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AN ABSTRACT OF THE DISSERTATION OF 
 

 

 

 

 

John Fahd Touma        for        Doctor of Philosophy 

               Major: Engineering  

Title : Development of a Rapid Plate Load Test and Its Application to the 

Assessment of Stone Columns  

           

The introduction of new and more reliable tools for testing shallow and deep 

foundations has always been intrinsic to the advancement of geotechnical engineering 

practice. This thesis aims to introduce a novel testing methodology for conducting quasi-

static load tests aimed at quantifying the load-displacement response of shallow 

foundations at a given site. This testing methodology will be referred to as the Rapid 

Plate Load Test (RPLT). The apparatus developed and tested in this thesis was inspired 

by the falling weight deflectometer used in pavement assessment and the drop hammer 

commonly used in the dynamic testing of piles. The object of the test is to evaluate the 

response of 2 x 2 meter footing to pressures of up to 500 kPa. The design process of the 

RPLT consisted of a number of trial and iterations aimed at meeting structural 

constraints/considerations, the adaptation and incorporation of a precise and reliable 

instrumentation array, and the development of acquisition and data processing software. 

The field testing component of the research involved the execution of gravel/stone 

columns in a clayey substratum at a research station in the Beqaa region of Lebanon, 

specifically identified and prepared for the purpose of this work. The test site was 

thoroughly investigated and characterized through a comprehensive field and laboratory 

testing program. Validation tests involving rapid load as well as standard static 

experiments were conducted on arrays of stone columns supporting a loading pad. The 

stone columns were executed using the dry method and were 6m deep, penetrating a 

slightly overconsolidated clay. The apparatus setup was tested and modified to improve 

repeatability and the mechanical behavior of the impact cushion, which is key in defining 

the force-pulse nature and duration. The results obtained for the static load tests were 

analyzed/evaluated to confirm site characterization. Finite element modeling was used to 

predict static load settlement at footings improved at area replacement ratios other than 

those tested statically. Finally, equivalent-static load-settlement curves derived from the 

single cycle and multiple cycle rapid load tests were compared to those obtained from the 

actual static tests. The results showed good agreement despite the complexity of the 

analyses involved and the somewhat different nature of the tests. The results obtained in 

this work indicate that the RPLT holds promise as a quick and reliable alternative for the 

assessment of foundation performance in improved and/or unreinforced ground. Future 

efforts will be directed towards increasing the load and depth of the pressure bulb 

generated by the testing apparatus, and enhancing the automation of testing and 

measurement.  
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1 

CHAPTER 1 

INTRODUCTION 

 

 The last two decades have witnessed an economic resurgence and associated large-scale 

infrastructure investments and mega-development projects in a number of developing 

nations, particularly in the Gulf Region.  In fact, in that period numerous new airports, 

large industrial zones, and waterfront reclamation projects have been completed. Given 

the morphology and characteristics of the areas in question and the associated locations of 

population centers, many of these large infrastructure and developments projects were 

undertaken on reclaimed lands (gained on the sea), and other marginal coastal areas with 

poor ground conditions unsuitable for sustaining high structural loads without large 

coupled settlements. Mitigation measures based on large scale ground improvement 

schemes have proven, in most instances, to present cost effective alternatives to pile 

foundations. In clayey ground and\or in the presence of significant amounts of fines 

within the soil, these schemes include, but are not limited to granular columnar 

inclusions. In fact, various types of structures such as pipe racks, warehouses, and 

administration buildings, etc., with working bearing pressures up to 200 kPa have been 

successfully built on improved marginal and\or reclaimed ground. 

  Acceptance criteria for such works generally involve full scale static load tests on 

groups of columns. Such tests are referred to as Zone Load Tests in references such as the 

Institute of Civil Engineers specification for Ground Improvement (1987).  

 

These tests are invariably very costly, involve technical and logistical complexities, and 

are further compounded by a dearth of readily available local contractors\suppliers 
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capable of providing full scale load testing schemes and setups. This has led engineers to 

seek alternate acceptance criteria.  

One approach to generating such criteria has been based on comparisons of full scale load 

tests to in situ characterization tests of the ground post-treatment. Such tests include the 

Cone Penetration Tests (CPT), the Standard Penetration Test (SPT), and the Menard 

Pressuremeter Test. Schmertmann (1970) made use of the screw plate load test to back 

calculate compressibility for use in a correlation with an influence curve and CPT tip 

resistance. Burland and Burbidge (1985) analyzed over two hundred structural settlement 

records to calculate compressibility for use in a correlation with SPT blow counts. 

Beside the difficulty of carrying out some\most of these tests in ñcomposite or 

reinforcedò ground as they are specific to a point or location rather than reflecting an 

overall behavior, these tests and correlations suffer from shortcomings even when dealing 

with óuniformô soil strata. In fact, the shortcomings of correlations using in situ 

characterization tests in predicting the settlement of footings has been reported in the 

work of several authors who conducted full scale static load tests alongside detailed field 

characterization tests. Briaud (1999) conducted a study on five spread footings and 

tabulated loads calculated by various methods required to induce settlements of 25mm 

and 150mm and found that the coefficient of variance (COV) between the estimated and 

measured loads exceeded 50%. Anderson (2007) conducted a similar study on a single 

footing and used the US Army Corps of Engineers program CSANDSET to calculate 

settlements on the footing by several methods using SPT and CPT measurements.  

Anderson (2007) reported that the COV of the generated dataset of settlement estimates 

exceeded 50%. Najjar et al. (2010) assessed the impact of measurement and model 

uncertainties on settlement predictions in sand using a reliability approach.  
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 In an effort to identify alternatives which could benefit quality control testing 

and requirements for the case of reinforced\improved ground, an effort was made to 

explore similar efforts associated with other types of quality\performance control testing 

in geotechnical practice; some of those are presented herein:  

In lieu of performing in situ characterization tests and relying on various 

correlations with response, one successful strategy adopted by the industry for load 

testing on piles was to minimize the cost of the tests by reducing their duration. Fellenius 

(1990) introduced the Quick Maintained Load (QML) pile test as static load test that 

requires significantly less time than the conventional Maintained Load (ML) test for 

piles. By limiting the load application to durations on the order of tens of milliseconds, 

load test productivity was increased from several days per test to several tests per day.  

An extension of such rapid tests on piles involves dynamic testing using drop 

mass hammers. Actually, comparative studies between dynamic and static load tests have 

been widely reported in the context of pile load testing (Likins et al. 2004). Data from 

303 tests in which the Pile Driving Analyzer (PDA) was used were analyzed using 

CAPWAP tool developed for wave equation modelling of dynamically loaded piles. The 

results thus obtained were compared with static pile load test capacities. Similar studies 

were conducted by others, such as Muchard et al. (2000), who compared dynamic and 

static load test results on instrumented drill shafts in glacial till.  

A subset or a variation on the pile dynamic test was developed and termed the  

óRapid loadô sometimes referred to as the Statnamic test.  These tests are distinguished by 

larger loads and relatively long load pulse applications. McVay (2003) published a 

comparative database of tests using a combustion gas pressure apparatus, with full scale 

static load tests on pile foundations. The database consisted of 37 load tests results 
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compared using a ratio of Static and Statnamic load test results at the ultimate measured 

load. Mullins (2002) further used the gas combustion pressure apparatus to apply rapid 

load tests on footings and compared the results to those obtained from static testing. 

Matsuzawa et al. (2010) summarized the results of dynamic and static tests in reference 

to both pile and plate\footing load tests at three sites. Steel plates with diameters of 30cm 

to 60cm were loaded dynamically with pressures up to 2500 kPa. Comparative load 

settlement curves were reproduced to assess the difference between static and dynamic 

loading.  

Lessons were also sought from a related branch of the industry which deals 

testing and quality control of pavement systems. The similarities involved in tests carried 

out pavements, such as the Falling Weight Deflectometer (FWD) test are notable. The 

FWD is a dynamic test that is mounted on a highway-capable trailer and can produce 

several times more tests per day than óequivalentô static load test equipment such as the 

Benkelman Beam test. The aim of an FWD test is to determine the compressibility, in 

terms of the elastic modulus, of subsurface pavement layers and is a widely used data 

collection tool in the assessment of existing roadways for acceptance of continued 

operation as well as in rehabilitation design. The FWD test can be classified as a member 

within the family of plate load test methods that are used in assessment of earthworks.  

 Several authors have been able to develop correlations between dynamic and 

static tests on pavement systems. Following investigation into the behavior of pavements 

subjected to FWD and Benkelman beam tests, the Asphalt Institute (1969) published a 

correlation between deflections of identical plates subjected to equivalent static and peak 

dynamic load. Davies and Mamlouk (1985) conducted a study on the different deflection 

basin profiles under loads generated by FWD or Benkelman beam tests. More recently, 
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Feo et al. (2013) presented a comparison case study and correlation between FWD and 

Benkelman Beam results with a R2 value of 0.82. Over time, the Falling Weight 

Deflectometer has been modified to apply larger loads, resulting recently in the 

development of the Heavy Falling Weight Deflectometer test (HWD). HWD models are 

capable of imparting loads between 300kN to 600kN. The possibility of an FWD style of 

test at high loads representative of structural loadings as an alternative to static load tests 

on footings is intriguing in light of a dearth of alternative testing methods on ground 

reinforced with stone columns. 

The success of these previous approaches in developing alternative assessment 

and quality control tests in the context of foundations and pavements is a good basis on 

which to conclude that a correlation between results obtained using rapid plate load 

testing (RPLT) and those of static plate\footing load tests (PLT) is possible. It is in fact 

that body of work and lessons derived from it that was the inspiration to develop such an 

approach for specifically targeted at testing footings supported on ground improved by 

stone columns.  

The body of work presented in this thesis revolves around the process of 

designing, building and testing a device capable of performing a 2000 kN dynamic load 

tests on a two meter wide square plate, resulting in an equivalent bearing pressure of 500  

kPa, to test footings on improved ground. The background, development, design of 

methodology and testing protocols along with validation of the proposed tool are 

presented. Specifically: 

Chapter 2 presents relevant background theory relating to dynamic loading and 

associated analyses and interpretations for footings\plates as they have been addressed in 

the past. Chapter 3 reviews the concept design the newly developed Rapid Plate Load 
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Test (RPLT) and key innovative and distinctive elements and features. Chapter 4 

describes the research station and test site used in the validation field testing. The 

extensive field and laboratory characterization tests for the test site subsurface strata are 

presented and discussed. The design of the field trial and load test program which were 

used to validate the test device and approach are presented in Chapter 5. Chapter 6 

presents a thorough analytical investigation of the mechanics of the dynamic load test 

and results interpretation. The static load tests and discussion of the results are included 

in Chapter 7. Chapter 8 presents the comparison of the static and RPLT test results. The 

main conclusions, key findings of the research and suggestions for future inquiry and 

directions for further investigation are presented and discussed in Chapter 9. 
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CHAPTER 2 

 

BACKGROUND  

 

As described in the introduction, the objective of this thesis is to develop a 

dynamic load test method for assessing the axial capacity of shallow foundations on 

different types of ground, including those improved by stone columns. The solution to 

such a problem requires a conceptual model representing the different elements and 

aspects of the real world phenomenon\conditions. The literature to date was investigated 

to assess if such a model has been or could be developed, and accordingly, determine the 

feasibility of carrying out, and meaningfully interpreting the results of, high load 

dynamic tests on footings. The background search reviewed references on static and 

dynamic solutions to footing settlement problems underlain by homogeneous as well as 

improved soils, as well as previously developed and investigated mechanical testing 

apparatuses and procedures for conducting such tests. In what follows six areas of 

inquiry\interest (A through F) are identified and associated background literature 

reviewed. 

 

2.1. Static Settlement of Footings on Stone Columns  

The immediate (short-term) response of a shallow foundation to an applied static 

load was addressed in classical soil mechanics texts and publications in the latter part of 

the 20th century and conceptualized using a plate resting on an elastic, homogeneous, half 

space. Das (2015) classifies the approaches using this model under three headings: 
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 (1) approaches based on analytical methods derived from the theory of elasticity, (2) 

approaches based on observed settlements of structures and full scale prototypes, and (3) 

semi-empirical methods which merge aspects of both approaches. Luteneggar et al. 

(1995) further supplements this review with a comprehensive summary of formulations 

for the specific case of foundations on sand. Fang (1991) provides an excellent treatment 

of this subject and addresses cases such as immediate settlement of footings founded on 

saturated clay deposits.  The displacement response is broadly defined across all 

solutions as being a function of the applied load, the size of the footing, and the elastic 

modulus or compressibility of the half space.   

Many of the empirical\analytical methods developed for estimating settlement of 

footings on soils relied a back-calculation of compressibility to correlate with in-situ 

tests. In fact, Schmertmann (1970) used the screw plate load test to back calculate 

compressibility and correlated it against CPT test results that were observed within a 

factor of two band. Similarly, Burland et al. (1985) used settlement records to back 

calculate compressibility results and correlated them against SPT test data. Both authors 

provided semi-empirical models for the calculation of deflection response under 

immediate static loads, which use the elastic modulus or compressibility as an input. 

The impact of ground improvement using stone columns on the response is 

conceptually more complex to formulate due to the presence of cylindrical intrusions in 

the half space. Najjar (2013) provides a state of the art review of methodologies used in 

the analysis of ground improved by stone columns from the 1970s up to the present day. 

Priebe (1976) defined and used the ñunit cellò concept and cylindrical expansion of the 

column along its entire length to develop an analytical method for calculation of 

settlements on an infinite array of columns. Hughes & Withers (1974) focused his 
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investigation on the cylindrical bulge that develops in the shallow part of the column and 

took inspiration from the cavity expansion theory and pressuremeter testing. Barksdale et 

al. (1983) adopted the ñunit cellò model to describe the load distribution on an isolated 

column as a function of the column diameter and spacing to adjacent columns. 

Absent idealizations and simplifications such as the ñunit cellò approach, finite 

element methods offer an alternative to the closed form solutions obtained from the 

theory of elasticity. Such methods have become increasingly popular for the analysis of 

the response of shallow foundations on both natural ground and ground improved by 

stone columns, as computational tools and power were developed and enhanced in the 

past two decades. Manoharan et al. (1995) developed a finite element program to 

investigate failure mechanisms of footings in comparison to earlier models by Hill, 

Prandtl, and Terzaghi et al. (1967).  More recently, Farouk et al. (2015) used a 2D and 

3D finite element software to investigate contact distributions of strip and combined 

footings at different rigidities, soil types and associated constitutive models. Results were 

compared to earlier distributions proposed by Taylor, Coduto (1998), and actual 

measurements made by Paikowsky. 

Barksdale et al. (1983) referred to the finite element method as "the most 

theoretically sound approach for modeling stone column improved ground", and 

presented design curves for settlement influence factors and stress concentration factors 

developed using the results of investigations by finite element modeling. Ambily et al. 

(2007) presented a much-cited study using finite element analyses in combination with 

laboratory shear strength tests of small diameter clay cores improved by stone columns.  

Design curves and a design example were presented for users to utilize in preparation of 

ground improvement schemes. Schanz et al. (1999) used an axisymmetric finite element 
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techniques to simulate pressuremeter tests, whereas Golmaei et al. (2012) used a similar 

approach to simulate triaxial tests. Riman et al. (2014) investigated the application of a 

hypoplastic model to derive parameters for use in full-scale numerical modeling of 

ground reinforced with stone columns, by initially calibrating their finite element models 

through calibration of laboratory triaxial test data.   

 

2.2. Dynamic Loading of Footings  

 In researching the relevant background material a broad range of approaches 

which specifically apply to the analyses of the response of footing to dynamic loads were 

identified and reviewed.  

 In research work driven by military defense applications, Wallace (1961) 

formulated a limit equilibrium solution for the bearing capacity of footings subjected to 

possible dynamic loads resulting from a nuclear detonation. Hoeg et al. (1970) 

conceptualized the foundation as a series of nonlinear springs and dashpots, called a 

lumped mass model, and produced a computer program that provides a solution for the 

foundation response to a dynamic load. In this particular effort, a triangular shaped load 

pulse was applied in plane strain. Evidently, significant differences in the magnitude and 

extent of the soil pressure bulb were reported, in comparison to those produced by 

classical static elastic solutions such as Boussinesq. These differences were in part 

attributed to the variation of the load pulse over the time. 

 In reference to other types of dynamic loading of foundation pads, Gazetas 

(1981) provided design curves for machines foundations loaded at a variable operational 

frequency on a desiccated clay crust, by conducting a parametric study based on dynamic 

equations of motion. This work was later extended by Zhang (2007) to analyze strip 
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foundations using finite element numerical analyses for a nonlinear soil medium. Their 

work identified the dynamic stiffness of the medium and the extent of the finite domain 

as key\important parameters in the model. The loading applied in Zhangôs models was 

harmonic and was intended to model applications in machine vibration or earthquake 

response studies.   

