear strength, su, of a homogeneous clayey 

ground in a range of 25 ~ 167 kN/m2, corresponding to capacity between 200 kN and 

800 kN (Figure 3.3). 
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Figure 3.3 Input parameters for determining the effect of the pile capacity on the 

generated impact load. 

It is noted that the pile capacity is estimated by the API method as follows, 

u f pQ Q Q     (3.1) 

where 

Qu = the total resistance; 

Qf = the skin friction resistance, 𝑄𝑓 = 𝑓𝑠 ∙ 𝐴𝑠; 

Qp = the total end bearing, 𝑄𝑝 = 𝑞𝑝. 𝐴𝑝; 

fs = the unit skin friction capacity; 

qp = the unit end bearing capacity; 

As, Ap = the side surface area and the cross section end area of a pile, respectively; 

Time [sec]

Load [kN]

Drop height: 2.1 m

Hammer mass: 5 tons



?

Pile cushion thickness:

t = 150 mm

Qf

Qp

Qu = Qf + Qp

12 m 0.3 m

0.3 m

Clay:

Unit weight: 17 kN/m3

(Qu = 200 ~ 800 kN)

(not to scale)

su = 25 ~ 167 kN/m2
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Unit skin friction capacity in cohesive soils is calculated by 

s uf s     (3.2) 

where 

α = a dimensionless factor computed by 

0.5
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for

for all

  
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 





 
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

   (3.3) 

ψ = su/p0’  

p0’ = the effective overburden pressure; 

su = the undrained shear strength of the soil. 

For end bearing piles in cohesive soils, the unit end bearing capacity is calculated by 

9p uq s     (3.4) 
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Figure 3.4 The effect of the pile capacity on the generated impact load. 
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The variation of the maximum and duration of loading against the pile capacity are 

summarized in Table 3.1. Based on the Figure 3.4 and Table 3.1, the peak force and the 

loading duration increase with increasing of the pile capacity. 

Table 3.1 Simulation results by varying the pile capacity. 

Pile capacity, Qu (kN) Peak force, Fpeak (kN) Loading duration, tL (ms) 

200 504 88 

400 621 96 

800 685 100 

It can be seen from Figure 3.5 that the exponential functions can be used to express 

the relationship between the peak force, the loading duration and the pile capacity.  

The relationships are summarized as follows; 

0.221158.83peak uF Q    (3.5) 

0.09254.4L ut Q    (3.6) 

where  

Fpeak = the peak force; 

tL = the loading duration; 

Qu = the pile capacity in the range of 200 ~ 800 kN. 
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Figure 3.5 Relationships between the pile capacity, the peak force and the loading 

duration. 

 

3.4 Effect of the hammer mass 

The hammer mass is varied between 2.5 tons and 25 tons while others parameters as 

shown in Figure 3.6 are kept constant. Results from simulations are shown in Figure 

3.7. 

 

Figure 3.6 Input parameters for determining the effect of the hammer mass on the 

generated impact load. 

Time [sec]

Load [kN]
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(not to scale)
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Figure 3.7 The effect of the hammer mass on the generated impact load. 

The variation of the maximum and duration of loading against the ram mass are 

summarized in Table 3.2. Based on the Figure 3.7 and Table 3.2, the peak force and the 

loading duration increase with increasing of the hammer mass. 

Table 3.2 Simulation results by varying the hammer mass. 

Hammer mass, mr (ton) Peak force, Fpeak (kN) Loading duration, tL (ms) 

2.5 473 71 

5 684 100 

10 995 144 

15 1216 179 

20 1366 191 

25 1481 211 

It can be seen from Figure 3.8 that the exponential functions can be used to express 

the relationship between the peak force, the loading duration and the hammer mass.  
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The relationships are summarized as follows; 

0.483320peak rF m    (3.7) 

0.4649L rt m    (3.8) 

where mr = the hammer mass in the range of 2.5 ~ 25 tons. 
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Figure 3.8 Relationships between the hammer mass, the peak force and the loading 

duration. 

3.5 Effect of the drop height 

The parametric study was carried out by varying the drop height in the range of 0.25 ~ 

3.0 m while maintaining other parameters to the values shown in Figure 3.9. 



 

 

61 

 

Figure 3.9 Input parameters for determining the effect of the drop height on the 

generated impact load. 

Analysis results in Figure 3.10 show that the drop height rarely affects the loading 

duration, but has a significant influence to the peak force. The latter effect is 

summarized in Table 3.3. The relationship between the drop height and the peak force 

can be expressed by 

0.447492peakF h    (3.9) 
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Figure 3.10 The effect of the drop height on the generated impact load. 

Table 3.3 Simulation results by varying the drop height. 

Drop height, h (m) Peak force, Fpeak (kN) 

0.25 272 

0.5 360 

1 488 

1.5 586 

2.1 684 

2.5 742 

3 808 
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Figure 3.11 Relationship between the peak force and the drop height. 

3.6 Effect of the pile cushion thickness 

It has been known that the cushion stiffness significantly affects the force-time history. 

The stiffness of cushions depends not only on the elastic modulus but also the cross-

section area and the thickness. Among the three parameters, the thickness is the easiest 

choice for stiffness tuning purpose. In this study, the cushion thickness is varied in the 

range of 25 ~ 300 mm while maintaining other parameters to the values in Figure 3.12.  

 

Figure 3.12 Input parameters for determining the effect of the pile cushion thickness on 

the generated impact load. 

Time [sec]
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

?
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Analysis results in Figure 3.13 show that the pile cushion thickness significant 

affects to the peak force and the loading duration. These effects are summarized in 

Table 3.4 and Figure 3.14. The relationships of the cushion thickness with the peak 

force and the loading duration can be expressed by equations that follow; 
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Figure 3.13 The effect of the pile cushion thickness on the generated impact load. 

Table 3.4 Simulation results by varying the pile cushion thickness. 

Cushion thickness, t (mm) Peak force, Fpeak (ton) Loading duration, tL (ms) 

25 1407 43 

50 1112 59 

100 823 82 

150 685 100 

200 601 116 

250 543 130 

300 501 143 
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Figure 3.14 Relationships between the peak force, the loading duration and the pile 

cushion thickness. 

0.4115364.48peakF t    (3.10) 

0.4938.555Lt t    (3.11) 

3.7 The summary of the main points 

Based on the research in this Chapter, the relationships between the peak force, the 

loading duration, the hammer mass, the drop height and the pile cushion thickness are 

summarized in Figure 3.15, Figure 3.16 and Figure 3.17. 
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Figure 3.15 Relationships between the peak force, the drop height and the pile cushion 

thickness. 
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Figure 3.16 Relationships between the peak force, the drop height and the hammer 

mass. 
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Figure 3.17 Relationships between the loading duration, the pile cushion thickness 

and the hammer mass. 

With the philosophy is that the testing equipment including the hammer mass, the 

drop height and the pile cushion thickness, should be reasonably adjusted to mobilize 

the desired maximum force on the pile head.  

For example, it is desired that the maximum force on the pile head is 600 kN. From 

Figure 3.15 and Figure 3.16 indicate that one of three equipment sets below is 

available. 

1.6 2.1 2.1

5 5 3.4

150 200 150

r r r

h m h m h m

m tons or m tons or m tons

t mm t mm t mm

    
  

    
      

  

which h = the drop hammer, mr = the hammer mass, t = the pile cushion thickness. 
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Chapter 4: UNLOADING POINT METHOD ASSOCIATED 

WITH TIME DELAY 

4.1 Estimation of pile resistance by stress wave theory 

A new interpretation technique is introduced in this study. The proposed method uses 

only the force and velocity that are measured at the pile head and the stress wave theory 

to estimate the response of the pile-soil during testing. The delay in response along the 

pile length is then taken into the consideration for determining the static response of 

piles. 

Goble et al. (1975); Rausche et al. (1985) suggested a formula for estimating the 

resistance of piles as 

   
1 2 2

2 2

p

soil

p p p

M cL L L
F t F t F t v t v t

c c L c

        
                              

  (4.1) 

where  

Fsoil = the soil resistance;  

F = the force at the pile head;  

v = the velocity at the pile head; 

cp = the wave propagation speed of pile material, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝;  

M = the pile mass;  

L = the pile length;  

2L/cp = the time interval after impact. 

It can be seen that the calculated soil resistance consists of two terms, which are the 

average of two forces over a time interval of 2L/cp and the inertial force deduced from 

the change in velocity over the period of 2L/cp. 
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4.2 Unloading Point method associated with Time Delay (DULM) 

As mentioned by Middendorp (2000), the estimation of the damping is more accurate 

when the average velocity is used instead of the velocity at the pile top. Inherit the 

concept of the Modified Unloading Point method, the stress wave theory is used to 

estimate the velocity at pile toe instead of embedding the accelerometer. The velocity 

of concentrate pile mass is represented by the average of the top and toe velocities by 

Eq. (4.2). 

     
1

2
av toev t v t v t       (4.2) 

where vtoe = the velocity at the pile tip computed by Eq.(4.3). 

Because the stationary point in the concentrate pile mass occurs at a short period of 

time after the unloading point of the pile head, the time that the average velocity became 

zero after the zero pile top velocity is called the time delay. 

 The pile toe velocity can be determined according to Goble et al. (1975); Rausche 

et al. (1985) as 

     p

toe soil

p p p

cL
v t v t F t F t

c E A

 
          

  (4.3) 

where Fsoil = the soil resistance is calculated by Eq.(4.1). 

Once the resistance time history of soil has been determined and the average velocity 

has been determined from Eq. (4.3), the calculation similar to the ULM is used to 

determine the damping constant, Cav (Figure 2.21, Eq. (2.59)). 

Finally, the static capacity can be determined by 

     s soil av avF t F t C v t      (4.4) 
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Chapter 5: VALIDATION OF THE UNLOADING POINT 

METHOD ASSOCIATED WITH TIME DELAY 

5.1 Introduction 

To validate the performance of the Unloading Point method associated with Time Delay 

(DULM), case studies are carried out on RLT results in literatures that the force and 

motion (displacement, acceleration) were directly measured. All data of static load tests 

and rapid load tests are digitized from the corresponding papers. 

There are fifteen rapid tests on eleven piles consisting of two steel pipe piles with 

concrete grouting, three concrete driven piles, five drilled piles and one auger bored 

cast in-situ pile. The piles were carried out at different six sites. Four of the sites are 

clayey ground and the remaining ones are sandy ground. 

As mentioned earlier, the rate effect factor η is also considered in this study, but it 

should be corrected as the optimum rate effect factor to get the best result for each rapid 

load test. 

The performance of the DULM were compared with the non-linear velocity-

dependent method as referencing to the corresponding static test results. 

5.2 Tests in sandy ground 

5.2.1 Case study no.1, drilled pile, College Station, Texas, USA 

Ballouz et al. (1991) and Brown (1994) performed the test in a sandy ground at the east 

side of the Riverside campus, the Texas A&M University, College Station, Texas. The 

pile was 0.9 m in diameter, 11.4 m long and embedded 10.4 m in the ground which 

consisted of medium dense, fine sands and silty sand. The plasticity index PI of the 

ground varied between 1.8% and 29.7%. 

The static load testing was performed prior to the Statnamic test. Statnamic test 

results and static test results are shown in Figure 5.1 and Figure 5.2, respectively. 
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Figure 5.1 Static test result in sandy ground, drilled pile, College Station, Texas, USA 

(Brown, 1994). 
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Figure 5.2 Statnamic test results in sandy ground, drilled pile, College Station, Texas, 

USA (Brown, 1994). 

As seen in Figure 5.1, the failure did not occur even the displacement was as large 

as which is equivalent to 15.4% of pile diameter. This is a typical behavior of piles in 

sandy soil. 

Parameters involving with the calculation are summarized in Table 5.1. 
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Table 5.1 Parameters used in the case study no.1. 

Items  Value  

Length of pile, L 11.4 m 

Radius of pile, R 0.45 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 25.53 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,262 m/s 

Return period, 2L/cp 0.008 sec 

Cross-sectional area of pile, 𝐴𝑝 = 𝜋 ∙ 𝑅2 0.636 m2 

Impedance of pile, 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 4,980 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 17.4 tons 

Firstly, the damping constants, from the peak rapid load to the maximum 

displacement (c.f. point (1) and (2) of Figure 2.21), were determined by the ULM and 

the DULM. Their variations are shown in Figure 5.3. The average factor C from the 

ULM and DULM were 1613 kN.s/m and 1446 kN.s/m, respectively. 
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Figure 5.3 Variation of the damping factor C. 

a) ULM                                                      b)   DULM 
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Derived static responses, rapid and static test results are shown in Figure 5.4. Based 

on the ULM and DULM, the failure occurred at around 5 mm, corresponding to the 

derived static load of 3000 kN. 
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Figure 5.4 Comparison of predicted static capacity with measured, drilled pile in 

sandy ground, College Station, Texas, USA. 

The estimated static curve from the ULM is slightly better than the DULM because 

R2(ULM) = 0.78 is slightly greater than R2(DULM) = 0.75. 