A seminal paper by Lysmer (1966) was identified as a much cited reference for 

later work that use spring-dashpot models, in analyzing the response of footings to  

dynamic loads, as an analog to an elastic half-space. The spring-dashpot model, also 

known as a Kelvin-Voight model, conceptualized the footing as a rigid body with a mass 

wherein the applied force is balanced by static resistance forces generated by the spring 

as a function of displacement, and viscous damping forces generated by the dashpot as a 

function of velocity. The paper concluded that the elastic half-space domain could 

successfully be replaced with a spring dashpot model, a paradigm shift in interpretation 

of classical and modern analytical solutions of footing response. In such a case, the 

spring-dashpot model may be considered to present a generalized solution for both static 

and dynamic problems. The spring stiffness was referred to as the dynamic stiffness 

when loads are applied at any excitation frequency and is related to soil compressibility; 

as the excitation frequency approaches zero, the dynamic stiffness approximates the static 

stiffness. 

Middendorp (1982) applied the spring-dashpot model in the analysis of pile 

response to a relatively ñlongò\sustained dynamic load and suggested a graphical solution 

to the spring-dashpot model by interpretation of the load settlement curve. Middendorp 

observed that the points of maximum load and displacement on a load settlement curve of 

a pile subjected to a dynamic load were not coincident. The rigid body, the pile in this 
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case, maintains velocity and inertia after the peak force has been applied, while 

displacement continues (downwards).  It was shown, by force equilibrium, that the 

applied dynamic load could be expressed as the sum of the spring resistance force, 

inertial force, pore water pressure, and damping force. Middendorp (1982) proposed a 

method, referred to hence as the Unloading Point Method (UPM), to calculate the spring 

stiffness and produce an adjusted load settlement curve representative of the response to 

static loading. The graphical nature of the method is illustrated later in the chapter during 

discussion of the computational procedure in Section C.   

Middendorp (1982) further observed that uneven stress distributions were 

generated within a pile under a ñshortò dynamic load. A distinct change in modulus, as 

may occur at the pile toe where the concrete will have a modulus two to three orders of 

magnitude greater than surrounding soils, can create a reflection of waves that  as 

compressive or tensile wave fronts traveled along the length of the pile. This short load 

condition represents a characteristic difference with rapid load tests that endeavor to 

achieve a uniform stress distribution within the test area. In fact, standards addressing 

rapid load tests on piles, such as ASTM D 7383 (2010), specify not only the load pulse 

duration but the duration for which 50% of the peak load is applied. Whereas a load of  

ñvery short\shortò duration, such as those used in shallow seismic geophysics, would  

 

generate a wave that propagates across the medium, a rapid load force pulse should 

simulate the stress distribution produced by a static load as deemed acceptable by the 

criteria presented in test standards. As such, the rapid load was thus referred to as a 

pseudo-static or quasi-static load, in which case the applied dynamic load approximates a 

bar wave, or a standing wave, with increasing duration. 
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As mentioned earlier, the stress distribution under a foundation subjected to a 

dynamic load will vary as a function of time as illustrated by Hoeg et al (1970), using a 

finite element program. This stress distribution is different from that obtained from 

classical models such as the one theorized by Boussinesq and described by Das (2011). 

Based on such work and observations, Rapid load test standards which were later 

developed for the testing of pile foundations, require a minimum force pulse duration in 

order to generate a ñuniform stress distribution along the length of a pileò. This length 

was specified as: 

Ὀ ὒȾὧz  Ὂééééééééééééééééééééééé....Eq 2.1 

Where:  

D is the relevant force pulse duration (at 10% peak load; 50% peak load) 

L is the pile length 

c is the wave speed of the compressive wave in the pile material  

F is a dimensionless constant. 

At the 10% peak load level, the calculation for the duration applies the constant F as 10 

as per the Japanese Geotechnical Society testing standard JGS 1815-2002. F, however, is 

take as 12, in the ASTM D-7383-10. 

Shahin (2005) highlighted the importance of the loading mode in a dynamic load 

test and categorized non-destructive pavement load test devices as static, impulse 

deflection, or steady state. Impulse deflection tests simulate moving vehicle loads well, 

and devices that use this method have been tailored to apply loads whose pulse and 

duration are similar to moving vehicular traffic loads so that relevant\appropriate 

stiffnesses are deduced. Kang (1998) developed the BKGREEN program that is able to 

back-calculate the pavement response to load at any given excitation frequency. 
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Application of the program at a low frequency matched the deflections in the static case 

calculated by Irwin et al. (1989). The shear modulus can be proportionally related to the 

elastic constant, used in the analysis of an elastic half space, by a framework such as 

Lameôs constants as presented by Kramer (1996). Hardin et al. (1968) suggested that the 

shear modulus is influenced by eleven parameters in a ñdauntingò function later 

presented by Richart (1970), and in which the frequency of loading is a key parameter 

affecting the value of the shear modulus, or by extension, the elastic constant. The 

aforementioned work done by Lysmer (1966) related the spring stiffness to elastic 

constants, and the frequency dependence of the spring constant is widely commented on, 

notably in Das (1993).  

Briaud et al. (1990) presented the Wave Activated Stiffness test, abbreviated as 

the WAK test, for the determination of the dynamic stiffness of spread footings. In the 

WAK test a hand-held hammer is used to generate a small strain response and compute a 

dynamic stiffness value.  The force-time signal was acquired and the frequency content 

of the load spectrum was calculated using the Fast Fourier transform technique. The 

frequency content of impacts under various hammer tips and mass were investigated and 

found to vary depending on whether a steel tip, Teflon tip, or rubber tip was used for the 

hammer. Softer tips resulted in spectra with higher amplitudes at low frequencies and 

could greatly reduce the presence of undesirable high frequency components. Variations 

in the frequency spectrum of impacts would manifest in the time domain as varying load 

durations and peak loads.  

Middendorp et al. (1992) noted that pore water pressure generation should be 

considered when saturated poorly draining strata are present, however they suggested that 

its effects would be accounted for as part of the viscous damping force. Pore water 
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pressures will be present in clay soils in both static and dynamic modes of loading. The 

rate at which excess pore water pressures can dissipate in more pervious soils such as 

sandy strata was further investigated in research into seismically induced soil-

liquefaction. Mayne (2007) presented the results of piezocone dissipation tests 

undertaken by Parez et al. (1988) in gravelly and sandy soils and in which dissipation 

rates (t50) ranged between 100ms to 10s.  Robertson (2010) proposed a relationship 

between t50 as measured by CPTu and permeability, in which the low bound of t50 for 

application of the relationship is one minute. This suggests that pore water pressures will 

generate in sands subjected to load durations less than 100ms and would not fully 

dissipate during the load application.  

 

2.3. Unloading Point Method (UPM) Algorithm  

One of the advantages of using ñrapid loadsò to produce results which would 

possibly correlate to the static response is that they are associated with a reduction of the 

magnitude of viscous forces. Methods such as then UPM could then be used to 

numerically method determine this magnitude along with the necessary parameters to 

define the equivalent spring-dashpot system\model.  

The processing of the results\data can be divided into several calculation steps, 

beginning with graphical identification of five areas in the acquired load-settlement curve 

as described by Middendorp et al. (1992) and shown in Figure 1.  
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Figure 1. UPM Method Analysis 

Three distinct areas can be identified in the loading portion of the load-settlement 

curve, whereas the remaining two areas can be recognized from the unloading portion of 

the curve. Garbin et al. (2004) concentrated their calculation efforts on ñArea Fourò, an 

unloading portion of the curve, beginning at the point of maximum force and extending 

to the point of maximum displacement. They assumed that the static capacity was 

constant in this specific area.  

 In step one of the derivation Garbin et al. (2004) is used unless otherwise noted 

in subsequent calculation steps. It begins with the same equation of motion presented by 

Middendorp et al. (1992), similarly excluding the effect of pore water pressure, and is 

expressed as: 

Ὂ ὸ Ὂ ὸ  Ὂ ὸ  Ὂ ὸéééééééééééééé....Eq. 2.2 

Where:  

Frap is the acquired, measured rapid load 

Fkx is the derived static resistance 
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Fcv is the viscous resistance 

Fma is the inertial resistance, the product of footing mass and measured 

acceleration. 

The second step is the calculation of the static resistance at the final point of Area 4. 

Since this is the point of maximum deflection, the velocity is zero and the static 

resistance can be expressed as the difference of the measured and inertial force on the 

footing or: 

Ὂ ὸ  Ὂ ὸ Ὂ ὸ  ééééééééééééééééé.Eq 2.3 

Where:  

Fkx4 is the static resistance 

t2 is the time at which the displacement is a maximum value  

The third step of calculation requires the damping coefficient to be determined at each 

point in Area 4, and since the static resistance is assumed constant, this expressed by: 

ὧ  
  

 
 ὸ ȢὸȢὸééééééééééééé...Eq. 2.4  

Where:  

c is the damping coefficient 

v(t) is the measured velocity as integrated from acceleration 

t1 is the time at which the Frap is a maximum value  

In the fourth step of the process, a median damping coefficient is selected and the inertial 

and viscous resistance for each point on the curve are computed.  The derived static 

resistance is then back-calculated from the equation of motion as expressed by: 

Ὂ ὸ  Ὂ ὸ Ὂ ὸ ὧ ὸ ὺὸééééééééé.ééEq. 2.5 

Where:  

cmed is the median value of the damping coefficient 
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The mass used in the calculation of the inertial force is nominally the mass of the 

foundation, however, in reference to the rapid load testing of piles, Matsuzawa et al. 

(2010) suggested that the mass may be larger and should include the weight of the soil 

bulb based on an earlier relationship by Randolph and Deeks of the form:  

ὓ ςz Ὀ ᶻ
Ȣ

” éééééééééééééééééééEq. 2.6 

Where:  

Ms is the mass of the soil bulb 

D is the diameter of the pile 

v is the Poissonôs ratio 

ps is the soil density  

 

2.4. Dynamic Load Testing Apparatus  

The Unloading Point Method, as in all dynamic test protocols in general, requires 

direct measurements of the applied force, the acceleration, and the displacement of the 

rigid body, or in this case, the foundation.  

This conceptual model of the test can be performed by a number of different 

families of dynamic load test devices.  The instrumentation and mechanisms within a 

number of apparatus were reviewed for possible adaptation\modification\use in the 

design of the RPLT presented in Chapter 3.  

In addition to the Falling Weight Deflectometer (FWD) introduced earlier, a 

number of other small scale impulse test devices have been developed, such as 

ñLoadmanò, the German Dynamic Plate Bearing Test, and the TRL Foundation Tester 

(George, 2003). However, these are for smaller load applications and fall outside the load 

range of interest for the envisaged application in this research.  
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Tholen et al. (1977) presented a falling weight deflectometer consisting of a 

falling weight that is raised by a hydraulic cylinder through the guide of a frame housed 

within a towable trailer which, when released, strikes a pressure plate. A segmental oil 

filled plate, similar to a Glotzl cell, is used to distribute the pressure imparted by the 

falling weight uniformly.  The damping system consists of elastically yieldable material 

such as shock absorbing rubber and may include an intermediate weight. Traverse 

moving parts are avoided to improve measurement accuracy, and the response of the 

plate is measured by a rod\gauge such as a Linear Voltage Displacement Transducer  

(LVDT) as presented in Figure 2. This system is marketed under the brand name 

 KUAB, a photograph of which is shown in Figure 3 during the process of testing a 

pavement. Similar devices are marketed under the brand names Dynatest or Jils. 
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Figure 2. Interior of the KUAB FWD LVDT and Segmental Plate 

 

 

 

Figure 3. FWD Test of a Pavement Section 
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Touma et al. (1991) examined the contact pressures on the bottom of the 

segmental plate used in the KUAB FWD, and compared them to the contact pressures on 

other rigid plates used in the market The results suggested that the bottom plate in 

different FWD makes result in contact pressures in line with those previously reported 

for uniform loading of rigid and flexible plates as presented in the US Navy Manual 

(1986). In that manual flexible plates maintain a uniform contact pressure, whereas a 

rigid plate will have uneven contact pressures that vary with soil type. It is important to 

note here that for the envisaged case of a footing supported on stone columns, the contact 

pressures at the base of the loaded plate will necessarily vary across the section, 

regardless of whether the foundation acts in a rigid or flexible mode.  

A number of apparatus have been developed to conduct rapid load tests, and one 

family of such devices, known as combustion gas pressure apparatus, was developed by 

Birmingham (1989) and shares similarities with a pile driving diesel hammer. The device 

applies a dynamic load to a pile head when placed above the pile top and below a 

reaction mass.  A pressure transducer mounted within the combustion chamber provided 

a measurement of the force applied to the pile. Displacements were measured by a 

transducer mounted directly on the pile. This system is currently marketed under the 

brand name Statnamic, and an early model is shown in Figure 4 below.  

A second family of devices, known as cushion drop mass apparatus, was 

developed by Coelus (1980) who devised a rapid pile load test device that used a falling 

weight of known mass, called a tup. The tup is raised by hydraulic cylinder through the 

guide of a frame and when released, strikes steel coil springs that provide a damping 

system within an assembly on the pile head. A cover rests on the pile head and below the 

steel coil springs, force and velocity measurements are acquired using accelerometers on 
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the pile cover and on the tup. This system was marketed under the brand name Dynatest, 

as shown in Figure 5 and shares similarities to the devices called Spring Hammer and 

Falling Mass.  

 

Figure 4. Statnamic Load Test by 

Berminghammer 

 

Figure 5. Dynatest Rapid Load Test by 

France Atlas 

 

 

 Verstraeten (1994) presented a crawler rig wherein a device similar to that of 

Coelus is mounted on a mast and when the weight is dropped strikes an anvil that 

transmits the load to the pile head. Instrumentation is mounted directly on the pile and 

consists of a load cell directly above the pile and a laser ranging device on the side of the 

pile. This is marketed under the brand name Pseudostatic Pile Load Tester (PSPLT), and 

is shown in Figure 6. 
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Figure 6. Fundex PSPLT Testing Drilled Shaft Foundation 

 Miyasaka et al. (2006) presented a rapid load test device that uses a falling 

weight that is raised by unspecified technique through the guide of a frame. 

Instrumentation consists of strain gages, piezoelectric accelerometers, and a non-contact 

type pressure transducer. This setup is marketed under the brand name Hybridnamic, as 

shown in Figure 7. Middendorp et al. (2013) presented a similar product by AllNamics, 

which is shown in Figure 8. Rausche (2013) developed a dynamic load test device that 

uses a ram of known mass, raised by cable through the guide of a frame and when 

released, strikes a cushion helmet, on the pile head. The instrumentation is packaged 

under the Pile Dynamic Analyzer (PDA) system and consists of two accelerometers and 

two strain gages that are normally attached to the pile top but can also be attached to a 

transducer assembly coupled to the pile helmet. This is marketed under the brand name 

Apple.  
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Figure 7. Hybridynamic by Pile 

Dynamic Instruments  

 
 

Figure 8. StatRapid Test by AllNamics 

 

2.5. Cushion Mechanics 

The rapid load test devices that generate load via a falling mass use a cushion to 

extend the duration of the load pulse in order to benefit from the advantages of applying a 

rapid load in lieu of a short dynamic load. Hussein et al. (1996) investigated dynamic 

testing of cast in situ piles and suggested that the weight of the hammer should be about 

1.5% of target load. The cushion reduces the peak magnitude applied and increases the 

force pulse duration, but may generate a small preload or a trailing load. Accordingly, 

Matsumoto et al. (2006) suggested that the duration at the 10% peak load level be 

calculated, in addition to the 50% peak load level duration. The mechanics of the load 
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application were investigated as they pertain to the interaction between the falling mass 

and the cushion.  Schellingerhout et al. (1995) provided a relationship in the form of; 

Ὂ  άὫ ρ ρ ςάὫὯὬéééé...éééééé.é Eq. 2.7 

Where: 

m is the mass of the drop hammer 

 

k is the spring (cushion) stiffness 

g is the acceleration of gravity 

h is the drop height  

The above relationship demonstrates that the cushion stiffness is proportional to the peak 

applied load, and that a softening of the cushion will result in a lower peak applied load.  

Cushions have been manufactured using a variety of materials and an early use of 

steel helical springs was presented by Coelus (1980).  Verstraeten (1994) later applied the 

same approach but in an intercalated configuration for additional load capacity. Tholen 

(1977) recommended a low density neoprene material in lieu of steel springs for its high 

shock absorbing capacity and ability to filter high frequency vibrations. The damping 

characteristics, low cost, and widespread availability of rubber materials such as tires are 

positive factors to consider in cushion selection.  In fact, Yutaka (2005) suggested the 

adoption of such a cushion system\approach. Takahiro (2002) observed that polymers 

such as urethane have a wider elastic range than rubber and smaller associated plastic 

deformations under load.  Miyasaki et al (2006) presented an example of such a cushion 

comprised of alternating steel plates and polymer layers.  Middendorp et al (2012) 

showcased a cushion comprised of steel springs within a polymer matrix, allowing 

sustained loadings up to 8MN.  
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The use of expanded polystyrene (EPS) as packaging material is well 

documented.  Application\use of EPS material to protect electronics and similar sensitive 

components from damage due to potential shocks during shipping is standard practice. 