5.2.2 Case study no.2, drilled pile, Cupertino, California, USA 

Brown (1994) presented a Statnamic test on the drilled shaft No.4. The pile is 0.9 m in 

diameter and 9.1 m long. The ground consists of alternating layers of very dense clayey 

and sandy gravels to the depth of 10 m and underlain by dense silty sands.  

The static load testing was performed prior to the Statnamic test. Statnamic test 

results and static test results are shown in Figure 5.5 and Figure 5.6, respectively. 
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Figure 5.5 Static test result in sandy ground, drilled pile, Cupertino, California, USA 

(Brown, 1994). 
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Figure 5.6 Statnamic test results in sandy ground, drilled pile, Cupertino, California, 

USA (Brown, 1994). 

Under static loading, the pile was loaded to the maximum value of 6427 kN. The 

corresponding displacement was 13.4 mm which is equal to 1.5 % of pile diameter. It 

is considered that the pile had not been mobilized to its ultimate capacity and was still 

in its elastic stage. 

Parameters involving with the calculation are summarized in Table 5.2. 
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Table 5.2 Parameters used in the case study no.2. 

Items  Value  

Length of pile, L 9.1 m 

Radius of pile, R 0.45 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 30.00 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,536 m/s 

Return period, 2L/cp 0.006 sec 

Cross-sectional area of pile,  𝐴𝑝 = 𝜋 ∙ 𝑅2 0.636 m2 

Impedance of pile, 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 5,398 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 13.9 tons 

Similar to the earlier case, the damping factors from the ULM and the DULM are 

shown in Figure 5.7. The average values of the ULM and DULM are 1448 kN.s/m and 

4811 kN.s/m, respectively. It can be seen that the latter is around three times of the 

former. The reasons for this signification change are two folds; 1) the difference in 

marking the point of zero velocity (the unloading point) and 2) the difference in 

determining the resistance of soil (Eq. (4.1)). 
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Figure 5.7 Variation of the damping factor C. 

Derived static responses, rapid and static test results are shown in Figure 5.8. Since 

the derived static load is only 6% of the static capacity observed in the SLT, the pile 

was still in elastic stage under this rapid loading. 
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Figure 5.8 Comparison of predicted static capacity with measured, drilled shaft in 

sandy ground, Cupertino, California, USA. 

The derived static curves from ULM and DULM were quite linear. However, the 

proposed technique was closer to the verified curve than the ULM one because 

R2(DULM) = 0.96 was greater than R2(ULM) = 0.90. 

a)   ULM                                                     b)   DULM 



 

 

79 

5.2.3 Case study no.3, driven pre-stressed concrete pile, Florida, USA 

Static and Statnamic tests were carried out by Justason et al. (1998) on a pre-stressed 

concrete pile #15. The pile was a 0.6 m square pile with the length of 10.5 m. The test 

site was at the Bayou Chico Bridge Project in Pensacola, Florida. The soil profile was 

comprised of medium to dense, poorly graded sand with some silty sand. 

The static test was conducted 50 days prior to the Statnamic test. Statnamic test 

results and static test results are shown in Figure 5.9 and Figure 5.10, respectively. The 

pile was tested under three static loading cycles which the peak loads increased from 

3675 kN to 4123 kN. As plunging failure was not observed, the ultimate resistance 

could not be determined from these tests. 
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Figure 5.9 Static test result, driven pre-stressed concrete pile, Florida, USA (Justason 

et al., 1998). 
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Figure 5.10 Statnamic test results in sandy ground, driven pre-stressed concrete pile, 

Florida, USA (Justason et al., 1998). 

Parameters involving with the calculation are summarized in Table 5.3. 
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Table 5.3 Parameters used in the case study no.3. 

Items  Value  

Length of pile, L 10.5 m 

Edge of pile, a 0.6 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 30.00 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,536 m/s 

Return period, 2L/cp 0.006 sec 

Cross-sectional area of pile, Ap = a x a 0.360 m2 

Impedance of pile, , 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 3,055 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 9.1 tons 

Similar to the earlier case, the damping factors from the ULM and the DULM are 

shown in Figure 5.11. The average values of the ULM and DULM are 1273 kN.s/m 

and 782 kN.s/m, respectively. It can be seen that the latter is around three times of the 

former. The reasons for this signification change are two folds; 1) the difference in 

marking the point of zero velocity (the unloading point) and 2) the difference in 

determining the resistance of soil (Eq. (4.1)). 
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Figure 5.11 Variation of the damping factor C. 

a)   ULM                                                      b)   DULM 
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Results from the ULM, DULM and load test results are shown in Figure 5.12. It can 

be seen that the DULM line is close to the static line than the ULM. The ultimate 

capacities observed from the DULM was 4100 kN which was similar to the static one. 

On the contrary, the ultimate value from the ULM is 3300 kN, or, around 80% of the 

SLT result. 
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Figure 5.12 Comparison of predicted static capacity with measured, driven pre-

stressed concrete pile in sandy ground, Florida, USA. 

From the three RLTs in sandy soils, some conclusion can be made as follows; 

1. The results derived from the standard ULM were not consistent. For example, the 

result from the ULM was good in Figure 5.4, over-predicted or under-predicted in 

Figure 5.8 and Figure 5.12, respectively. 

2. The coefficient of determination, R2, calculated from DULM are 0.96 and 0.97 

higher than ones from the ULM as 0.90 and 0.92 in the case study no.2 and 3, 

respectively. Although the R2 value of the ULM is 0.78 slightly higher than one of 

the DULM as 0.75 as in the case study no.1, it can be said that the DULM 

performed better than the ULM. 
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5.3 Tests in clayey ground 

5.3.1 Case study no.1, drilled pile, College Station, Texas, USA 

Ballouz et al. (1991) and Brown (1994) conducted the test on the west side of the 

Riverside campus of the Texas A&M University, College Station, Texas. The test site 

mainly consisted of stiff clays with the plasticity index PI varied from 31% to 50% 

along the pile length. The test pile was 0.92 m in diameter and 10.7 m in length 

embedded 9.5 m into the ground.  

The static test was performed four days prior to the Statnamic test. The test results 

are shown in Figure 5.13 and Figure 5.14. 
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Figure 5.13 Static test result in clayey ground, drilled pile, College Station, Texas, USA 

(Brown, 1994). 
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Figure 5.14 Statnamic test results in clayey ground, drilled pile, College Station, Texas, 

USA (Brown, 1994). 

Based on the test result in Figure 5.13, it can be concluded that the pile failed under 

load of 2844 kN when the displacement was around 115 ~ 135 mm. The yielding 

occurred when the pile displaced around 29 mm. 