ASTM D4168 (1995) describes tests on EPS and other foam-in-place materials used to 

determine conformance to performance, and lists the manufacturer name, generic 

material name, and density as important factors in the characterization of the material. 

One method of testing the EPS performance consists of instrumenting an EPS cushion 

with an accelerometer and allowing the cushion to drop in free fall from an increasing 

series of heights. In addition, tests for density and specific gravity such as ASTM D792 

are typical for characterizing EPS. Other relevant tests that may be performed to 

characterize EPS include tensile strength (ASTM D638), tensile elongation (ASTM 

D638), flexural modulus (ASTM D790), and notched IZod Impact (ASTM D256).  

 

2.6. Static Settlement of Footings on Stone Columns 

A critical element in the development of the test procedure for static loading of 

footings\plates on stone columns is the specification of suitable load increments.  In static 

load testing which adopt standards such as ASTM D1194 (1994), the peak target load is 

reached in increments on the order of 10%. The load is sustained at each increment for 

approximately fifteen minutes to allow sufficient time for the deflection response to 

stabilize. The nature of dynamic loading makes it impossible to approach the peak load 

using sustained increments, however, an alternative exists to cyclically increase the peak 

applied rapid load of each blow up to the ultimate target load. This analogous loading 

procedure is similar to the cyclic plate load test using load cycles with progressively 

higher peak loads as described by Das (1993). Such approach is used in the determination 
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of the stiffness of pavements and can be related to the pavement response under cyclic 

vehicular traffic load. The loading progresses along a virgin compression curve. 

Following completion of a load-unload cycle, reloading reflects the stress history and 

progresses along a slope stiffer than the virgin curve, until the peak load of the previous 

cycle is achieved. The plate settlement, or permanent plastic deformation, accumulates 

under successive load cycles and is displayed in the load settlement graph. ASTM D1195 

(2004) similarly applies cyclic loads in sets of three, with each set of cycles applying the 

load magnitude necessary to achieve a target deflection response on the first load cycle of 

that set Again, the nature of dynamic loads does not lend itself to this methodology, and 

multiple test locations would be required to estimate the site specific loading necessary to 

achieve such a target deflection.  

A number of authors have conducted multiple load cycles of variable modes on 

piles, as reported in Janes et al. (1991). Janes and his colleagues reported Statnamic load 

test results and static load tests conducted on the same pile.  Similar testing programs 

were adopted and results reported by Middendorp et al. (1992), and extensively in 

subsequent tests by McVay (2003). Such testing regimes effectively constitute multiple 

cycle load testing, where the second cycle of testing is consistently stiffer than the first. 

The inclusion of the permanent plastic deformation from previous cycles in graphical 

presentation of the load settlement curve varies from author to author. Some authors 

present two sets of results displaying inclusion or exclusion of permanent plastic 

deformations. It is this clear that accounting for the role of stress history in the 

interpretation of the results from sequential loading cycles has to be integrated in any 

successful analysis of the data.  
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Matsumoto et al. (2006) reported results from multiple cycle rapid load tests on 

steel pipe piles using progressively larger peak loads and devices with different cushions 

that sufficiently extend the load pulse duration. The results are difficult to interpret, as the 

first device generates load-settlement curves that are unable to progress beyond 

magnitudes of 300 to 400 kN and associated displacements at the peak load of three to 

five millimeters resembling failure.  Similar displacements at peak load are not seen 

using the second device and cushion. Further, the pile appears to be driven 15mm using 

the first three load cycles, and residual settlements of approximately one millimeter 

continue with each successive load cycle. It should be noted here that the load generation 

and cushion were apparently altered during the course of testing.  

Wang et al. (2011) used the PSPLT to conduct multiple load cycle tests in the 

dynamic mode followed by a test in the static mode on a pile. Load settlement curves 

were shown in both formats that present settlement including and excluding permanent 

plastic deformation. The results here also are difficult to interpret because the acquired 

dynamic data is presented in lieu of derived static curves that account for inertia and 

viscous damping resistance of the pile. The static test load settlement curve derived after 

numerous dynamic cycles appears to a show a softer response. Energy dissipation was 

assessed in this case with a focus on the foundation performance during seismic events.  

The testing methods described above offer an independent solution to the 

assessment of footing settlement and do not require any supplementary site information, 

such as layering, or material properties. Site investigation requirements for interpretation 

of rapid load tests are normally similar to static load tests and the additional data 

provided by site investigation is beneficial, but not mandatory. An exception to this is 

found in the proposal of incorporating a rate factor into the UPM by Mullins (2002) and 
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McVay (2003). This consists of defining a ratio of capacities at failure measured in the 

static or dynamic test, however, the definition of failure varies in different studies. Brown 

et al. (2013) presents an analysis technique to correct UPM test results on piles for rate 

factors in clay soils that requires assessment of Atterberg limits. The rate factor approach 

showed a better correlation between static and rapid load test results than the standard 

UPM method at the first site in the study which consisted of highly plastic London clays 

when compared to those obtained from the second site which was predominantly 

underlain by low to intermediate plasticity Cowden glacial till. 

In summary, there are several benefits to extending the pulse duration in order to 

obtain a response from dynamic tests which best correlates with that from static load 

tests.  The background study and review of work done in related fields to date identified a 

range of factors which should be considered in the design and development of the 

proposed test subject of this thesis and the associated loading sequence\program and 

interpretation methodologies. The UPM recognizes this point and appears to present the 

most computationally simple option. The complexity of a rapid load test and unknown 

material parameters encourages full scale load testing and acquisition of results in 

advance of development of analytical models. 

The following chapter describes the design of the device that was ultimately used 

in the research program conducted within this effort, which will be referred henceforth as 

the RPLT. 
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CHAPTER 3 

DESIGN AND DEVELOPMENT OF THE RPLT 

 

 Based on the findings of the background literature review, a list of key 

parameters and design requirements were identified which need to be included and met 

by the sought apparatus and associated test methodology. The main objective of the 

intended\desired test is to apply a dynamic load which would produce an ñequivalentò 

load settlement curve as would be obtained by the static load test described by ASTM 

D1194. The target peak load was set at 2000 kN distributed on a two meter wide square 

plate, thus applying an equivalent 500 kPa of pressure. This target load was 

guided\inspired by current standards of practice in reference to acceptance criteria for full 

scale load tests of groups of stone columns under typical working loads of 200 kPa.  

 In reviewing potential approaches for data analysis and interpretation from 

dynamic tests to extract the equivalent static response, the UPM methodology and 

framework described by Middendorp et al. (1992) was identified as a promising and 

worthy of further development, refinement and adoption. The UTM inherently caters to 

the requirements of the model which idealizes the foundation as a rigid body supported 

by a system of springs and dashpots. It was thus decided to direct the design of our RPLT 

to meet the requirements of and adhere to the extent possible to the idealizations inherent 

to that model.  

The first element which was addressed in the RPLT design process was the 

selection\creation of a suitable and reliable load generation mechanism. A cushioned 

drop mass assembly was recognized as the only practical solution, given that alternatives 
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such as combustion gas pressure mechanism are complex and not readily available in 

terms of supply and\or calibration, repair and maintenance. The reliance on drop 

hammers in pile dynamic testing was used as a basis and inspiration for devising a 

loading system for the RPLT which relies on a cushioned drop mass. In an effort to 

protect some of the design features which are unique to the RPLT apparatus and which 

will be further described in this chapter, Touma (2016) filed and received approval for a 

patent from the US Patent Office. The RPLT in the simplest terms conducts rapid load 

tests on a prototype steel footing using a steel weight of known mass, raised by cable 

through the guide of a frame, which when released, strikes a damping system on the steel 

footing. As described later in Chapter 5, the bottom guide frame and drop hammer can be 

removed from the apparatus and the remaining bottom footing assembly can be 

integrated into a static load test assembly. This is a versatile element of the design that 

improves comparative alternatives for static and rapid load tests. The schematic presented 

in Figure 9 shows the major components of the RPLT apparatus and testing system. The 

design and specification of each of these components was addressed during the RPLT 

development phase, which involved a number of trials and iterations on the road to reach 

the final working prototype as expanded in the sections below. 
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Figure 9 Schematic of patented apparatus 

 

3.1. Design of the Load Generation Device  

The mass of the hammer and the drop height are the two main parameters which 

define the energy delivered. They are key, along with another set of parameters related to 

cushion effects, in determining the peak applied load. Raising the drop mass to the 

desired height may be achieved by a number of means. Many falling mass apparatus use 

hydraulic cylinders to raise the mass, however, the reliance on a simple steel rope and 

pulley system attached to a small mobile crane is more practical, equally effective and 

significantly less complicated.  

The release of the mass in free fall can also be performed in a number of ways. 

These include driving the winch in reverse gear, releasing the gear of the winch into free 

fall, securing and releasing the load using an electromagnet, or using a specialized strap 

that fails at some condition.  For the RPLT however, we decided to rely on a specially 
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designed shackle that is re-usable, easy to maintain and performs robustly over its 

lifetime. Free fall conditions minimize friction losses and cable tension forces, and 

accordingly maximize energy delivered from a specified height. However, use of a winch 

in reverse gear is possible at the expense of additional wear on the winch and losses in 

efficiency. The drop height is measured using a tape measure from the bottom of the 

hammer to the top of the cushion.  

 The selection of the mass of the hammer was in line with the rule of thumb in 

dynamic testing of pile foundations, which indicates that the drop weight should be about 

1.5% of the target load. This selection avoids using excessive drop heights and high 

impact velocities in reaching and delivering target loads. The drop weight used in the 

RPLT was constructed by welding and bolting 10 mm thick steel plates up to a total mass 

of 8,000 kg, as shown in Figure 10. The hammer has four lifting points with chain link 

that are fastened to a single load ring which is attached to the steel rope of the winch 

using a shackle. The chain link length is an important factor in ensuring the verticality of 

the hammer. The width of the square hammer determines the width of the guide frame, 

the spring cushion, and the striker anvil. For the RPLT a hammer width of 82cm was 

used. 
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Figure 10. Drop Hammer plan and section views. 

The guide of the mass is necessary to confine the hammer within the footprint of 

the foundation in the interest of the safe operation of the test. Guides further allow for a 

precise control of the verticality of the mass as it descends from the drop height to the 

foundation, while minimizing friction losses. The RPLT uses a corner guide frame, 

named for the four 10mm wide steel angles at the corners of the mass. The four corner 

guides are in essence cantilevered projections from the base, which are then cross braced 

and welded in order to ensure that the safety frame\guide behaves as an integrated unit 

and to mitigate any weak lateral resistance and vibrations.  

3.2. Load Transmission Design  

The second aspect that should be addressed is ensuring that the dropped mass 

imparts a uniform load to the bottom plate. ASTM D1194 requires that for the case of a 

circular bearing plate, its thickness should be at least 1ò to ensure that the load distributes 
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from the point of application to the entire diameter of the plate. A steel grillage footing, 

as described by Dewolf et al (1990) is a possible solution to uniformly distribute high 

loads on soft soils. Grillage systems usually consist of two or three tiers. For the RPLT 

and a two tier system was selected after some trials. As such, 30mm thick plates are used 

to transmit load to the top grillage tier, and a 20mm thick plate is used to transmit load 

from the bottom grillage tier to the soil below. Load is transmitted through the steel 

section flange from the top grillage tier to the bottom grillage tier. Structural analysis of 

the grillage beams used uniformly distributed loads are shown in Figures 11 through 16. 

The analyses yielded a maximum moment of 230 kN-m and a maximum shear of 526 

kN-m in the top tier as shown in Table 1, whereas the bottom tier is subjected to a 

maximum moment of 292.5 kN-m and a maximum shear of 585 kN, as shown in Table 2. 

Steel grade A36 which has yield strength of 250 MPa and an elastic modulus of 200 GPa 

was used for this component of the loading setup of the RPLT. The Elastic flexure 

formula is presented by Riley et al. (2007):  

„ ééééééééééééé.ééééé.ééééé..é.Eq. 3.1 

 

Where:   

ʎmax is the maximum bending stress on the section 

M is the applied bending moment 

 

c is the distance to the neutral plane 

 

I is the sectional moment of inertia 

 

Riley et al. (2007) further provides an approximate formula for calculating the average 

shear stress across a section as 

†  éééééééééééééééééé.é..éééé.Eq. 3.2 
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Where:   

†avg is the approximate average shear stress across a section 

Aweb is the area of the web 

V is applied shear force 

 

 

UPN260 and UPN200 channels were economically available and were utilized for 

the top and lower tiers of the grillage system. The number of channels was determined by 

assessing moment and shear capacity as presented in Tables 3 and 4, respectively. The 

moment capacity proved to control the design and require ten sections of each member. 

 Transverse stiffeners and doubler plates were incorporated to account for the 

case of miscellaneous limit states being exceeded. AISC (2005) provides formulates for 

assessing the available strength for the limit states of web crippling when a concentrated 

load is applied at a distance from the end of the member greater than d/2 using the 

allowable stress design:  

Ὑ  πȢψὸ ρ σ
Ȣ

ééééééééééééé.Eq. 3.3 

 

Where  

Rn is the nominal strength 

tw is the thickness of the flange 

N is the length of bearing 

d is the overall depth of the member, excluding the flange 

tf is the flange thickness 

E is the steel elastic modulus 

Fyw is the specified minimum steel yield strength of the web 
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The web was further checked for local yielding, and this limit state can be assessed in 

cases where a concentrated load is applied a distance greater than d from the end of the 

member using:  

Ὑ υὯ ὔὊ ὸéééééééé...é.éééééé.éééé..Eq. 3.4 

Where, other terms defined previously, and 

k is the distance from the outer face of the flange to the web toe of the fillet  

Finally, the nominal strength of the flange was checked for the resistance to bending 

using:  

Ὑ φȢςυὸὊ  éééééééééééééééééééééé.Eq. 3.5 

Where, other terms defined previously, and 

Fyf is the minimum specified yield strength of the flange 

The calculations for the miscellaneous limit states are presented in Tables 5 

through 8. No doubler plates or transverse stiffeners were installed within the footing. 

The footing as designed meets the requirement of being a rigid body as idealized in the 

spring-dashpot model\system by Lysmer (1966). Relevant plan and section drawings are 

shown in Figures 9 through 11. The ten UPN 260 channel sections were placed flush 

together, covering a total width of 900mm. The ten UPN 200 channel sections were used 

to cover a total width of 750mm, or 37.5% of the width of the footing, and five clear 

spans of 250mm across the 25mm thick bottom plate. The width of the footing allows 

development of a pressure bulb up to the 10% pressure contour at a depth of four meters. 