As introduced above, the plasticity index PI varied from 31% to 50% along the pile 

length, so the average rate parameter α as shown in Table 5.4 was used for the  Brown’s 
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method. For the ULM, the derived values were corrected with the rate effect factor of 

0.47 and of 0.65 for the interest of comparison.  

Table 5.4 Estimation of the rate parameter α from clayey soil, College Station, Texas. 

Depth (m) Plasticity index, PI (%) Rate parameter, α = 0.03 PI + 0.5 

0 0 0 

1.5 37 1.61 

3 35 1.55 

4.6 35 1.55 

6.1 32 1.46 

7.6 31 1.43 

9.1 48 1.94 

9.5 50 2.00 

Average 1.65 

Parameters involving with the calculation are summarized in Table 5.5. 

Table 5.5 Parameters used in the case study no.1. 

Items  Value  

Length of pile, L 10.7 m 

Radius of pile, R 0.46 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 27.60 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,391 m/s 

Return period, 2L/cp 0.008 sec 

Cross-sectional area of pile, 𝐴𝑝 = 𝜋 ∙ 𝑅2 0.665 m2 

Impedance of pile 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 5,410 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 17.1 tons 

Similar to the earlier cases, the damping factors from the ULM and the DULM are 

shown in Figure 5.15. The average values of the ULM and DULM are 991 kN.s/m and 
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1583 kN.s/m, respectively. It can be seen that the latter is 60% higher than of the former. 

The reasons for this signification change are two folds; 1) the difference in marking the 

point of zero velocity (the unloading point) and 2) the difference in determining the 

resistance of soil (Eq. (4.1)). 
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Figure 5.15 Variation of the damping factor C. 

Results from the ULM, DULM and load test results are shown in Figure 5.16. 

According to the previous studies, the DULM should be adjusted by the rate effect 

factor η. The optimum value of 0.65 was determined by trial and error and compared 

with suggested values in literatures which are in the range of 0.47 ~ 0.65. The adjusted 

results of the ULM and DULM as well as the result of nonlinear method are shown in 

Figure 5.16. 

 

 

 

a)   ULM                                                      b)   DULM 
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Figure 5.16 Comparison of predicted static capacity with measured, drilled shaft in 

clayey ground, College Station, Texas, USA. 

The ULM modified with the rate effect factor of 0.47 (ULM x 0.47) showed the 

softest response. The performance of the nonlinear method was better than the ULM x 

0.47 due to R2(Nonlinear) = 0.86 > R2(ULMx0.47) = 0.40, but it still underestimated 

the static line. Although the DULM x 0.65 and ULM x 0.65 are modified with the same 

value of the rate effect factor η, the estimation of the ULM x 0.65 was better than 

DULM x 0.65 because of R2(ULMx0.65) = 0.92 > R2(DULMx0.65) = 0.89. 

5.3.2 Case study no.2, drilled pile, Rio Puerco, Gallup, N.M. 

Brown (1994) reported a Statnamic test result on a drilled pile at Rio Puerco, Gallup, 

N.M. The pile was 0.76 m in diameter which was embedded 13.8 m in very stiff silty 

clayey soil.  

The drilled pile was loaded under static loading 4 days prior to Statnamic loading. 

The test results are shown in Figure 5.17 and Figure 5.18. 
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Figure 5.17 Static test result in clayey ground, drilled pile, Rio Puerco, Gallup, N.M. 

(Brown, 1994). 
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Figure 5.18 Statnamic test results in clayey ground, drilled pile, Rio Puerco, Gallup, 

N.M. (Brown, 1994). 

Based on the result in Figure 5.17, the pile yielded at around 5 mm. The maximum 

test load was 3729 kN corresponding to the displacement of 13.8 mm or around 2% of 

pile diameter. 
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Brown (1994) did not show the plasticity index PI  which can be used to calculate 

the rate parameter α. Therefore, the α of 1.0 was assumed for clayey soils as suggested 

by Randolph and Deeks (1992). 

Parameters involving with the calculation are summarized in Table 5.6. 

Table 5.6 Parameters used in the case study no.2. 

Items  Value  

Length of pile, L 13.8 m 

Radius of pile, R 0.38 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 30.00 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,536 m/s 

Return period, 2L/cp 0.008 sec 

Cross-sectional area of pile, 𝐴𝑝 = 𝜋 ∙ 𝑅2 0.454 m2 

Impedance of pile, 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 3,849 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 15.0 tons 

Similar to the earlier cases, the damping factors from the ULM and the DULM are 

shown in Figure 5.19. The average values of the ULM and DULM are 3561 kN.s/m 

and 5350 kN.s/m, respectively. It can be seen that the latter is 50% higher than of the 

former. The reasons for this signification change are two folds; 1) the difference in 

marking the point of zero velocity (the unloading point) and 2) the difference in 

determining the resistance of soil (Eq. (4.1)). 
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Figure 5.19 Variation of the damping factor C. 

Results from the ULM, DULM, nonlinear method and load test results are shown in 

Figure 5.20. 
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Figure 5.20 Comparison of predicted static capacity with measured, drilled shaft in 

clayey ground, Rio Puerco, Gallup, N.M. 

Results calculated from the ULM combined with the rate effect factor of 0.47 and 

the nonlinear method according to R2 of 0.33 and 0.77, respectively, were significantly 

lower than others. The result computed from the ULM x 0.65 (R2 = 0.94) was slightly 

lower than the result of the DULM with the rate effect factor of 0.80 (R2 = 0.99). Both 

of them gave good estimations of the static response. 

a)   ULM                                                      b)   DULM 
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5.3.3 Case study no.3, auger bored cast in-situ pile, Grimsby, UK 

Brown (2004) carried out a Statnamic test on an auger bored cast in-situ pile in clayey 

soil. The site location was the Expanded Piling Company Limited’s Cheapside head 

office, Waltham, Grimsby, United Kingdom. The soil description was firm to very stiff 

clay up to 20.35 m below ground surface. The plasticity index PI varied from 7% to 

20%. The pile was 0.6 m in diameter and 12.24 m in length. It was bored to 11.76 m 

below ground level.  

The pile was tested under rapid loading and followed by two types of static tests 

which were the constant rate of penetration test (CRP) at the rate of 0.01 mm/sec and 

the maintained load test (MLT). To avoid the influence of loading rate, MLT is used as 

the verification test in this study. The test results are shown in Figure 5.21 and Figure 

5.22. 