The completed design is presented in an isometric view in Figure 12. 
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Parameter Value  

 

Vmax (kN) 585  

Mmax (kN-m) 292.5  

Table 1. Top Tier 

Maximum Moment & 

Shear 

 

 

 

  Fig.  11.  Loading  Diagram of Top Grillage Tier 

  

 

  

       

       

       

       Fig. 12. Shear Diagram of Top Grillage Tier 

       

 

       

       

       

       

       Fig. 13.  Moment Diagram of Top Grillage Tier 
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Parameter Value  

 

Vmax (kN) 525.71  

Mmax (kN-m) 230  

Table 2. Maximum 

Shear & Moment in 

Bottom Tier 

 

 

 

  Fig.  14. Loading Diagram on Bottom Grillage Tier 

  

 

  

       

       

       

       Fig. 15. Shear Diagram on Bottom Grillage Tier 

       

 

       

       

       

       

       Fig. 16. Moment Diagram on Bottom Grillage Tier 
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  Upper   

  Parameter Unit Value Remarks   

  C m 0.130    

  I m^4 0.000482    

  Ɑmax MPa 250    

  SF # 1.67    

  Ɑallowable MPa 150    

  M max kN-m 230.000    

  Ɑ MPa 62.03    

        

  Lower   

  Parameter Unit Value Remarks   

  C m 0.100    

  I m^4 0.000191    

  Ɑmax MPa 250    

  SF # 1.67    

  Ɑallowable MPa 150    

  M max kN-m 292.500    

  Ɑ MPa 153.14    

Table 3. Allowable Bending Stress Calculation  

In Top & Bottom Grillage Tier  
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UPN 260 

  

  Parameter Unit Value Remarks   

  †max MPa 250    

  SF # 0.6    

  †allowable MPa 150.00    

  t m 0.1    

  h m 0.26    

  Aweb m2 2.60E-02    

  Vallowable kN 3,900    

  V kN 525.71    

        

  
UPN 200 

  

  Parameter Unit Value Remarks   

  †max MPa 250    

  SF # 0.6    

  †allowable MPa 150.00    

  t m 0.085    

  h m 0.2    

  Aweb m2 1.70E-02    

  V allowable kN 2,550    

  V kN 585    

Table 4. Allowable Shear Stress Calculation  

In Top & Bottom Grillage Tier  
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  UPN 260   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 260    

  d mm 200    

  tf in 2.36    

  N in 33    

  Fyw ksi 36.25    

  tw in 5.51    

  E ksi 29000    

  Rn kN 44813    

  Ra kN 22407    

  Rapplied kN 2000 PASS   

        

  UPN 200   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 200    

  d mm 151    

  tf in 1.93    

  N in 33    

  Fyw ksi 36.25    

  tw in 4.53    

  E ksi 29000    

  Rn kN 36594    

  Ra kN 18297    

  Rapplied kN 2000 PASS   

Table 5. AISC Web Crippling Top  & Bottom Grillage Tier 
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UPN 260 

  

  Parameter Unit Value Remarks   

  ɋ # 1.67    

  d mm 200    

  Fyw ksi 36.25    

                         tw in 5.51    

  E ksi 29000    

  Rn kN 2323453    

  Ra kN 1391289    

  Rapplied kN 2000    

        

  
UPN 200 

  

  Parameter Unit Value Remarks   

  ɋ # 1.67 ASD   

  d mm 151    

  Fyw ksi 36.25    

  tw in 4.53    

  E ksi 29000    

  Rn kN 1705675    

  Ra kN 1021362    

  Rapplied kN 2000 PASS   

Table 6 AISC Web Buckling Top 

& Bottom Grillage Tiers 
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UPN 260 

  

  Parameter Unit Value Remarks   

  ɋ # 1.5 ASD   

  h mm 260    

  d mm 200    

                         k in 2.36    

  N in 33    

  Fyw ksi 36.25    

  tw in 5.51    

  Rn kN 39467    

  Ra kN 26311    

  Rapplied kN 2000 PASS   

        

  
UPN 200 

  

  Parameter Unit Value Remarks   

  ɋ # 1.5 ASD   

  h mm 200    

  d mm 151    

  k in 1.93    

  N in 33    

  Fyw ksi 36.25    

  tw in 4.53    

  Rn kN 30841    

  Ra kN 20561    

  Rapplied kN 2000 PASS   

Table 7. Web Local Yielding Top 

& Bottom Grillage Tiers 
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Fig. 17. RPLT Top View  
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Fig. 18. RPLT Front Section 
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Fig. 19. RPLT Side Section 
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Fig. 20. Isometric View of RPLT 
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3.3. Measurement System Design  

The anvil is the point of application of the load. The test instrumentation is 

housed within or directly below the anvil. In the FWD apparatus Tholen (1978) refers to 

the analogous unit as a ñholderò. The top plate of the anvil is a 50mm thick steel plate 

that transmits the load from the bottom of the cushion to the load cell. The plate acts as a 

cantilever outside of the footprint of the load cell. As such, it must be sufficiently thick to 

distribute the load uniformly and avoid exceeding the bending moment capacity. Four 

steel bars embedded in the base plate act as a vertical roller for the top plate thereby 

constraining it from horizontal movement but allowing the striker plate to displace freely 

in the vertical direction.  The load cell has a capacity of 5000 kN, and is calibrated in 

accordance with ISO 376 using a best fit calibration curve approach. The calibration 

results are presented in Table 8 and Figure 21, while a picture of the load cell installed in 

the RPLT is shown in Figure 22.  
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Measured 

Displacement 

Voltage   

 

 

0.000 42.59  

50.000 67.00  

100.000 105.00  

150.000 136.00  

200.000 168.00  

250.000 198.00  Fig. 21. Load Cell Calibration Curve 

300.000 232.00  

 

350.000 261.00  

400.000 292.00  

450.000 320.00  

500.000 359.00  

550.000 388.00  

600.000 421.00  

650.000 453.00  Fig. 22.  Load Cell Installed in RPLT Anvil 

700.000 484.00   

750.000 513.00  

800.000 545.00  

850 580  

900 604  

950 643  

1000 676  

Table 8. Load Cell   

        Data  
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The field of vibration measurement has addressed many of the challenges 

associated with dynamic measurements of acceleration, velocity, and displacement, and 

Smith (1989) comprehensively describes classes of transducers that can be used to 

measure vibration. These classes can be divided into contact and non-contact systems, as 

well as transducers that take absolute or relative measurements. Highly specialized 

systems such as Doppler systems are discussed, as well as legacy systems such as seismic 

systems, and the discussion extends to systems that are rarely used in vibration 

measurement such as force transducers. The benefits of using accelerometers have led to 

their dominance in modern day vibration measurement systems in a large number of 

applications. Piezoelectric accelerometers are a popular and economic choice of 

transducer and consist of a piezoelectric crystal such as quartz sandwiched within 

housing by a seismic mass which will weigh on the order of a few grams. The 

piezoelectric crystal produces a charge proportional to the force when stressed in 

compression by the seismic mass, and this force is in turn linearly proportional to the 

acceleration at frequencies below resonance as determined by the natural frequency of 

the accelerometer.  Accelerometers are contact systems and measure relative 

displacement well at intermediate frequencies that are not too low or approach the 

resonant frequency of the accelerometer. Disadvantages of accelerometers are noted in 

cases where there are very low displacement vibrations, on the order of 5µm, and 

problems of calibration technique due to an inability to calibrate statically.  

Smith (1989) reviews measurement protocols that any vibration measurement 

must specify prior to observation in order to obtain valid measurements, in particular, 

recording and signal filtering to prevent aliasing. Aliasing presents as the observation of 

low frequencies due to an insufficient sampling rate. Using the Nyquist Criterion, the 



 

 

52 

sampling frequency should be at least twice the target frequency of interest to completely 

determine the signal. Today, digital recording and high disk space is universally available 

and has overcome challenges posed by direct writing systems and tape recording, and 

acquisition systems that support high sampling frequencies between 1 kHz and 50 kHz 

have become economical. Satisfaction of the Nyquist Criterion for target frequencies 

should be coupled with suppression of frequencies above the target frequency to prevent 

those frequencies from creating alias signals. The use of a cushion, as described by 

Tholen (1978), partially addresses this concern by mechanically suppressing high 

frequencies, but further, Smith (1989) notes the use of digital filters to reduce electrical 

noise or carrier rectification effects. A low pass filter is widely applied in similar 

applications, and permits acquisition of low frequencies while reducing or eliminating 

frequencies greater than a cutoff value. Filtered signals should be visually inspected to 

acquired, unfiltered signals to verify that the signal has not become the distorted. In this 

context, the low pass filter can be referred to as an anti-aliasing filter.  

The acquisition system of the RPLT could acquire signals from three 

accelerometers concurrently with the acquisition of force applied to the load cell. The 

applied sampling rate of 6 kHz would satisfy the Nyquist criterion for force pulses 

generated during rapid load tests which would have a pulse duration on the order of 50ms 

and this would approximate a steady state frequency of 20 Hz. Coupled with a low pass 

filter that applies a cutoff frequency of 200 Hz, these measurement protocols mitigated 

aliasing issues. The accelerometers had a resonant frequency of 13 kHz which was far 

greater than the anticipated loading frequency.  

The issue of accelerometer calibration was addressed using several approaches.    

The accelerometers were calibrated by the manufacturer and were newly built. PCB 
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Piezotronics (2017) recommends using a handheld shaker that provides a known 

excitation of 1g at 159.2 Hz and this was connected to accelerometers to verify their 

measurement. Confirmation of measurements by handheld shaker improves confidence 

but does not investigate the accelerometer performance across a bandwidth of 

frequencies. A further approach to validate accelerometer measurement was inspired by 

the use of a photocell to directly measure displacement as seen in other rapid load test 

systems, such as Bermingham (1989). An optical system using a position sensitive 

detector (PSD) was obtained and measures absolute displacement using a stationary 

reference laser.  

Prior to comparing the PSD with the accelerometer measurement, a static 

calibration of the PSD was performed along with other displacement transducers, namely 

LVDTs that would be used in the static load test.  The PSD is calibrated using a 

micrometer fixture in accordance with ASTM D6027 and a linear best fit regression 

technique for generating a calibration curve.  The calibration results are presented in 

Table 9 and Figure 23, while a representative picture of a PSD is shown in Figure 24. 

The accelerometers are stud-mounted into the base of the anvil. Two models of Linear 

Voltage Displacement Transducers (LVDT) with different strokes were used in the 

apparatus. The LVDTs were calibrated using a micrometer fixture in accordance with 

ASTM D6027 and a linear best fit regression technique for generating a calibration 

curve.  The calibration results for LVDT Type # 1 and Type # 2 are presented in  

Tables 10 and 11, respectively, while the corresponding calibration curves are shown in 

Figures 25 and 27. Representative pictures of the LVDTs are shown in Figures 26 and 

28.   
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Measured 

Displacement 

Voltage  

 

0.000 2.98  

0.500 2.85  

1.000 2.75  

1.500 2.66  

2.000 2.57  

2.500 2.46  

3.000 2.34  Fig. 23. PSD Calibration Curve 

3.500 2.23  

 

4.000 2.11  

5.000 1.92  

6.000 1.72  

7.000 1.53  

8.000 1.33  

9.000 1.12  

10.000 0.92  Fig. 24. Image of Position Sensitive Detector 

12.000 0.39   

 

 

 

 

 

 

 

 
 

13.000 0.20  

Table 9. PSD 

Calibration Data 
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Measured 

Displacement 

Voltage   

 

 

0.000 2.490  

0.508 2.446  

1.016 2.417  

1.524 2.358  

2.032 2.284  

2.540 2.290  Fig. 25.  LVDT Type #1 Calibration Curves 

3.048 2.255  

 

3.556 2.197  

4.064 2.158  

4.572 2.114  

5.080 2.031  

5.588 1.994  

6.096 1.931  

6.604 1.887  Fig. 26. Image of Linear Voltage Displacement 

Transducer Type # 1(LVDT) 
7.112 1.870  

7.620 1.792  

8.128 1.755  

8.636 1.699  

9.144 1.657  

9.652 1.640  

10.160 1.569  

Table 10. LVDT Type 

     # 1 Calibration Data  
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  Measurement 

Displacement 

Voltage    

  10.668 1.516   

  11.176 1.484   

  11.684 1.423   

  12.192 1.364   

  12.700 1.352   

  13.208 1.272   

  13.716 1.254   

  14.224 1.184   

  14.732 1.138   

  15.240 1.086   

  15.748 1.069   

  16.256 1.015   

  16.764 0.976   

  17.272 0.922   

  17.780 0.876   

  18.288 0.830    

  Table 10 (Continued)   
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58 

 

Measured 

Displacement 

Voltage   

 

 

0.000 4.985  

0.508 4.941  

1.016 4.907  

1.524 4.848  

2.032 4.819  

2.540 4.746  Fig. 27. LVDT Type #2 Calibration Curves 

3.048 4.702  

 

3.556 4.661  

4.064 4.604  

4.572 4.553  

5.080 4.497  

5.588 4.448  

6.096 4.392 
 

6.604 4.345  Fig. 28. Image of Linear Voltage Displacement 

Transducer Type # 2 (LVDT) 
7.112 4.297  

7.620 4.183  

8.128 4.194  

8.636 4.155  

9.144 4.101  

9.652 4.038  

10.160 3.994  

Table 11 LVDT Type 

 # 2 Calibration Data 
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  Measurement 

Displacement 

Voltage    

  10.668 3.945   

  11.176 3.894   

  11.684 3.847   

  12.192 3.798   

  12.700 3.728   

  13.208 3.696   

  13.716 3.657   

  14.224 3.605   

  14.732 3.549   

  15.240 3.501   

  15.748 3.457   

  16.256 3.408   

  16.764 3.344   

  17.272 3.300   

  17.780 3.242   

  Table 11 (Continued)    
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The comparison of the accelerometer and direct measurement of dynamic displacement 

was performed at the AUB soil testing laboratory. The evaluation consisted of 

instrumenting a concrete cylinder with the photosensitive detector and accelerometers, as 

shown in Figure 29. Displacements obtained from the accelerometer and under the force 

applied by a modified proctor hammer were compared. Measured displacements from 

both instrumentation systems were compared and found to be of similar magnitude, with 

the position sensitive detector measuring approximately one additional millimeter at peak 

displacement, as illustrated in Figures 29 and 30. The results were assuring that 

accelerometers could be used to measure displacement for the range of frequencies 

associated with free fall impacts. 

 

 

Fig. 30. Blow 1  

 

Fig. 31. Blow 2  

Fig. 29. Instrumented Concrete Core with 

PSD and Accelerometer  
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3.4. Cushion Design  

 

 In the early stages of the development of the first generation of the RPLT, a 

prototype was adapted from a dynamic pile test hammer for using the instrumentation to 

assess different types of cushions. A round of tests were conducted to evaluate the force 

pulse, assess the cushion material, and determine an appropriate range of cushion 

thicknesses and falling weight drop heights. A number of cushion materials were sourced 

for trials during the commissioning of the RPLT. These included a rubber tire similar to 

the suggestion of Yutaka et al. (2005), steel springs similar to the application of Coelus 

(1982), and in the absence of polymer materials, polystyrene boards interlayered with 

plywood in a similar layered configuration similar to that described by Miyasaka et al. 

(2006). Photographs of the individual cushions mounted with the prototype RPLT are 

shown in Figures 31 through 34.   

 Steel on steel impacts yield the shortest load-pulse duration in comparison to any 

cushioned impact. Force pulses acquired during the cushion testing are shown in Figure 

35. The acquired force pulses demonstrate that all configurations tested were able to 

extend the load pulse duration in excess of 100ms, as shown in Figure 36. However, the 

steel springs and rubber tire were sourced from scrap dealers and accordingly did not 

have clear specifications. These cushion materials were not economically available in a 

fresh and unused condition. Both materials failed at an unspecified stress level as test 

loads increased to 2,000 kN with distress consisting of severe and permanent distortion of 

the rubber tire cushion. The inability of the steel springs to resist the load resulting in a 

reduction in both cases of the load pulse duration.  
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The cushion adopted in the final version of the RPLT used in our field tests 

consists of layers of 25mm thick boards of EPS and plywood, bound together using steel 

wire. The cushion extends the load pulse duration from 10 to 20 ms (observed in steel to 

steel impacts), to ranges between 30ms to 200ms, as a function of the thickness of the 

cushion and the applied load.  

The cushion also serves the purpose of reducing high frequency vibrations. 

Photographs of the system during the commissioning period are shown in Figures 38 and 

39, and a summary of the last version of the RPLT (Mark II) specifications is provided in 

Table 12.  