The pile plunging was observed at 15 mm under the load of 1800 kN. The settlement 

at the beginning of plunging was only 2.5 % of pile diameter. 
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Figure 5.21 Static test result in clayey ground, auger bored cast in-situ pile, Grimsby, 

UK (Brown, 2004). 
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Before the static testing, the pile was tested under six rapid loading cycles. The 

magnitude of rapid loads increased from 1163 kN in the first cycle to 3062 kN in the 

final cycle. 

Brown (2004) only showed the full data of the final rapid loading test which is used 

in this study. In this loading cycle, the maximum displacement was only 11 mm (or, 

73% of 15 mm). Therefore, this settlement value is not enough to ensure the failure of 

pile during rapid testing. 
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Figure 5.22 Statnamic test results in clayey ground, auger bored cast in-situ pile, 

Grimsby, UK (Brown, 2004). 
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As introduced above, the plasticity index PI varied from 7% to 20%, so the average 

rate parameter α as shown in Table 5.7 was used for the  Brown’s method. For the 

ULM, the derived values were corrected with the rate effect factor of 0.47 and 0.65 for 

the interest of comparison.  

Table 5.7 Estimation of the rate parameter α from clayey ground, Grimsby, UK. 

Plasticity index, PI (%) Rate parameter, α = 0.03 PI + 0.5 

7 0.71 

20 1.10 

Average 0.91 

Parameters involving with the calculation are summarized in Table 5.8. 

Table 5.8 Parameters used in the case study no.3. 

Items  Value  

Length of pile, L 12.24 m 

Radius of pile, R 0.30 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 31.37 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,615 m/s 

Return period, 2L/cp 0.008 sec 

Cross-sectional area of pile, 𝐴𝑝 = 𝜋 ∙ 𝑅2 0.283 m2 

Impedance of pile 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 2,453 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 8.3 tons 

Similar to the earlier cases, the damping factors from the ULM and the DULM are 

shown in Figure 5.23. The average values of the ULM and DULM are 1452 kN.s/m 

and 3212 kN.s/m, respectively. It can be seen that the latter is around two times of the 

former. The reasons for this signification change are two folds; 1) the difference in 
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marking the point of zero velocity (the unloading point) and 2) the difference in 

determining the resistance of soil (Eq. (4.1)). 
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Figure 5.23 Variation of the damping factor C. 

Results from the ULM, DULM, the nonlinear method and load test results are shown 

in Figure 5.24. According to the previous studies, the DULM should be adjusted by the 

rate effect factor η. The optimum rate factor for the DULM was 0.75 which was 

estimated by the trial and error method. 

As in the Figure 5.24, most derived static curves are quite linear and are not 

reasonable to compare with the measured static curve. In general, the estimation from 

the DULM x 0.75 shows the closest to the verified curve. The maximum force 

computed from the ULM x 0.47, ULM x 0.65, the nonlinear method and the DULM x 

0.75 are 1251 kN, 1853 kN, 2080 kN and 1648 kN, which are equivalent to 80 %, 118%, 

132% and 105% of the static force at the same displacement level, respectively. 

 

a)   ULM                                                      b)   DULM 
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Figure 5.24 Comparison of predicted static capacity with measured, auger bored pile 

in clayey ground, Grimsby, UK. 

The ULM modified with the rate effect factor of 0.47 (ULM x 0.47) showed the 

softest response with the lowest value of R2. The result computed from the nonlinear 

method and ULM x 0.65 were better than one from the DULM x 0.75 due to the 

higher value of R2. 

5.3.4 Case study no.4, steel pipe pile, Salt Lake City, Utah 

Garner (2007) conducted tests on steel pipe piles at South Temple and Salt Lake City, 

Utah. Static and rapid tests were carried out on different piles in the same site. The steel 

pipes had the inside diameter of 305 mm and the outside diameter of 324 mm. The void 

in the pipes were fully filled with concrete (Figure 5.25). They were driven to a depth 

of about 12.2 m. The ground mainly consisted of clay layers with the plasticity index 

PI varied between 5% and 43%. 



 

 

97 

 

Figure 5.25 Cross-sectional area of the test pile (Garner, 2007). 

Static tests were carried out at various rates of loading. The 54 minutes test (Figure 

5.26) was selected as the verification test in this study. Since the displacement was 

mobilized up to 15 mm which was comparable to that occurred in the Statnamic test. 
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Figure 5.26 Static test result in clayey ground, steel pipe pile, Salt Lake City, Utah 

(Garner, 2007). 
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The Statnamic test was carried out on another pile in the same site. Two Statnamic 

loading cycles were performed for obtaining the results shown in Figure 5.27 and 

Figure 5.28. 
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Figure 5.27 Statnamic test results in clayey ground (test #1), steel pipe pile, Salt Lake 

City, Utah (Garner, 2007). 
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Figure 5.28 Statnamic test results in clayey ground (test #2), steel pipe pile, Salt Lake 

City, Utah (Garner, 2007). 

As introduced above, the plasticity index PI varied from 5% to 43% along the pile 

length, so the average rate parameter α as shown in Table 5.9 was used for the  Brown’s 

method. For the ULM, the derived values were corrected with the rate effect factor of 

0.47 and 0.65 for the interest of comparison.  
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Table 5.9 Estimation of the rate parameter α from the clayey soil, Salt Lake City, 

Utah.. 

Depth (m) Plasticity index, PI (%) Rate parameter, α = 0.03 PI + 0.5 

0 0 0 

0.08 43 1.79 

0.1 27 1.31 

0.2 22 1.16 

0.4 32 1.46 

0.5 11 0.83 

0.7 25 1.25 

1 13 0.89 

1.1 15 0.95 

1.3 5 0.65 

1.6 20 1.10 

1.7 16 0.98 

1.8 13 0.89 

1.9 12 0.86 

2.5 15 0.95 

2.7 13 0.89 

3.6 14 0.92 

5.4 30 1.40 

6.3 24 1.22 

8.2 19 1.07 

8.9 30 1.40 

10.3 36 1.58 

Average 1.12 

Parameters involving with the calculation are summarized in Table 5.10. 
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Table 5.10 Parameters used in the case study no.4. 

Items  Value  

Length of pile, L 12.2 m 

Outer pile diameter, Rout 0.324 m 

Inner pile diameter, Rin 0.305 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 30.00 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 3,536 m/s 

Return period, 2L/cp 0.008 sec 

Cross-sectional area of outer pipe, As1 0.0094 m2 

Cross-sectional area of inner pipe, As2 0.0036 m2 

Total cross-sectional area of steel pipe, As = As1 + As2 0.013 m2 

Elastic modulus of steel, Es 200,000,000 kN/m2 

Total cross-sectional area of pile, 𝐴 = 𝜋 ∙ 𝑅𝑜𝑢𝑡
2  0.0824 m2 

Cross-sectional area of concrete, Ac = A - As 0.0694 m2 

Equivalent area of transformed concrete, 𝐴𝑒𝑞 = 𝐴𝑐 + 𝐴𝑠 ∙

𝐸𝑠/𝐸𝑝 
0.1561 m2 

Impedance of pile, 𝑍 = 𝐴𝑒𝑞 ∙ 𝐸𝑐/𝑐𝑝 1,325 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑒𝑞 ∙ 𝐿 ∙ 𝜌𝑝 4.6 tons 

Similar to the earlier cases, the damping factors from the ULM and the DULM are 

shown in Figure 5.29 and Figure 5.30. The average values of the ULM, DULM of test 

#1 and #2 are 679 kN.s/m, 1263 kN.s/m and 522 kN.s/m, 667 kN.s/m which the latter 

is 86% and 21% higher than of the former, respectively. The reasons for these 

signification changes are two folds; 1) the difference in marking the point of zero 

velocity (the unloading point) and 2) the difference in determining the resistance of soil 

(Eq. (4.1)). 
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Figure 5.29 Variation of the damping factor C (test #1). 
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Figure 5.30 Variation of the damping factor C (test #2). 

According to the previous studies, the DULM should be adjusted by the rate effect 

factor η. The optimum value of 0.60 was determined by trial and error method. The 

adjusted results of the ULM and DULM as well as the result of nonlinear velocity are 

shown in Figure 5.31 and Figure 5.32. 

Compare to the verified static results, the derived static results of the nonlinear 

method showed the softest response due to the lowest value of R2 and the results 

computed from the ULM x 0.47 and ULM x 0.65 were improved but they were still far 

a)   ULM                                                      b)   DULM 

a)   ULM                                                       b)   DULM 
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from the static line. The DULM x 0.60 gave the best estimations comparing to other 

methods with the greatest values of R2. 
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Figure 5.31 Comparison of predicted static capacity with measured, test #1, steel pipe 

pile in clayey ground, Salt Lake City, Utah. 
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Figure 5.32 Comparison of predicted static capacity with measured, test #2, steel pipe 

pile in clayey ground, Salt Lake City, Utah. 

5.3.5 Case study no.5, driven concrete pile, Waddinxveen, Dutch 

Hölscher (2009) reported the tests on two driven concrete piles in the parking lot behind 

the IFCO building, Limaweg 17 at Waddinxveen, Dutch. The piles were square 0.35 x 
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0.35 m and 9.8 m long. They were embedded 57% in clay with peat and 43% in sand. 

The first pile (pile #1) was tested under rapid loading and followed by static loading. 

The second pile (pile #2) was tested in the reverse order. 

As can be seen in Figure 5.33, the pile #1 and #2 began plunged under the maximum 

load of 1148 kN and 1123 kN, corresponding to displacement of 40 mm and 51 mm, 

respectively. 
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Figure 5.33 Static test results in clayey ground, driven concrete pile, Waddinxveen, 

Dutch (Hölscher, 2009). 

The rapid tests on pile #1 were performed under six loading cycles and followed by 

static loading. Because the magnitude of loading in first three cycles were similar, only 

one of them was used in this study. For the second pile, four rapid load cycles were 

performed. However, the result from the first cycle was too small, only the remaining 

three tests were used in this study. The test results of pile #1 and pile #2 are shown from 

Figure 5.34 to Figure 5.37 and from Figure 5.38 to Figure 5.40, respectively. 
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Figure 5.34 Statnamic test results in clayey ground (pile #1, loading cycle #2), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 
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Figure 5.35 Statnamic test results in clayey ground (pile #1, loading cycle #4), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 
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Figure 5.36 Statnamic test results in clayey ground (pile #1, loading cycle #5), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 



 

 

108 

0 50 100 150 200 250 300

0

400

800

1200

1600
L

o
ad

 (
k

N
)

Time (milliseconds)

 Statnamic load

0 50 100 150 200 250 300
0

5

10

15

20

25

S
et

tl
em

en
t 

(m
m

)

Time (milliseconds)

 Pile settlement

0 50 100 150 200 250 300
-0.6

-0.3

0.0

0.3

0.6

V
el

o
ci

ty
 (

m
/s

)

Time (milliseconds)

 Pile velocity

0 50 100 150 200 250 300
-80

-40

0

40

A
cc

el
er

at
io

n
 (

m
/s

2
)

Time (milliseconds)

 Pile acceleration

 

Figure 5.37 Statnamic test results in clayey ground (pile #1, loading cycle #6), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 
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Figure 5.38 Statnamic test results in clayey ground (pile #2, loading cycle #2), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 



 

 

110 

0 50 100 150 200 250
-300

0

300

600

900

1200
L

o
ad

 (
k

N
)

Time (milliseconds)

 Statnamic load

0 50 100 150 200 250
0

2

4

6

8

10

S
et

tl
em

en
t 

(m
m

)

Time (milliseconds)

 Pile settlement

0 50 100 150 200 250
-0.3

-0.2

-0.1

0.0

0.1

0.2

V
el

o
ci

ty
 (

m
/s

)

Time (milliseconds)

 Pile velocity

0 50 100 150 200 250
-20

-10

0

10

20

A
cc

el
er

at
io

n
 (

m
/s

2
)

Time (milliseconds)

 Pile acceleration

 

Figure 5.39 Statnamic test results in clayey ground (pile #2, loading cycle #3), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 
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Figure 5.40 Statnamic test results in clayey ground (pile #2, loading cycle #4), driven 

concrete pile, Waddinxveen, Dutch (Hölscher, 2009). 

Because Hölscher (2009) did not show the plasticity index PI which can be used to 

calculate the rate parameter α. Therefore, the α of 1.0 was assumed for clayey soils as 

suggested by Randolph and Deeks (1992). 

Parameters involving with the calculation are summarized in Table 5.11. 
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Table 5.11 Parameters used in the case study no.5. 

Items  Value  

Length of pile, L 9.8 m 

Edge of pile, a 0.35 m 

Density of pile material, ρp 2.4 ton/m3 

Young’s modulus of pile material, Ep 43.00 GPa 

Wave speed in pile, 𝑐𝑝 = √𝐸𝑝/𝜌𝑝 4,233 m/s 

Return period, 2L/cp 0.006 sec 

Cross-sectional area of pile, Ap = a x a 0.123 m2 

Impedance of pile, 𝑍 = 𝐴𝑝 ∙ 𝐸𝑝/𝑐𝑝 1,244 kN.s/m 

Mass of pile, 𝑀 = 𝐴𝑝 ∙ 𝐿 ∙ 𝜌𝑝 2.9 tons 

As presented above, there are four rapid loading cycles on pile #1 and three rapid 

tests on pile #2 which are selected to analyze in this study. Similar to the earlier cases, 

the damping factors of the ULM and the DULM in this case study are shown in Table 

5.12 and from Figure 5.41 to Figure 5.47. 