The RPLT device shares similar aspects with other dynamic and rapid load test 

devices and the current testing protocols reflect several years of evolution (timeline of 

our research effort) in the load application mechanism, the measurement instrumentation, 

and the testing procedure. Field trials at a suitable site were required to assess the 

performance of both the system and test procedure, and ultimately to acquire results that 

could be used to compare the dynamic test to a static load test. The test station which was 

identified, sourced and prepared for the field testing and validation phase of our work is 

presented and discussed in Chapter 4. The field station was one where the subsurface 

strata included sufficiently soft soil to observe variations in response at different stress 

levels. Chapter 4 describes the details of the site investigation and results, preparation, 

and construction of stone columns and reaction anchors. 
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Fig. 32. Steel Cushion (No Cushion) Fig. 33. Steel Spring Cushion 

 

  
Fig. 34. Tire Cushion Fig. 35. Expanded Polystyrene Cushion 
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Fig. 36. Comparison of Steel - Steel Impact and Spring Cushion 

 

 
Fig. 37. Comparison of Four Cushions at 80 kN 
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Fig. 38. Mark II RPLT 

 

 
Fig. 39. Mark II RPLT with Auxiliary Crane 
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Load Distribution Assembly  

 

Upper Cross Beams 10 pieces 2m long UPM 260, placed flush together over 83 cm width 

Lower Cross Beams 10 pieces 2m long UPM 200, placed at 75 mm spacing 

Bottom Plate 5 pieces 25mm thick steel plate total width 2000mm 

Drop Hammer 

Mass 8000 kg using 132 pieces of 82cm square plates 10mm thick + 2 pieces 30 mm thick 

Drop Height 5 to 150 cm 

Safety Guide Frame 

Corner Guides 80mm x 80mm steel angles, 2.35mm long, 8mm thick 

Cross Bracing 8 pieces 86cm long, 8mm flat bar + 4 pieces 130 cm long, 8mm flat bar 

Spring Cushion 

Thickness 0.3m to 1m, individual boards of 25mm 

Materials 

83mm wide square sheets, 2 cm thick, EPS density of 0.295 kN/m3, plywood density of 6.53 

kN/m3, variable number of sheets 

Striker Anvil 

Top Plate 82 cm wide square plate, 50 mm thick 

Lateral Guide 4 pieces, 8cm long, 3.8mm diameter 

Bottom Plate 82cm wide square plate, 30mm thick 

Striker Anvil Instrumentation 

Load Cell 1 piece 5000 kN ultimate capacity, strain bridge type, calibrated by reference load cell to ISO 376 

Accelerometers 

3 pieces, IEPE accelerometer, calibration by shaker table and reference accelerometer at ISO 17205 

laboratory 

Position Sensitive Detector 1 piece, ASTM D6027 

Stationary Reference 

Laser 1mm diameter at target  635mm wavelength 

Geophone 4 kHz resonant frequency, vertical axis 

Load Test Procedure 

Peak Structural Load 2000kN 

#Cycles Single or Multiple 

Table 12 Specification of Mark II  
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CHAPTER 4 

 
 

SITE CHARACTERIZATION OF THE 

 RESEARCH STATION 
 

The principal criteria for selection of the research station site was that the soils 

were sufficiently soft enough to display reduction in settlement following improvement 

by stone columns. An agricultural site in Eastern Lebanon, in an area known as the Bekaa 

Valley as shown in the Vicinity Map in Figure 40, was identified on a private property, 

formerly an orchard, as shown in the Location Map and Site Layout in Figures 41 and 42, 

respectively. A section in the southern part of the property was allocated to the research 

program, demarcated in the Site Layout using a green box. Accordingly the trees were 

cut, stumps removed, and the locations of exploratory boreholes and test pits were 

delineated.  
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Fig. 40 Research Station Vicinity Map 
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Fig. 41. Location Map 

 

 

 

Fig. 42 Site Layout 
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4.1 Geologic Setting of Research Station 

The geological setting of the research station was examined against a backdrop of 

an orographic depiction of Lebanon as described by Dubertret (1955), which can be 

briefly summarized as two parallel anticlines, the Lebanon and Anti-Lebanon Mountain 

ranges, separated by a large syncline, the Beqaa Valley. These three geologic structures 

form a horst and graben system oriented along a SSW-NNE axis, and the Yammouneh 

fault delineates the western boundary of the graben at the base of the Lebanon 

Mountains, traversing the town of Qabb Elias parallel to the Qabb Elias - Chtoura road. 

In the immediate vicinity of Qabb Elias, at an approximate elevation of 850m, are the 

carbonate formations to the west, dating from the Kimmeridge, Aptian, and Albian eras, 

with relatively small outcrops of formations from the Cretaceous age, as shown in Figure 

43. Lateef (2006) infers, based on geophysical data, that the Quaternary column in nearby 

Al Marj reaches a local maximum at an approximate depth of 650m corresponding to the 

top of the Zahle formation, and this results in a difference between the peak of the 

anticline and nadir of the syncline of 1,300m, if referencing a peak elevation in Dahr Al 

Baidar of 1,500m, as shown in Figure 44.  

The Lebanon Mountains form a catchment area from which a number of rivers 

flow in a SE direction, such as Nahr Berdaouni, Nahr Chtoura, Nahr Zebdol, Nahr 

Makse, Nahr Qabb Elias, Nahr el Hafir, and Nahr er-Riachi, and several join tributaries 

of Nahr Al Litani. The town of Qabb Elias is located at the intersection of the 

Yammouneh fault and Ouadi el Delem, the length of which is traversed by a minor fault, 

and along which Nahr Qabb Elias flows from into Sahl Qabb Elias, an alluvial plain 

classified as Silt by Dubertret (1955) but that resembles red clayey soils, or terra rosa, 

originating from leached carbonates and other outwash from the western limestone 
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formations in the Lebanon mountains as described by Sayegh et al. (1969).  In addition to 

strictly alluvial deposition, extensive flooding in the Beqaa is widely reported during 

episodes of high annual precipitation and would also add to the origin of deposition a 

lacustrine character to the features of the Quaternary deposits, and this phenomenon is 

observed in the adjacent Ammiq Wetlands to the south of Sahl Qabb Elias. Reifenberg 

(1952) attributes the occurrence of terra rosa in the Mediterranean region including 

Lebanon to the degree of humidity, and can be found in semi-humid and humid climes 

with annual precipitation exceeding 400mm or rain factors in excess of 30.  
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Fig. 43. Geologic Vicinity Map (Dubertret (1955) 

 

 

 

Fig. 44. Bekaa Geology Sectional View (Dubertret (1955) 
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4.2 Sampling and Field Testing 

A site investigation consisting of two boreholes and three test pits was planned 

and executed in the site under consideration. In addition, a review of available site 

information revealed that two boreholes had been drilled previously in the northern part 

of the site. The boreholes were drilled to a depth of 22m by a tricone bit using the rotary 

wash method with a surficial casing installed to a depth of three meters, and samples 

were collected using either the split spoon sampler in conjunction with the SPT test or 

using a Shelby tube sampler. Visual classification of the recovered disturbed and 

undisturbed samples was performed and the results are presented in Tables 13 through 

16, demonstrating that the subsurface is brown, lean clay in the depth of influence of the 

footing size (B = 2m) in this study, extending between four to six meters, or 2 to 3B. Test 

pit excavations revealed similar surficial deposits of brown, lean clay up to the test pit 

depth of 2.5m, which on 12/8/14 showed was also the depth of the groundwater table 

encountered in the pit. The groundwater table was also observed at 2.0m on the same day 

in BH-01, and at a depth of 4.5m on 13/06/15 in BH-02.  Figure 45 presents the drilling 

rig and Figure 46 displays test pit TP #01 with the standing water table revealed.  

In the BH-01, insitu Standard Penetration Tests (SPT) were alternated with 

Undisturbed Shelby samples at 1.5m intervals unless the Shelby tube met early refusal, 

and the SPT test was performed using a rope and cathead resulting in collection of 

disturbed samples by linerless split spoon sampler, which underwent further 

classification by Sieve Analysis and Atterberg Limit tests at the American University of 

Beirut. Figure 47 shows the results of the sieve analysis test, and Table 17presents the 

results of the Atterberg Limit test. 
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BORING LOG BH -1 

Depth (m) Sample No. Description  Remarks 

0.0 SPT-1  Brown, very stiff, sandy, SILTY CLAY, low to medium 

plastic trace concretions.  

 

1.0 SPT-2  Ditto  

2.0 SPT-3  Ditto 

2.5 SPT-4  Brown, very stiff, LEAN CLAY, medium plastic, high dry 

strength, moist  

3.0 SH-1  Ditto  

4.0 SPT-5  Ditto (Thin layer of gravel at 5.5 m)  

5.0 SH-2  

6.0 SPT-6  

7.0 SH-3  Ditto  

8.0 SPT-7  Brownish grey, very dense, clayey sandy gravels 

9.0 SPT-8  Sample washed  

10.0 SPT-9  Brownish grey, dense, clayey sandy gravels  

11.0   

12.0 SPT-10  Brownish grey, very dense, sandy clayey gravel  

13.0  

14.0  

15.0 SPT - 11 

16.0  

17.0  

18.0 SPT-12  Brown, very stiff, sandy silty clay, low plastic, low dry 

strength  
19.0  

20.0  

21.0 SPT-13 Brown, very stiff, sandy SILTY CLAY, low plastic,  

Table 13. Boring Log BH-1 
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BORING LOG BH -2 

Depth (m) Sample No. Description  Remarks 

0.0 Surface Brown, very stiff, san , SILTY CLAY, low to medium 

plastic trace concretions   

 

2.0 SH-1  

 

 

Brown, very stiff to hard, medium to highly plastic, SILTY 

CLAY/LEAN CLAY  

3.0 SH-2 

4.0 

5.0 SH-3 

6.0   

 

 

Brown, very stiff, medium plastic, SANDY SILTY 

CLAY/SANDY LEAN CLAY  

7.0 SH-4  

8.0  

9.0  

10.0 SH-5  Brown, very stiff to hard, medium to highly plastic, SILTY 

CLAY/LEAN CLAY  

11.0  Brown, very stiff, sandy SILTY CLAY, low to medium 

plastic, trace concretions 

12.0   

Table 14. Boring Log BH-2 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

75 

BORING LOG BH -3 

Depth (m) Sample No. Description  Remarks 

0.0 Surface Fill Materials  

1.0 SPT-1 Stiff, brown, lean CLAY with sand, medium plasticity  

2.0 SH-1 Ditto   

3.0 SPT-2 Loose, brown, clayey SAND, low to medium plasticity   

4.0 SPT-3 Very stiff, brown, lean CLAY with sand little gravel, 

medium plasticity 

 

5.0 SH-2 Ditto  

6.0 SPT-4 Ditto   

7.0 SPT-5 Ditto, no gravel   

8.0    

9.0 SPT-6 Very stiff, brown, lean CLAY trace of sand, medium 

plasticity  

 

10.0 SPT-7 Ditto   

11.0 SPT-8 Dense, brown, clayey SAND little gravel, low to  medium 

plasticity 

 

12.0 SPT-9 Hard, brown, sandy lean CLAY, medium plasticity   

Table 15. Boring Log BH-3 
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BORING LOG BH -4 

Depth (m) Sample No. Description  Remarks 

0.0 Surface Fill Materials  

1.0 SPT-1 Stiff, brown, lean CLAY with sand, medium plasticity  

2.0 SH-1 Ditto   

3.0 SPT-2 Loose, brown, clayey SAND, low to medium plasticity   

4.0 SPT-3 Very stiff, brown, lean CLAY with sand little gravel, 

medium plasticity 

 

5.0 SH-2 Ditto  

6.0 SPT-4 Ditto   

7.0 SPT-5 Ditto, no gravel   

8.0    

9.0 SPT-6 Very stiff, brown, lean CLAY trace of sand, medium 

plasticity  

 

10.0 SPT-7 Ditto   

11.0 SPT-8 Dense, brown, clayey SAND little gravel, low to  medium 

plasticity 

 

12.0 SPT-9 Hard, brown, sandy lean CLAY, medium plasticity   

Table 16. Boring Log BH-4 
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Fig. 45. Rotary Wash Drilling Rig  Fig. 46. Test Pit Excavation and  

Water Table @ 2.5 m  

 

 The variations of the SPT blow count, the Atterberg Limits, and the fines content 

with depth are plotted in Figures 48 and 49, respectively. The results of the SPT tests 

were used to determine the relative density of the soil as per ASCE (1996). In BH-01 

very stiff, brown, lean and fat clays were encountered in the upper 7.5m and were 

underlain by dense to very dense clayey gravels with lenses of brown, very stiff, lean 

clay.  
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Fig. 47. Grain Size Distribution of Samples from Borehole 1. 

 

 

 Sample Designation Liquid Limit Plastic Limit Plasticity Index  

 BH1-9.5 41.93 16.38 25.55  

 BH1-S4-2.50 40.28 17.84 22.44  

 BH1-S1-0.0 29.2 15.18 14.02  

 BH1-S3-2.0 41.34 17.06 24.28  

 BH1-S5-4.0 55.95 20.11 35.84  

 BH1-S6-6.0 49.67 22.37 27.3  

 BH1-S7-7.5 23.9 14.58 9.32  

 BH1-S2-1.0 41.94 18.01 23.93  

Table 17. Atterberg Limits BH-1  
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Fig. 48. Relative Density with  

                     Depth - BH 1 

Fig. 49. Consistency with Depth 

 

Das (2011) recommends unconfined compressive strength for different 

consistencies of clay as a function of SPT, and accordingly the undrained shear strength 

of a stiff clay will vary between 40kPa to 75kPa, and the undrained shear strength of a 

very stiff clay will vary between 75kPa to 200kPa. The elastic modulus of clay can be 

expressed as a function of the undrained shear strength, as presented by Das (2011) based 

on the earlier work of Duncan et al (1976) such that: 
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Ὁ  ‍ὧéééééééééééééééééééééé.ééé..Eq.4.1 

Where:   

Es is the modulus of elasticity 

cu is the undrained shear strength 

ɓ is a dimensionless factor and a function of the plasticity index and 

overconsolidation ratio, with a minimum of 300 for PI < 30 and OCR of 5. 

In the absence of a consolidation test, the OCR was estimated using observations of the 

shear strength with depth. Jamiolkowski et al. (1985) described a relationship between 

the undrained shear strength and the overburden pressure for lightly overconsolidated 

clays in the form of 

πȢςσ πȢπτéééééééééééééééééééééé..Eq. 4.2 

Where:   

cu is the undrained shear strength 

„ is the overburden pressure 

At the surface, the overburden pressure is zero and using Eq. 4.2, the undrained shear 

strength is similarly zero.  Assuming a unit weight of 17 kN/m3, the overburden pressure 

at a depth of 2.5 m is estimated as 42.5 kPa, and the material would have shear strength 

of around 10kPa. The stiff clay observed by SPT has a shear strength four to seven times 

this value and the difference can only be explained by overconsolidation of the material. 

Ladd et al. (1977) expresses the relationship for shear strength of overconsolidated clays 

as 

 
 

ὕὅὙȢééé.éé.Eq. 4.3 
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For the aforementioned case at a depth of 2.5m, the ratio of the overconsolidated 

shear strength to the overburden pressure will be approximately 2, and solving Eq. 4.3 for 

this value will yield an OCR of 15. Using this context, OCR varies widely near the 

surface, and in fact, it tends to infinity if shear strength is sustained in the absence of 

overburden pressure. The absolute value of OCR in this context should be taken with a 

grain of salt and is of secondary importance beyond justifying the use of Eq. 4.1 to 

determine that the stiff to very stiff nature of the surface soil indicates that the minimum 

elastic modulus will be on the order of 12 to 25 MPa. The geologic origin of the 

overconsolidated condition is thought to be historic cycles of wetting and desiccation, 

and not the presence of any preload.  

The variation of soils across the research station was investigated through a 

geophysical survey which was performed using the Multiple Channel Analysis of Surface 

Waves (MASW) technique. A twenty four geophone array was deployed using a 

landstreamer with 4.5 kHz vertical geophones at two meter spacing, acquiring surface 

waves generated by a sledge hammer impact on a steel plate. Surfseis Version 3.1, 

published by Kansas Geophysical Survey (KGS), was used to process results to generate 

the Dispersion / Overtone Curve and subsequent 2D inversion to produce 2D sections of 

the surface wave or Rayleigh wave velocity, which Liu approximates as 95% of the shear 

wave velocity. Figure 50 presents a section acquired on virgin, undisturbed ground at the 

research station demonstrating horizontal homogeneous wave velocities from the surface 

to a depth of five meters increases from 150m/s to 350m/s, whereas in the depth horizons 

of five to ten meters, and ten to fifteen meters, the velocities vary from 350m/s at various 

station numbers in Figure 51. 
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Figure 50. Location of MASW Survey Lines 

 

Fig. 51. Inversion Section on Undisturbed Ground  
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 Fig. 52. Shear Wave Velocity w/ Depth 

 

In the second borehole, BH-02, undisturbed samples were collected at 3.0m 

intervals using a Shelby tube and insitu pressuremeter tests were performed using a 

Menard pressuremeter at seven depths. A Triple Cell design pressuremeter consisting of 

a measuring cell and two guard cells was calibrated for pressure loss on the day of testing 

by inflating the pressuremeter above ground against atmospheric pressure, and calibrated 

for volume loss by inflating the pressuremeter in a heavy duty steel casing. The 

pressuremeter was lowered into the borehole, inflated in equal pressure increments, and 

the recorded pressure and volume measurements were compared to the calibration curve. 

Baguelin et al. (1978) presents examples of acquired pressuremeter curves, describes the 
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characteristics of ideal measurements, and highlights problems that can present 

themselves during acquisition. 

Curves were reviewed using these criteria and the three satisfactory curves are 

presented in Figures 52 through 54. The limit pressure varied between 684 and 887 kPa, 

while the Youngôs Modulus varied between 8486 and 12818 MPa. These measured 

Youngôs modulus values were used to back-calculate the undrained shear strength of the 

soil as per Equation 4.1. Results indicated that the undrained shear strength at the depths 

of the three pressuremeter tests varies between 28 and 43 kPa, as indicated in Tables 18 

through 20. These values indicate a clay that is soft to medium and stiff as per the 

classification recommended by Das (2011). If the measured limit pressure of the 

pressuremeter is used to classify the clay as per (Baguelin et al. 1978), the observed limit 

pressures indicate a soil that is stiff to very stiff. Two of the four rejected pressuremeter 

curves resulted in unrealistically low pressures that could be explained by excessive 

flushing during rotary wash boring of the pressuremeter cavity, remolding, or other crew 

blunders. 
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Parameter Value   

 

PL (kPa) 684  

V (cc) 844  

Ey (MPa) 8926  

Gm (MPa) 2975  

Em (MPa) 7914  

cu (kPa) 30 
 

Table 18. Pressuremeter 

at 2.5 m Depth                  

 Fig. 53. Pressuremeter at 2.5 m Depth  

Parameter Value   

 

PL (kPa) 998  

V (cc) 925  

Ey (MPa) 8486  

Gm (MPa) 2828  

Em (MPa) 7524  

cu (kPa) 28 
 

Table 19. Pressuremeter 

at 5.75 m Depth   

 Fig. 54. Pressuremeter at 5.75 m Depth 

Parameter Value   

 

PL (kPa) 887  

V (cc) 930  

Ey (MPa) 12818  

Gm (MPa) 4272  

Em (MPa) 11365  

cu (kPa) 43  

Table 20. Pressuremeter 

at 7.75 m Depth   

 Fig.55. Pressuremeter at 7.75 m Depth 
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4.3 Analysis of Soil Properties using Finite Element Modeling and Triaxial Testing 

Characterization of the material was performed with the aid of finite element 

software to generate a model and iterate on properties that match the observed field 

performance. Schanz et al. (1999) describe the application of finite element modeling to 

simulate pressuremeter loading in specially designed calibration cells filled with loose 

Hostun sand. A similar analysis was performed on limestone gravels and marl in 

Lebanon as described by Fawaz et al. (2013), and using a Mohr Coulomb soil model. The 

subsurface is modeled as a 2D axisymmetric mesh under a uniform vertical load to apply 

an equivalent insitu pressure, whereas a uniform horizontal load represents the pressure 

generated by inflation of the measuring cell, as shown in Figure 55 A coarse mesh was 

used and the model extended laterally to 1.0m to ensure dissipation of the stresses 

induced at the left boundary in simulation of the pressuremeter test. The height of the 

pressure meter in the model was 10cm and this assumes symmetric response of the 20cm 

high pressuremeter cell. The bottom boundary condition used vertical fixities, and the 

right and left boundaries conditions similarly used horizontal fixities, with the exception 

of the area on the left boundary where the pressuremeter load was modeled using the 

uniform horizontal load. The Hardening soil model was used with loads applied in 

undrained conditions, and volumetric strain was measured at four stress/strain points 

along the cavity wall. Material properties were varied to compute comparable volumetric 

strain at equivalent test cell pressures, as shown in Figure 56. Table 21 presents the 

matching parameters in the hardening soil model which uses an E50 of 8MPa, a cref of 

80kPa, and a friction angle of 23o.  
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Fig. 56. Finite Element Model 

 

 

Parameter Value  

 

ὲ 23  

cu (kPa) 80  

 ꜝ 0.25  

E50 (MPa) 8  

Eur 24  

vur 0.2  

pref 100  

m 0.5  Fig. 57. Matching of Pressuremeter and FE Results 

Table 21. Pressuremeter 

 at 2.5 m Depth 
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The best quality undisturbed samples from BH-01 and BH-02 were assessed for 

suitability and subsequent shear strength testing consisting of Consolidated Undrained 

(CU) triaxial tests with pore water pressure measurements was performed at AUB. The 

recovered undisturbed samples were extruded from the Shelby tube and trimmed in 

preparation for mounting within the triaxial cell. A photograph of a representative 

trimmed sample is shown in Figure 57, and another photograph shows the sample 

mounted within the triaxial cell in Figure 58.  

 The variations of the deviatoric stress and excess pore water pressure with axial 

strain is presented in Figs. 60 and 61 for specimens taken from BH-1 at depths of 3.0m 

and 4.5m, respectively and in Figs. 62 and 63 for specimens taken from BH-2 at depths 

of 1.5m and 3.0m, respectively. The tests were conducted at initial effective confining 

pressures ranging from 50 kPa to 200 kPa. In addition to the stress-strain and pore 

pressure-strain curves, the effective Mohr-Coulomb failure envelope of all the specimens 

tested were determined and plotted in Fig. 59.  
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Fig. 58 Triaxial Sample Preparation Fig. 59. CU Triaxial Test  

 

The stress-strain curves on Fig. 59 indicate a response that is typical of a slightly 

overconsolidated to overconsolidated clay, with most of the specimens showing a strain-

hardening behavior at large strains. This behavior is consistent with the generation of 

negative pore water pressure that was observed in all specimens as a result of the dilative 

tendency at larger strains. Positive pore water pressures were initially recorded at very 

small strains and were followed by a tendency of dilation. This dilative tendency was 

stronger in specimens obtained from BH-1 (3.0 to 5.0m) compared to specimens obtained 

from BH-2 at shallower depths (1.5m to 3.0m).  

 

 

If the undrained shear strength is calculated as half of the maximum deviatoric 

stress as is the convention, it can be concluded than the undrained shear strength for 

shallow specimens (1.5m to 3.0m in BH2) ranged from 75 kPa to 125 kPa, while the 
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undrained shear strength of deeper samples (3.0 to 5.0m) ranges from 125 kPa to 225 

kPa. Interestingly, these results are in line with the linear increase in the shear wave 

velocity profile with depth as inferred from the MASW tests at the test site. An exception 

was observed in the behavior of the sample obtained from BH1 at a depth of 4.5 m ï 

5.0m and tested at a confining pressure of 100 kPa presented abnormally low shear 

strength, and the cause is suspected to be a defect that originated during sampling or 

preparation.  

The increase in the degree of overconsolidation and the undrained shear strength 

with depth was also evident in the calculated effective shear strength parameters as 

reflected in the Mohr-circles and Mohr-Coulomb failure envelopes that are presented in 

Fig. 59.  Results indicate that for specimens sampled at shallower depths, relatively small 

cô values ranging from 0 to 10 kPa were observed with associated relatively large friction 

angles ranging from 29.2 o to 33.8 o. For the deeper soils which exhibited a higher degree 

of over consolidation, cô values were larger ranging from 20 kPa and 40 kPa with 

associated smaller effective frictions angles of 31o and 21.8o, respectively.  

 A comparison between the pressuremeter test results and the triaxial test results 

indicates that the shear strength observed in the CU triaxial test is more sensitive to the 

confining stress, whereas the pressuremeter is less sensitive to confining stress. In 

addition, the pressuremeter shear strength is evaluated over a smaller range of confining 

pressures, which vary between approximately 40kPa and 75kPa, whereas the CU triaxial 

shear strength is evaluated at confining pressures ranging between 50kPa and 200kPa.  If 

the triaxial results pertaining to the lower pressure range (50 kPa and 100 kPa) are 

considered solely, the range of undrained shear strength becomes smaller both at 
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shallower depths (cu between 50 kPa and 75 kPa) and larger depths (cu between 125 kPa 

to 175 kPa). 

In conclusion, it can be stated that the characterization of the site clearly indicates 

that the site is composed of quaternary alluvial deposits with variations in gradation, 

density, stiffness, and stress history reflecting different depositional episodes. However, 

the soil is relatively homogenous within the top four to five meters and is predominantly 

composed of stiff to very stiff Silty/Lean CLAY. Sufficient soil parameters were 

acquired to allow for the design of the reaction assembly and to determine different 

realistic configurations of stone columns that would provide a measurable improvement 

response. The consensus between test results confirmed medium stiff to very stiff soil 

conditions at the site.  In the absence of a site with softer soils, there is concern that a 

variation in the deflection response between improved and unimproved ground would not 

be observed. This concern is addressed in the following sections by designing and 

conducting tests at relatively higher applied load and by reinforcing the soil with dense 

stone columns at a relatively high area replacement ratio as described in the following 

chapters.  
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Fig. 60 CU Triaxial Test with Pore Pressure Measurement on 

 Shelby Tube Specimens from BH 1 @ 3- 3.8m Depth. 
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Fig. 60 (Contôd). CU Triaxial Test with Pore Pressure Measurement on 

 Shelby Tube Specimens from BH 1 @ 3- 3.8m Depth. 
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Fig. 61. CU Triaxial Test with Pore Pressure Measurement on 

Shelby Tube Specimens from BH 1 @ 4.5- 5.0m Depth 
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Fig. 61 (Contôd). CU Triaxial Test with Pore Pressure Measurement on  

Shelby Tube Specimens from BH 1 @ 4.5- 5.0m Depth. 
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Fig. 62. CU Triaxial Test with Pore Pressure Measurement on  

Shelby Tube Specimens from BH 2 @ 1.5m Depth. 
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Fig. 62 (Contôd). CU Triaxial Test with Pore Pressure Measurement on  

Shelby Tube Specimens from BH 2 @ 1.5m Depth. 
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Fig. 63. CU Triaxial Test with Pore Pressure Measurement on  

Shelby Tube Specimens from BH 2 @ 3.0m  

 

 

 

 

 

 

 

0

50

100

150

200

250

300

350

0 2 4 6 8 10 12 14 16 18 20

D
e

v
ia

to
ri

c
  
S

tr
e
s
s
 (

k
P

a
)

Axial Strain (%)

s'3o=200 kPa

s'3o=50 kPa

s'3o=100 kPa

Shelby Tube Sample:
(BH-2 @ 3.0m Depth)

-100
-75
-50
-25

0
25
50
75

100
125
150
175
200

0 2 4 6 8 10 12 14 16 18 20

E
x
c
e
s
s
 P

o
re

 W
a
te

r 
P

re
s
s
u
re

 (
k
P

a
)

s'3o=50 kPa

s'3o=100 kPa

s'3o=200 kPa

0

50

100

150

200

250

300

0 50 100 150 200 250 300 350 400 450 500 550 600 650

S
h

e
a

r 
S

tr
e

s
s

 (
K

P
a

),
 t

Effective Normal Stress (kPa), s'

c' = 0 kPA,f' = 33.8o



 

 

99 

 

 

Fig. 63 (Contôd). CU Triaxial Test with Pore Pressure Measurement on  

Shelby Tube Specimens from BH 2 @ 3.0m  
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CHAPTER 5  

TESTING PROGRAM AND SITE PREPARATION 

 

The site investigation program concluded that the Qabb Elias site was a suitable 

site for the load test program because of the presence of moderately stiff soils, relative 

homogeneity, and favorable conditions for constructability of stone columns using the 

dry method. The site characterization allowed prediction of the static load test response 

and accordingly the design of the static load test assembly. Crowther (1988) describes 

two different types of reaction assemblies, the first using dead weight (kentledge), and 

the second using reaction anchors or reaction piles. Reaction assemblies using dead 

weight are an economical solution when there are a large number of tests and when 

concrete or other dead weight is available, however, the limited number of static tests 

planned and the failure to source dead weight during the site preparation phase led to the 

design of a reaction assembly using reaction anchors.   

 

5.1 Reaction Assembly Design 

A load test reaction assembly similar to the one described by NYSDOT GCP-18 

(2014) for conducting static pile load tests was designed and constructed to perform the 

static footing tests. The assembly consists of a load beam, two load transfer beams, 

reaction anchors, and a load application system. The number of ground anchors and their 

design length were determined based on Sabatini et al. (1999) who provide 

recommendations for small diameter gravity grouted anchors in the form of  
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 ὗ  ‌  zὒ / SFéééééééééééééééééééé...é.Eq. 5.1 

Where:  

Ŭ is a ground grout bond value, with a value of 30 kN/m for stiff clay soil as 

assessed by N-Values in the range of 10 to 20, 

L is the bond length, 

SF is a safety Factor taken to be 2, 

Qa is the allowable anchor load. 

This formulation will provide 210 kN allowable capacity by anchors with 14m fixed 

bonded length, as shown in Table 22. Accordingly, a total of ten anchors are needed in 

order to provide the estimated required reaction capacity of about 2000 kN.  

The optimal design of a reaction assembly will balance a compact layout to 

minimize the size of structural sections and maximize the distance between points of load 

application to reduce stress overlap. In particular, the pressure bulb generated beneath the 

footing should be isolated from the stresses generated by the reaction anchors or any 

cribbing support. Briaud et al. (1999) presents a reaction assembly used to test square 

footings of up to 3m width, with the reaction being provided by belled shafts in a shale 

layer that begins at 10.8m below the surface and is connected to the reaction beam using 

steel Dywidag un-bonded to the surrounding soil, a horizontal distance of approximately 

4.25m from the center of the footing. For the 3m wide footing, this represents a clear 

horizontal distance of 2.75m from the edge of the footing, or 0.9B, and the 10.8m un-

bonded length represents a vertical isolation distance of 3.6B. Four six meter long 

intermediate load transfer beams can accommodate a clear horizontal distance of 1.3m 

between the footing edge and the reaction anchors, or 0.65B, and an un-bonded anchor 

length of six meters will provide a vertical isolation distance of 3B, placing the reaction 
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anchors outside of the zone of influence of the footing that will range between 2 to 3B. 

The intermediate transfer beams further reduce peak moment and shear in the reaction 

and transfer beams, allowing smaller sections and easier constructability.  A PVC sleeve, 

bordering flush the annular space around the excavated anchor hole along the un-bonded 

length, will circulate flow of grout during construction of the grout bulb directly upwards 

to the surface as verified during construction. The additional un-bonded length will 

contribute an additional six meters to the fixed bonded anchor length of fourteen meters 

and accordingly result in a total anchor length of twenty meters, as presented in Figure 

64. 

The selection of the reaction and transfer beams was determined using Crowther 

(1988), who specifies structural checks that need to be undertaken to ensure the steel 

sections support sufficient moment capacity, shear capacity, and web crippling. 

Structural analysis of the load beams revealed peak applied moments and shears as 

presented in Tables 23 through 25, and shown in Figures 65 through 73. Equations 3.1 

and 3.2 were used to design the reaction assembly members, as presented in Tables 26 

and 27 for bending moment and shear, respectively. Moment capacity controlled the 

design leading to selection of an HEA 800 H Section for the reaction beam, HEB500 H 

sections for the intermediate load transfer beams, and UPN 300 channel sections transfer 

beams. Web crippling was checked in Table 28, and the reaction beam was found to fail 

unless transverse stiffeners were installed, and accordingly, stiffeners were welded to the 

load beam for a distance of two beam sections from the reaction load to reduce the risk of 

web crippling.  A 25mm thick steel billet is an appropriate bearing plate to ensure the 

force in the jack is evenly distributed to the anvil and the reaction beam. Plan and 
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sectional views are presented in Figures 74 through 76, and an accompanying isometric 

view is shown Figure 77.  