Table 5.12 The damping factor C of seven RLTs in the case study no.5. 

Rapid test 
C - ULM C – DULM 

Rapid test 
C - ULM C – DULM 

kN.s/m kN.s/m kN.s/m kN.s/m 

Pile 1, cycle 2 1198 1671 Pile 2, cycle 2 868 1317 

cycle 4 635 935 cycle 3 355 673 

cycle 5 526 767 cycle 4 442 645 

cycle 6 372 526    
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Figure 5.41 Variation of the damping factor C (pile #1, loading cycle 2). 
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Figure 5.42 Variation of the damping factor C (pile #1, loading cycle 4). 
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Figure 5.43 Variation of the damping factor C (pile #1, loading cycle 5). 
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Figure 5.44 Variation of the damping factor C (pile #1, loading cycle 6). 
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Figure 5.45 Variation of the damping factor C (pile #2, loading cycle 2). 
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Figure 5.46 Variation of the damping factor C (pile #2, loading cycle 3). 
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Figure 5.47 Variation of the damping factor C (pile #2, loading cycle 4). 

According to the previous studies, the DULM should be adjusted by the rate effect 

factor η. The optimum value varied in the range of 0.75 ~ 0.95 which were determined 

by trial and error method. The adjusted results of the ULM and DULM as well as the 

result of nonlinear velocity are shown from Figure 5.48 to Figure 5.54. 

For pile #1 with loading cycle 6 (Figure 5.51), the derived static results of the ULM 

x 0.47, ULM x 0.65, the nonlinear method and the DULM x 0.90 were 581 kN, 807 

kN, 905 kN and 1106 kN which were 51%, 70%, 79% and 96% smaller than the static 

one, respectively. The pile capacity derived from the DULM was the best estimation 

with an error 4% of the static one. 

For pile #2 with loading cycle 4 (Figure 5.54), the derived static results of the ULM 

x 0.47, ULM x 0.65, the nonlinear method and the DULM x 0.75 were 540 kN, 773 

kN, 791 kN and 884 kN which were around 47%, 67%, 69% and 77% smaller than the 

static one, respectively. The reason of the significant difference of the estimated result 

from the DULM with the static one is that the applied load was not large enough to get 

failure. 
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Figure 5.48 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 2), driven concrete pile, Waddinxveen, Dutch. 
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Figure 5.49 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 4), driven concrete pile, Waddinxveen, Dutch. 
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Figure 5.50 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 5), driven concrete pile, Waddinxveen, Dutch. 
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Figure 5.51 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 6), driven concrete pile, Waddinxveen, Dutch. 
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Figure 5.52 Comparison of predicted static capacity with measured (pile #2, loading 

cycle 2), driven concrete pile, Waddinxveen, Dutch. 
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Figure 5.53 Comparison of predicted static capacity with measured (pile #2, loading 

cycle 3), driven concrete pile, Waddinxveen, Dutch. 
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Figure 5.54 Comparison of predicted static capacity with measured (pile #2, loading 

cycle 4), driven concrete pile, Waddinxveen, Dutch. 
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Chapter 6: DISCUSSION ON THE RATE EFFECT FACTOR 

FOR THE ULM AND DULM  

The optimum rate effect factors η determined by trial and error method for twelve rapid 

load tests in clayey ground are summarized in Table 6.1 and Figure 6.1. 

Table 6.1 Summary the optimum rate effect factor from tests in clayey ground. 

References Location Pile type Rate effect factor, η 

Brown (1994) & 

Ballouz et al. 

(1991) 

Texas, USA Drilled pile #7 0.65 

Gallup, N.M. Drilled pile 0.80 

Brown (2004) Grimsby, UK 
Auger bored 

pile 
0.75 

Garner (2007) Salt Lake City, Utah Steel pipe pile Test 1, test 2: 0.60 

Hölscher (2009) 
Waddinxveen, 

Dutch 

Driven 

concrete pile 

Pile 1, cycles 2,4,5: 0.85 

Pile 1, cycle 6: 0.90 

Pile 2, cycle 2: 0.95 

Pile 2, cycle 3: 0.85 

Pile 2, cycle 4: 0.75 

Average 0.78 

Standard deviation 0.12 

Coefficient of variation 0.15 
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Figure 6.1 Optimum rate effect factors of twelve rapid tests in clayey ground. 

The correlation between the static response from SLT and the derived static behavior 

by the different methods from the measured data of RLT is evaluated by means of the 

coefficient of determination which are summarized in Table 6.2 and Table 6.3 for sandy 

ground and clayey ground, respectively. The estimated results from the average rate 

effect factor, η = 0.78, and compared with other methods for clayey ground are plotted 

in Appendix. 

Table 6.2 Summary the coefficient of determination from tests in sandy ground. 

Case study R2 (DULM) R2 (ULM) 

No.1 0.75 0.78 

No.2 0.96 0.90 

No.3 0.97 0.92 
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Table 6.3 Summary the coefficient of determination from tests in clayey ground. 

Case 

study 

R2 

(DULMx0.78) 

R2 

(DULMxηi) 

R2 

(ULMx0.65) 

R2 

(ULMx0.47) 

R2 

(Nonlinear) 

No.1 0.93 0.89 0.92 0.40 0.86 

No.2 0.99 0.99 0.94 0.33 0.77 

No.3 0.76 0.73 0.80 0.28 0.89 

No.4(1) 0.93 0.97 0.96 0.89 0.67 

No.4(2) 0.89 0.96 0.94 0.90 0.79 

No.5(1) 0.99 0.98 0.92 0.18 0.88 

No.5(2) 0.90 0.95 0.67 0.13 0.91 

No.5(3) 0.91 0.96 0.72 0.10 0.90 

No.5(4) 0.94 0.90 0.92 0.36 0.89 

No.5(5) 0.83 0.95 0.61 0.10 0.86 

No.5(6) 0.85 0.90 0.66 0.10 0.75 

No.5(7) 0.96 0.95 0.90 0.26 0.79 

Some conclusion can be made from the studies on twelve RLTs in clayey ground as 

follows; 

1. The results obtained from the ULM x 0.47 showed the lowest estimation compared 

to verification tests and others due to the lowest values of R2 in almost tests as 

indicated in Table 6.3. 