    
Parameter Unit Value Remarks 

    

    
Ŭ kN/m 30  

    

    
L m 14  

    

    
SF # 2  

    

    
Qa kN 210  

    

Table 22. Anchor Capacity Calculation 
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Fig. 64.  Schematic of Reaction Anchor  
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Parameter Value  

Vmax (kN) 1000 

Mmax (kN-m) 900 

 Table 23. Maximum Shear       

and Moment in 

 Reaction Beam  

       Fig. 65. Loading Diagram  

       

 

       

       

       

       

       

       

       Fig. 66. Shear Diagram  

       

 

       

       

       

       

       

       

       Fig. 67. Moment Diagram  
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Parameter Value  

Vmax (kN) 250 

Mmax (kN-m) 571.25  

 Table 24. Maximum Shear  

and Moment in Intermediate 

Shear Beam 

Fig. 68. Loading Diagram  

       

 

       

       

       

       

       

       

       Fig. 69. Shear Diagram  

       

 

       

       

       

       

       

       

       Fig. 70. Moment Diagram  
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Parameter Value  

Vmax (kN) 200 

Mmax (kN-m) 147.5 

 Table 25. Maximum Shear 

and Moment in Transfer 

Beam 

       Fig. 71. Loading Diagram  

       

 

       

       

       

       

       

       

       Fig. 72. Shear Diagram  

       

 

       

       

       

       

       

       

       Fig. 73. Moment Diagram  
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  HEA 800   

  Parameter Unit Value  Remarks   

  c m 0.395    

  I m^4 0.003034    

  Ɑmax MPa 250    

  SF # 1.67    

  Ɑallowable MPa 150    

  M max kN-m 990.000    

  Ɑ MPa 128.89 PASS   

     

  HEB 500   

  Parameter Unit Value Remarks   

  c m 0.250    

  I m^4 0.001072    

  Ɑmax MPa 250    

  SF # 1.67    

  Ɑallowable MPa 150    

  M max kN-m 571.250    

  Ɑ MPa 133.22 PASS   

     

  UPN 300    

  Parameter Unit Value Remarks   

  c m 0.150    

  I m^4 0.0001606    

  Ɑmax MPa 250    

  SF # 1.67    

  Ɑallowable MPa 150    

  M max kN-m 147.500    

  Ɑ MPa 137.76 PASS   

Table 26. Allowable Bending Stress Calculation 
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  HEA 800   

  Parameter Unit Value  Remarks   

  †max MPa 250    

  SF # 0.6    

  †allowable MPa 150.00    

  t m 0.015    

  h m 0.79    

  Aweb m2 1.19E-02    

  V allowable kN 1,778    

  V kN 1000.00    

        

  HEB 500   

  Parameter Unit Value Remarks   

  †max MPa 250    

  SF # 0.6    

  †allowable MPa 150.00    

  t m 0.028    

  h m 0.5    

  Aweb m2 1.40E-02    

  V allowable kN 2,100    

  V kN 250    

        

  UPN 300    

  Parameter Unit Value Remarks   

  †max MPa 250    

  SF # 0.6    

  †allowable MPa 150.00    

  t m 0.0145    

  h m 0.3    

  Aweb m2 4.35E-03    

  V allowable kN 653    

Table 27. Allowable Shear Stress Calculation  
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  HEA 800   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 800    

  d mm 674    

  tf in 4.96    

  N in 33    

  Fyw ksi 36.25    

  tw in 0.59    

  E ksi 29000    

  Rn kN 834    

  Ra kN 417    

  Rapplied kN 2000 FAIL   

        

  HEB 500   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 500    

  d mm 390    

  tf in 4.33    

  N in 12    

  Fyw ksi 36.25    

  tw in 0.57    

  E ksi 29000    

  Rn kN 739    

  Ra kN 370    

  Rapplied kN 500 FAIL   

Table 28. AISC Web Crippling 
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  HEB 500   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 500    

  d mm 390    

  tf in 4.33    

  N in 8    

  Fyw ksi 36.25    

  tw in 0.57    

  E ksi 29000    

  Rn kN 738    

  Ra kN 369    

  Rapplied kN 250 PASS   

        

  UPN 300   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 300    

  d mm 232    

  tf in 2.68    

  N in 12    

  Fyw ksi 36.25    

  tw in 0.79    

  E ksi 29000    

  Rn kN 961    

  Ra kN 480    

  Rapplied kN 250 PASS   

Table 28. (Continued) AISC Web Crippling 
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  UPN 300   

  Parameter Unit Value Remarks   

  ɋ # 2 ASD   

  h mm 300    

  d mm 232    

  tf in 2.68    

  N in 8    

  Fyw ksi 36.25    

  tw in 0.79    

  E ksi 29000    

  Rn kN 953    

  Ra kN 476    

  Rapplied kN 200 PASS   

Table 28. (Continued) AISC Web Crippling 
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Fig. 74. Plan View of STL  
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Fig. 75. Front View of STL 

                    

 

 

 

 

 

 



 

 

115 

 

 

 

 

 

Fig. 76. Side View of STL  
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Fig. 77. Isometric View of STL  
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5.2. Determination of Test Procedure on Unimproved Ground 

The next step in the design of the static load test setup is to assess the footing 

response under the 2000 kN target load, in order to determine the ultimate test load and 

the stroke of the jack. The structural design allows loading up to 2000 kN with 

confidence; however, material properties of soils are less well defined and the jack 

operator should be aware of the range of pressures that could trigger a bearing capacity 

failure. The bearing capacity of a square footing is presented in Das (2011), based on the 

work of Terzaghi (1943), and expressed as  

ή  πȢψφχzὧz ὔ ήz ὔ πȢτz ‎z ὄ ὔzéééé..é...éééEq. 5.1 

Where:   

Nc , Nq, NҪ, are dimensionless factors and, for a cohesive soil with no friction 

angle, will have values of 5.7, 1.0, and 0.0 

q is the insitu confining pressure 

Ҫ is the soil unit weight  

B is the width of the footing 

c is the cohesion of the soil 

Das (2011) further describes the work as Meyerhof (1963), who expressed the general 

bearing capacity equation for footings on cohesive materials, with no embedment, and a 

vertical load as:  

ή  ὧz ὔὊὊ ééééééééé..éééééééé.éé..ééEq 5.2 

Where:   

Nc  is a dimensionless factor with a value of 5.14 

Fcs, Fcd are dimensionless factors and will have values of 1.194, 1 

c is the cohesion of the soil 
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 Using this formulation as suggested by Terzaghi (1943) and presented in 

Equation 5.1, the ultimate bearing capacity of the footing at the surface and on material 

with a soil cohesion of 40kPa to 200kPa will have an ultimate bearing capacity ranging 

between 212kPa to 1002kPa, as shown in Table 29. The use of Meyerhof (1963) 

increases the range to 245kPa and 1228kPa, as shown in Table 30.  Accordingly, a 

minimum bearing load of 982kN is expected and the load test can proceed comfortably to 

that limit. After that pressure is reached, the load test may be increased further with 

caution since the upper range of the bearing exceeds the minimum by a factor of five.  

The required stroke of the loading jack is an important specification to determine 

in procurement of the appropriate jack, as well as the need for shimming. The predicted 

settlement can be assessed using settlement formulae, such as Schmertmann (1978), 

where the calculation of settlement can be expressed in a more generic form of  

ȹ = Q / k  éééééééééééééééé.ééééééééé.Eq. 5.2 

Where:  

ȹ is the displacement of the footing 

Q is applied load 

k is the stiffness of the footing in the linear elastic zone, or the secant modulus of 

the footing load settlement curve in kN/mm 

And  

k = C * Eéééééééééééééééééééééééééé Eq. 5.3 

Where:  

C is a dimensionless constant based on the footing width 
 

E is the elastic modulus of the soil (MPa) 
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Parameter Value Remark 
  

Parameter Value Remark 

 

c' (kPa) 40 Lower Range 
  

c (kPa) 40 Lower Range 

 

Nc 
5.7    

Nc 5.14  

 

q (kPa) 
0    

Fcs 1.195  

 

Nq 
1    

Fcd 1  

 

Ὓ (kN/cm) 
18    

q (kPa) 245.6  

 

B (m) 
2    

Q (kN) 982.4  

 

NὛ 
1   

  
 

 

q (kPa) 
212.076 Eq. 5-1   

Parameter Value Remark 

 

Q (kN) 
848.304    

c (kPa) 200 Lower Range 

   
  

Nc 5.14  

 

Parameter Value Remark 
  

Fcs 1.195  

 

c' (kPa) 200 Upper Range 
  

Fcd 1  

 

Nc 5.7  
  

q (kPa) 1228  

 

q (kPa) 0  
  

Q (kN) 4912  

 

Nq 1  

            

           Table 30. Meyerhoff Bearing Capacity 

 

Ὓ (kN/cm) 18  
        

 

B (m) 2  
        

 

NὛ 1  
        

 

q (kPa) 1002.78 Eq. 5-1 
        

 

Q (kN) 4011.12  
        

 

Table 29. Terzaghi Bearing Capacity 
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 Using the software CSANDSET, as described by Knowles et al. (1991), a linear 

regression demonstrates that the constant C, as defined above, for a 2m wide footing can 

be approximately as 2.257 * 10-3. Immediate settlement under undrained conditions 

follows a similar formulation to Schmertmann (1978). Initially proposed by Janbu et al. 

(1956), Christian and Carrier (1978) modified and presented charts for isolated and strip 

footings. In a similar form to Equation 5-3, the case analyzed by Christian and Carrier 

(1978) can be shown that C for a 2m wide footing can be approximated as 2.949 * 10-3. 

The elastic modulus for stiff to very stiff clay will range between 12 and 25MPa, 

resulting in settlement ranging between 27mm and 56mm at the target load, as shown in 

Tables 31 and 32. The stroke of the hydraulic jack should be well in excess of 50mm to 

avoid interrupting the load test to shim the jack and reaction beam, and a stroke in excess 

of 100mm is preferable. Similarly, the stroke of displacement transducers should also 

exceed this value to avoid adjustments during the progress of the test.  

The test procedure on improved ground aims to result in the maximum reduction 

in settlement through the adoption of the stiffest possible stone columns design. The 

stiffness provided by a configuration of stone columns is proportional to the area 

replacement ratio, and Barksdale et al. (1985) uses the following relationship to calculate 

the area replacement of a triangular unit cell 

ὥ πȢωπχz  éééééééééééééééééééééé.Eq. 5.7 

Where:  

as is the area replacement ratio of the unit cell 

D is the diameter of the stone columns  

s is the spacing between columns  
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 Based on constructability criteria, five stone columns, each with a diameter of 

sixty centimeters, would minimize the spacing between the columns without 

compromising stability of the excavated bore. For footings supported on a configuration 

of five columns, an equilateral triangular spacing cannot be achieved if the columns are 

to be constructed beneath the footprint of the footing. In this case, Eq. 5.7 is not 

applicable and the unit cell was calculated geometrically. The minimum configuration 

that could be installed with column diameters used in the industry while remaining 

symmetrical are three columns of sixty centimeter diameter. An intermediary case was 

desired for the static load test and accordingly the five column configuration was used 

while reducing the column diameter to fifty centimeter. The column layouts are presented 

in Figure 78. Predicted settlements are investigated by performing an analysis using the 

Priebe method (1995), as incorporated in the software DC Vibro 2.8. The design inputs 

consisted of a soil cohesion of 100 kPa, a soil elastic modulus of 20 MPa, a column 

friction angle of 40o, and a column elastic modulus of 100 MPa.  DC Vibro calculates a 

linear elastic settlement which turned out to be about 34.56mm for the case of 

unimproved ground. This settlement estimate is less than the value of 44.3mm which was 

calculated using Schmertmannôs method, as shown in Figure 79.  

 For the footing on stone columns, DC Vibro only processes equilateral triangular 

or square grid layouts, so the resulting analysis coerces a result by adjusting the column 

spacing used in the computation. Under the most heavily reinforced column 

configuration, the program calculates a settlement of 21.6mm, or a settlement 

improvement ratio of 62%, at a unit cell area replacement ratio of 28.9%. Under the least 

heavily reinforced column configuration, the program calculates a settlement of 

23.13mm, or an improvement ratio of 67%, at a unit cell replacement ratio of 16.6%. The 
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analysis uses the higher range of soil properties, and this reduces the calculated 

improvement of stone columns and reduces the magnitude of the settlement variation at 

different replacement ratios.  

 

  Parameter Unit Value Remarks   

  Q kN 2000    

  C # 2.26E-03    

  E MPa 12 Lower Range   

  k kN/mm 2.71E-02 Eq 5-2   

  ȹ mm 73,877.07 Eq 5-3   

             

  Parameter Unit Value Remarks   

  Q kN 2000    

  C # 2.26E-03    

  E MPa 25 Upper Range   

  k kN/mm 5.64E-02 Eq 5-2   

  ȹ mm 35,460.99 Eq 5-3   

  Table 31. Estimation of Settlement Using Schmertmann    
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  Parameter Unit Value Remarks   

  Q kN 2000    

  C # 2.95E-03    

  E MPa 12 Lower Range   

  k kN/mm 3.54E-02 Eq 5-2   

  ȹ mm 56.52 Eq 5-3   

             

  Parameter Unit Value Remark   

  Q kN 2000    

  C # 2.95E-03    

  E MPa 25 Upper Range   

  k kN/mm 7.37E-02 Eq 5-2   

  ȹ mm 27.13 Eq 5-3   

             

  Parameter Unit Value Remark   

  Q kN 2000    

  C # 2.26E-03    

  E MPa 20 Used in SC Calc   

  k kN/mm 4.51E-02 Eq 5-2   

  ȹ mm 44.33 Eq 5-3   

  Table 32. Estimation of Settlement Using 

 Christian & Carrier 
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   Fig. 78. Stone Column Configuration    
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Fig. 79. Estimated Settlement on Improved and Unimproved Ground 
 

5.3. Sequencing of the Testing Program 

The two static load tests (unreinforced and reinforced ground) were performed at 

the center of the test area in order to reduce the effects of any variation in the soil 

conditions. The static load tests were designed and implemented to assess the load 

settlement behavior of unimproved ground and reinforced ground with an intermediary 

reinforcement case. The dynamic RPLT tests were then performed around the locations 

of the two static tests according to a pre-defined scheme that was planned to develop a 

rich dataset at multiple locations with different stone column configurations, area 

replacement ratios, and varying levels of peak stress to meet the objectives of the 

research program. A flexible testing scheme that involved different number of blows and 

different drop height was envisaged for each test location, resulting in a total of twelve 

dynamic test locations that were scattered within the perimeter of the research area at a 

sufficient distance such  that stresses do not overlap between test locations. The 

preliminary layout plan that shows the test locations is presented in Figure 80. 
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Fig. 80.  Test Layout Plan  

 

The first concern of the investigation was to determine if the test would be 

repeatable at successive installations of the test equipment and at varying levels of peak 

stress. Test scheme #1 consisted of multiple cycle load tests in order to assess the 

variation of the measured peak load for multiple drops at the same footing location. The 

cushion would need to be freshly replaced with each blow as the EPS component was 

expected to deform plastically upon application of any significant level of stress, altering 

its ability to extend the force pulse duration. Test scheme # 2 duplicated this assessment 
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to confirm that a second installation of the test would continue to provide repeatable 

results as well as confirm that tests were repeatable at different stress levels. The initial 

stress level was the same as test scheme #1, and a second stress level was determined that 

would be twice the magnitude of the first stress level. Again, the cushion was freshly 

replaced with each load cycle. 

The load test procedures reported by authors using devices mentioned in Chapter 

2 were reviewed to incorporate their observations in the development of the optimal 

testing procedures. These studies indicated that both single cycle and multiple cycle load 

test procedures can be used as they both exhibited certain benefits. Accordingly, the 

research program for the RPLT included both approaches. Single cycle load tests were 

planned to the maximum load that a thick cushion could provide with a pulse duration in 

excess of 100ms on unimproved ground for test schemes at locations 3, 4, 5 and 6. The 

purpose of the tests was to allow comparison with the results of the static load test on 

unimproved ground. In this series of tests, maintaining a long duration for the dynamic 

tests was a priority in lieu of reaching the target test load of 2000kN. Along parallel lines, 

a multiple cycle dynamic load testing program was planned and executed to the 

maximum RPLT test capacity at 2000kN on unimproved and improved soil in test 

schemes 7 and 8 for comparison with the baseline static load test cases on reinforced and 

non-reinforced ground.  The drop heights in successive loading cycles was generally 

increased by 20 cm intervals; however, the final applied load increments were amended 

on site as-needed based on the monitored performance. The sensitivity of the results to 

the area replacement ratio and the stone column configuration was also investigated by 

varying the area replacement ratio to a greater value at test scheme 9 and to a lower value 

at test scheme 10.  
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5.4. Site Works and Preparation 

Local contractors were recruited to help with the preparation of the site, 

installation of reaction anchors, and construction of the stone columns. Site preparation 

works began in September 2015, and the surface layer, replete with organic material, was 

grubbed and excavated with a skid dozer to tens of centimeters and releveled. A survey 

team marked the locations of all reaction anchors and stone columns. Stone columns 

installation used techniques similar to those used in installing Rammed Stone Columns, 

as described by Barksdale et al. (1983). A percussion drilling rig, shown in Figure 81, 

was used to excavate the columns and the excavated bore remained stable as confirmed 

by depth check of the excavation bottom prior to backfilling with gravel using a sounding 

weight. The excavated bore remained open unsupported as shown in Figure 82, and this 

provides an indication of the material stiffness. A hopper with the measured lift volume 

was used in discharging gravel through a five inch diameter pipe to the bottom of the 

excavated hole, and the column was constructed in four to five lifts, each of 

approximately 0.25 m3. A fabricated steel mandrel was fastened to the rig chisel and 

repeated blows were used to compact the lift.  

The stone columns were leveled so that the columns were clearly revealed on the 

surface and red warning tape was used to delineate footing test locations. Figure 83 and 

84 show the three column and five column configurations, respectively. A mobile crane 

that was used in assembly of the static load test was also used to assemble and perform 

the rapid plate load test. Pictures showing the assembly and setup of the static load test 

are presented in Figure 85. After placement of the footing at the test location, the bottom 

of the footing was inspected for any gaps and the attitude of footing was assessed using a 

one meter long spirit level to check if the footing was approximately level. Fine sand was 
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used to infill gaps in order to relevel the footing. Twelve meter long steel reference 

beams were wrapped in opaque sheeting to prevent uneven temperature changes in the 

beam which was supported by brick cribbing approximating roller supports at clear 

distance of 2.5B, or five meters, while two LVDTs and two analog dial gages were 

fastened to the reference beam at the corners of the footing. Procurement restriction 

resulted in the stroke of the LVDTs and dial gages being limited to a range of 50mm, 

which should necessitate a pause in the loading to rezero gages. A double acting 

hydraulic jack with a stroke of 150mm was procured and was hydraulically loaded using 

a manual hand pump. The instrumentation and jack are shown in Figure 86. The 

instrumentation and acquisition equipment was unloaded and checks were briefly 

performed to ensure proper function before testing. An electric generator for battery 

packs was commissioned and a desk sheltered by polyethylene sheeting was setup to 

place recording equipment and relevant notebooks. The hammer was loaded into the 

safety frame above the dynamic test footing locations as shown in Figure 87. This 

complete site preparation work, and test procedures were ready to commence acquisition 

of field data on the RPLT, as described in the following chapter.  
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Fig 82. Stable Excavated Bore 

 

 

Fig. 81. Mandrel and Percussion Rig 

 

 

 
Fig. 84. Five Column Layout 

Fig. 83. Three Column Layout   
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Fig 85. Construction of Reaction 

                    Assembly    

 

Fig. 86. Instrumentation & Jack  

     

 

     

          

          

          

          

          

          

          

          

          

          

          

     Fig. 87. Insertion of Hammer into  

                    RPLT Frame  
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CHAPTER 6  

ASSESSMENT OF TEST MECHANICS 

 

The mechanics of a rapid load test were investigated using analytical and 

graphical approaches. A comparison was made between the acquired force-pulse and the 

force-pulse generated by other systems, including those that do not use a falling weight. 