2. Although the predictions by the ULM performed better when the η of 0.65 was 

used instead of 0.47 (R2 of the ULMx0.65 are higher than ones of the ULMx0.47 

as in Table 6.3), the estimated plots were still far from the measured static curves. 

Additionally, their results were not consistent among twelve studied cases. The 

estimated curves were higher in some cases and lower in other cases. 

3. Even though the method suggested by Brown and Powell performed better than 

ULM corrected with the rate effect factor, they did not agree with verified results 

for all cases. 
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4. The DULM associated with rate effect factor η (in the range of 0.6 ~ 0.95) showed 

the closest estimation with the verification tests in twelve RLTs in clayey ground. 

In additional, the DULM together with the average η = 0.78 exhibited the better 

results in comparison with other methods as seen by the higher values of R2 (Table 

6.3). 
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Chapter 7: CONCLUSIONS AND RECOMMENDATIONS 

FOR FURTHER WORK  

7.1 Conclusions 

Although there have been many achievements for the estimation of pile behaviors, pile 

load testing is still essential for pile design. Compared to other techniques, rapid load 

testing provides many benefits but the methods to interpret test results have not been 

fully developed, especially for piles in clayey soils. To improve the interpretation of 

rapid test results for all pile types, a technique called the Unloading Point method 

associated with Time Delay (DULM) was developed and verified in this study. 

Comparison of estimated static capacities were explained in Chapter 5, which lead 

to conclusions that follows; 

1. The accuracy of analysis is considerably improved by the consideration of the 

velocity at the pile tip.  

2. The resistance of ground during rapid loading can be determined by 

   
1 2 2

2 2

p

soil

p p p

M cL L L
F t F t F t v t v t

c c L c

        
                              

  

Then, the pile tip velocity can be determined by 

     p

toe soil

p p p

cL
v t v t F t F t

c E A

 
          

  

The equivalent static pile resistance needs to be analyzed by the Unloading Point 

method incorporating with the delayed response along pile length by an expression as 

follows; 

     s soil av avF t F t C v t     

where the pile velocity, vav, can be obtained from averaging of the top and toe 

velocity 

     
1

2
av toev t v t v t      
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3. For rapid load testing in sandy soils: 

a. The results derived from the original Unloading Point method (ULM) were 

not consistent for all cases. Both of over-predicted and under-predicted results 

were observed in this study. 

b. The coefficient of determination, R2, calculated from DULM are 0.96 and 0.97 

higher than ones from the ULM as 0.90 and 0.92 in the case study no.2 and 3, 

respectively. Although the R2 value of the ULM is 0.78 slightly higher than 

one of the DULM as 0.75 as in the case study no.1, it can be said that the 

DULM performed better than the ULM. 

4. For rapid load testing in clayey soils: 

a. The results obtained from the ULM x 0.47 showed the lowest estimation 

compared to verification tests and others due to the smallest values of R2 in 

almost tests. 

b. Although the predictions by the ULM performed better when the η of 0.65 

was used instead of 0.47 (R2 of the ULMx0.65 are higher than ones of the 

ULMx0.47), the estimated plots were still far from the measured static curves. 

Additionally, their results were not consistent among twelve studied cases. 

The estimated curves were higher in some cases and lower in other cases. 

c. Even though the method suggested by Brown and Powell performed better 

than ULM corrected with the rate effect factor, they did not agree with verified 

results for all cases. 

d. The DULM associated with rate effect factor η (in the range of 0.6 ~ 0.95) 

showed the closest estimation with the verification tests in twelve RLTs in 

clayey ground. In additional, the DULM together with the average η = 0.78 

exhibited the better results in comparison with other methods as seen the 

higher values of R2. 
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5. The prediction results showed that the proposed analysis technique is suitable for 

both of sandy and clayey soils. 

6. The ultimate static capacity can be predicted accurately if the minimum applied 

rapid load is over a specific value, such as at least 1.7 times (Brown et al., 2006). 

7.2 Recommendations for further work 

1. The field study is based on a limit database of full scale rapid load testing to assess 

the static capacity of piles in sand and clay. Further research on different pile types 

and soil types should be performed to: 

a. Verify the consistent accuracy of the proposed technique for general 

condition. 

b. Validate rate parameter α for a variety of soils and pile types, and set-up the 

relationship between α and other fundamental soil properties such as the 

plasticity index PI, liquid limit LL, plastic limit PL, moisture content w, etc.   

c. Confirm rate effect factor η in the wider range of soil and pile types.  

2. It is necessary to determine the minimum applied rapid load on the pile head that 

the pile top settles significantly to mobilize the full static resistance. Hence, the 

ultimate static capacity can be precisely predicted to check the designed capacity 

of pile foundation. 

3. The calculated velocity at the pile tip should be verified by the measured value at 

the same position with the same testing condition. 

4. The investigation has been made on the influence of soil inertia around the pile 

shaft and below the pile tip during rapid testing. 
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APPENDIX: THE COMPARISON OF PREDICTED STATIC 

CAPACITY WITH MEASURED 
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Figure 1 Comparison of predicted static capacity with measured, drilled shaft in 

clayey ground, College Station, Texas, USA. 
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Figure 2 Comparison of predicted static capacity with measured, drilled shaft in 

clayey ground, Rio Puerco, Gallup, N.M. 
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Figure 3 Comparison of predicted static capacity with measured, auger bored pile in 

clayey ground, Grimsby, UK. 
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Figure 4 Comparison of predicted static capacity with measured, test #1, steel pipe 

pile in clayey ground, Salt Lake City, Utah. 
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Figure 5 Comparison of predicted static capacity with measured, test #2, steel pipe 

pile in clayey ground, Salt Lake City, Utah. 
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Figure 6 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 2), driven concrete pile, Waddinxveen, Dutch. 
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Figure 7 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 4), driven concrete pile, Waddinxveen, Dutch. 
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Figure 8 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 5), driven concrete pile, Waddinxveen, Dutch. 
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Figure 9 Comparison of predicted static capacity with measured (pile #1, loading 

cycle 6), driven concrete pile, Waddinxveen, Dutch. 
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Figure10 Comparison of predicted static capacity with measured (pile #2, loading 

cycle 2), driven concrete pile, Waddinxveen, Dutch. 
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Figure11 Comparison of predicted static capacity with measured (pile #2, loading 

cycle 3), driven concrete pile, Waddinxveen, Dutch. 
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Figure12 Comparison of predicted static capacity with measured (pile #2, loading 

cycle 4), driven concrete pile, Waddinxveen, Dutch. 
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