The ability of the RPLT to provide repeatable results in terms of applied load and the 

consistency of the deflection response was also investigated. The importance of the 

cushion thickness as a parameter in determining the force-pulse duration was studied.  By 

application of the Unloading Point Method (UPM), the contributions of the spring and 

dashpot components to the load resistance were determined, and the significance of the 

force-pulse duration and peak applied load on the relative magnitude of those 

components was studied. Finally, the frequency spectra of acquired force-pulses were 

compiled using force-pulses with a range of peak loads and durations.  

 

6.1. Field Notes on Test Activities 

The testing program took place in Qabb Elias between the dates of October 30 

and December 11, 2015. On the first day of testing, the site was inspected and the 

grubbing and site leveling work was found to be satisfactory. There was no indication of 

standing water, the ground surface was generally dry, reaction anchors and stone columns 

were clearly exposed. The test site as found on the morning of October 30th 2015 is 

shown in Figure 88. As part of the test preparation, each footing location was subjected 

to a five centimeter seating blow to compact any loose soil, level the ground, and remove 
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any air gaps beneath the footing. This activity conveniently ensured that the 

instrumentation with the RPLT was working correctly prior to full scale testing.  

 The complete set of footing load tests that were conducted in the study area is 

presented in Table 33. In the table, each dataset is referenced using a unique identifier as 

presented in a format that designated by A-B-C-D, 

Where:   

A refers to the location and is exclusively QE (Qabb Elias)  

B is the dataset ID 

C is the footing location number 

D is the cycle number  

The appendix includes the complete set of acquired data. As executed, test 

scheme # 1 which was conducted at footing location 1 consisted of three identical blows 

using a drop height of about 0.4m, resulting in a target load of around 400kN. At 

Location 2, the footing was subjected to five identical blows using a drop height of about 

0.4m at the same target load of 400kN, followed by an additional five blows whereby the 

drop height was increased to 0.75m to target a peak load of 800kN. Single cycle tests on 

unimproved ground were performed at location 3, location 4, location 5, and location 6. 

The cushion thickness was 50cm for each blow and freshly replaced with every blow. 

The first blow resulted in a test of 1200kN, and after noting ample load pulse duration, 

the drop height was increased to 80cm in order to target 1600kN. The multiple cycle load 

tests were undertaken at test location 7, and followed by tests on improved ground at 

locations 8, 9, and 10. The cushion was 50 cm thick at the start of the test at location 7, 

and replaced upon mobilizing onto location 9. Finally, a single cycle load test on a 

footing improved by stone columns was performed at location 8.  
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Fig. 88. Site Photograph Upon Mobilization 

 

The acquisition of field RPLT data was performed by an automated program and 

recorded in a text file format which can be imported into a spreadsheet for visualization 

of results, as well as for use in numerical processing by a specially developed spreadsheet  
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 Test ID Test Date Test Description Weather  

 

RPLT Set 1 30/10/2015 

Multiple Load 

Cycle, 4 Locations 

Intermittent 

Showers, no breeze 

 

 

RPLT Set 2 27/11/2015 

Single Load Cycle, 

5 Locations Clear, mild breeze 

 

 

RPLT Set 3 11/12/2015 

Multiple Load 

Cycle, 2 Locations Clear, no breeze 

 

          

 Dataset ID Location # Cycle # Remarks  

 

 
1 

7 

1   

 2   

 3   

 4   

 5   

 

8 

1 Acquisition Failure  

 2   

 3   

 4   

 5   

 6   

 7   

 

9 

1   

 2 Acquisition Failure  

 3   

 4   

 5   

 
 

10 

1   

 2   

 3   

Table 33. Diary of Load Testing Activities 
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 Dataset ID Location # Cycle # Remarks  

 

1 10 

4   

 5   

 6   

 7   

 8   

 

2 

3 1   

 4 1   

 5 1   

 8 1   

 6 1   

 

3 

 

1 

1   

 2   

 3   

 

2 

1   

 2   

 3   

 4   

 5   

 6   

 7   

 8   

 9   

 10   

Table 33. (Continued) Diary of Load Testing Activities  
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6.2. Observations on the Force-pulse  

Figure 89 compares force pulses referenced in the literature with comparable 

force pulses generated by the RPLT. The Force pulses displayed are generated by the 

PSPLT (Schellingerhout et al., 1995), the Statnamic device (Middendorp et al., 1992), 

and the RPLT (QE-1-10-6) while using a cushion of less than 50cm thickness. The peak 

load ranges between 2500 kN to 2700 kN, and the RPLT force pulse is similar in shape 

and duration. The 50% load level of the RPLT is noticeably less than that of the 

Statnamic in the cushion configuration used, and both are significantly shorter than the 

force pulse generated by the PSPLT, which is nearly 200ms.  

Figure 90 compares an RPLT force pulse (QE-2-5-1) using a cushion thickness in 

excess of 50cm with force pulses obtained by PSPLT (Schellingerhout et al., 1995), and 

Statnamic (Hajduk et al., 1998). The peak load is approximately 1600 kN, and again the 

PSPLT generates significantly longer pulse duration at 50% of the load than either 

Statnamic or RPLT. The load rise time of the RPLT is shorter than that of Statnamic, 

however and the force pulse durations are comparable.  

Figure 91 compares two RPLT force pulses (QE-3-8-1, QE-3-10-4) at low stress 

levels and a thick cushion in excess of 50cm with a blow generated by PSPLT 

Schellingerhout et al., 1995) at peak loads ranging between 200kN and 500kN. The load 

pulse duration of all blows is in excess of 200ms, and the RPLT maximum recording 

duration of 250ms was exceeded, leading to clipping of data.  At this low stress level, the 

RPLT pulses reveal a sudden load rise initially, and the force pulse QE-3-8-1 maintains 

the peak load for approximately 150ms, approximating a square pulse over this duration, 

which is reminiscent of a static load application.  
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    Fig. 89. Comparison of Forces Pulses  

                          @ 2,500 kN Peak Load  

   

       

    

 

   

       

       

       

       

       

       

    Fig. 90. Comparison of Forces Pulses @ 1,600 kN    

    

 

   

       

       

       

       

       

       

    Fig. 91. Comparison of Forces less than 500 kN     
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6.3. Rapid Load Test Consistency and Repeatability 

Figure 92 compares both the load and deflection response at virgin locations 

using freshly replaced cushions for three blows (QE-2-5-1, QE-2-6-1, and QE-2-7-1). A 

target peak load of 1600kN was targeted using three different combinations of drop 

height and cushion thickness, resulting in deflections ranging between 32mm and 37mm 

(Fig. 92). This demonstrates consistent load and deflection behavior with minor 

variations that could be attributed to changes in ground compressibility. The results 

indicate that the load and displacement responses are proportional during loading and 

exhibit a response that is in line with classical rapid load settlement curves (Middendorp 

et al., 1992) which exhibit loss of proportionality between the points of maximum load 

and maximum deflection. Following the point of maximum displacement, the classical 

rapid load settlement curve shows proportional response between load and deflection, 

however, loss of proportionality was observed after a given interval. This loss of 

proportionality is ascribed to the initiation of free vibration of the footing following 

release of the load, drift in accelerometer measurements, or the arrival of a surface wave 

to the laser reference. The acquired load settlement curves are displayed up to this point 

and supplemented by a single point at the residual measured settlement.  
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Fig. 92. Consistency of Acquired Load Settlement Curves 

             

A series of multiple cycle tests at a single location were performed to ascertain 

repeatability of the peak load using a constant drop height and cushion thickness while 

using a freshly replaced cushion on each blow. Figure 93 presents the test result in the 

form of a histogram, with an average peak load of 390.9kN for the first five blows (QE-

3-10-1 through QE-3-10-5), and a standard deviation of 13.3, or a COV of 3.4%. The 

subsequent five blows (QE-3-10-6 through QE-3-10-10) were performed at an average 

peak load of 813.2 kN and exhibited a standard deviation of 7.5 or a COV of 0.9%. This 

is a positive result, and the COVs appear to decrease as the stress level increases. The 

small observed variations could be attributed to minor variations in the drop height, the 

efficiency of the guide system against friction losses, eccentricity of the drop, the 

material property differences in the cushion, or errors in the measurement resolution. 
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Fig. 93. Repeatability of Applied Peak Load  

 

 

 

 

 

 

 

 

 

 

Fig. 94.  Residual Settlement Under Multiple Cycle Load Test   
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The deflections observed during the repeatability testing at target loads of 

approximately 400 kN and 800 kN were inspected, and the residual/permanent 

settlements were calculated for each cycle and presented in the histogram shown in 

Figure 94. Results indicate that the residual settlement per cycle decreased systematically 

as the number of cycles increased. Maximum permanent settlements in the order of 

3.0mm / blow were observed for the first cycle and decreased to values in the order of 

1.75mm / blow in the last cycle. Although the residual settlement per cycle did 

progressively decrease with each loading cycle, an asymptotic decrease to zero was not 

observed within the number of testing cycles. A power function can be used to describe 

the reduction of additional incremental residual settlement at the 400 kN stress level with 

progressive load cycles, however, at the 800 kN stress level the reduction of incremental 

residual settlement with progressive load cycles was linear. This could be interpreted to 

mean that at higher stress levels, a greater number of load cycles are needed before the 

incremental residual settlement achieves a constant value. The magnitude of settlement 

under similar cyclic loading is thought to be a function of the material density and the 

applied load. Accordingly, it is expected to be smaller in stiffer material or improved 

ground than the stiff clays at the research station. 

 

6.4. Cushion Mechanics 

As indicated in the previous section, the peak load hat could be applied by the 

RPLT is related to both the cushion stiffness and drop height. Equation 2-7 could be used 

to back calculate a cushion stiffness. When the cushion thickness is normalized by the 

drop height, a relationship in the form of a power distribution emerges, as shown in 

Figure 95. It is important to note that similar to measures of stiffness and compressibility 
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in other materials, the cushion stiffness is stress dependent. The R2 value of the trend line 

improves when the cushion thickness is normalized by the peak load as measured by the 

load cell, as displayed in Figure 96, and this is attributed to the force transducers 

accounting for variations in the drop height or other mechanics of the drop.  
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Fig. 95. Relationship between Drop Height and  

   Cushion Thickness and Stiffness 

 

 

Fig. 96. Relationship between Peak Load and 

      Cushion Thickness and Stiffness 
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For rapid pile load tests, the minimum allowable duration for the applied load is 

determined by testing specifications. However, no similar reference could be identified 

for the minimum pulse duration for footings subjected to rapid loads. The testing 

specification for piles determines the minimum duration of the load as the time needed to 

fully compress the pile and is accordingly a function of the pile length and the wavespeed 

of stress waves within the pile material. By analogy, it was assumed that the same 

principal may be applied, wherein the pile length could be replaced by the depth of 

influence, approximately twice the width of the footing, and the wave speed in the pile 

material could be replaced by the wave speed in the soil.  

In the case of RPLT, the depth of influence is 4m or 2B. The P-Wave component 

of the wave speed will be very short over such a distance. According to Das (2011) the P-

wave velocity ranges between 200m/s to 2,500m/s for dry silts, alluvium, and compacted 

clays with values exceeding 1,500m/s beneath the water table.  Using equation 2.1, the 

minimum duration using the dimensionless constant F of 12, referenced by the equation 

and the standard, and the most conservative (minimum) compressive wave speed of 

200m/s yields a minimum pulse duration of 240 ms for the RPLT. Since the groundwater 

table is encountered within the zone of influence of the footing it can be assumed that the 

minimum pulse duration of 240 ms is a rough estimate at best in assessing whether or not 

a uniform stress distribution occurs beneath the footing. However, this is only of interest 

to the research program if it explains variance in load settlement behavior under static or 

dynamic modes of loading.  
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6.5. Components of Resistance to Applied Load 

The spreadsheet developed using the UPM technique described in Chapter 2 

calculates the inertial and viscous forces during any blow. The peak applied load, viscous 

resistance, inertial resistance, and duration were calculated for each blow. The force 

pulse duration at which a dynamic load would transition to an equivalent, static load is 

not defined, although some authors have commented that 500ms is sufficient. Force pulse 

durations for all test blows were calculated beginning at the 10% peak load level, as 

suggested by Matsumoto et al. (2006) to eliminate small preloads or low trailing loads 

and hereafter referred to simply as the force pulse duration, as well as the 50% peak load 

level duration.   

A multivariate regression of viscous resistance, as a percentage of the peak 

applied load and assumed as a dependent variable, was performed to assess if it 

correlated with independent variables of the peak applied load and the 50% duration. The 

results are presented in Table 34, and the R2 value of 0.93 indicates that there is a strong, 

positive correlation between the independent variables and the dependent variable. The 

T-Stat values for the load and duration are 10.38 and 0.80 respectively, and this indicates 

our confidence in the significance of the applied load to the magnitude of viscous 

resistance is much higher than our confidence in the significance of the pulse duration to 

the viscous resistance. Similarly, the P-Stat values for the load and duration are 1.48E-10 

and 0.43 respectively, and using a cutoff for significance of 0.05, we can conclude that 

the applied load is significant and that the pulse duration is not. For a drop mass of a 

given weight, the only way to increase the loading is to increase the drop height and the 

potential energy, and by extension, the velocity at impact. The correlation of the peak 

load to the percentage of viscous resistance generated by that peak load suggests that 
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there is an upper load limit for the test beyond which further increases of the load will be 

lost in viscous damping and will not stress the spring resistance, representing the static 

resistance. The analysis using this data set is based on a single hammer of a mass of 8000 

kg and by using heavier hammers the load may increase without a corresponding increase 

in impact velocity, and that is suspected to increase the peak capacity of the test. A 

similar analysis using the percentage of inertial resistance as the dependent variable 

reaches a similar conclusion, as shown in Table 35. 
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Regression Statistics                    

Multiple R 0.965307972                    

R Square 0.931819481                    

Adjusted R 

Square 0.926365039 

                   

Standard 

Error 164.0562108 

                   

Observation                      28                    

                          

ANOVA                         

 df SS MS  F Significance          

Regression 2 9195955 
4597978 

 

170.8368 

 

2.63E-15 
        

Residual 25 672861 26914.44           

Total 27 9868816            

                          

  

Coeff 

Standard 

Error 
T Stat P-Value 

Lower 

95% 

Upper  

95% 

Lower 

95% 

Upper  

95% 

Intercept -533.644655 237.2087 -2.24968 0.033519 -1022.19 -45.1043 -1022.19 -45.1043 

X Var. 1 

(Load) 0.76245529 

0.073407 

10.3867 1.48E-10 0.611271 0.91364 0.611271 0.91364 

X Var. 2 

(Duration) 3.12507258 

3.897966 

0.801719 0.430271 -4.90294 11.15308 -4.90294 11.15308 

Table 34. Multivariate regression of Viscous Resistance with Peak Load and Duration 
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Regression Statistics                     

Multiple R 0.971807                     

R Square 0.944409                     

Adjusted R 

Square 0.939962 

                    

Standard 

Error 26.91234 

                    

Observation                      28                     

                           

ANOVA                          

 df SS MS  F Significance           

Regression 2 307608.9 153804.4 212.3566 2.05E-16          

Residual 25 18106.85 724.2742            

Total 27 325715.7             

                           

  

Coeff 

Standard 

 Error 
T Stat  P-Value 

Lower 

95% 

Upper  

95% 

Lower 

95% 

Upper  

95%  

Intercept -111.959 38.91252 -2.87719 0.008094 -192.1 -31.8168 -192.1 -31.8168 

X Var. 1 0.146368 0.012042 12.15486 5.45E-12 0.121567 0.171168 0.121567 0.171168 

X Var. 2 1.02015 0.639436 1.595391 0.12319 -0.29679 2.337092 -0.29679 2.337092 

Table 35. Multivariate regression of Inertial Resistance with Peak Load and Duration 
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6.6 Spectral Analysis of Force-pulse 

An investigation of the frequency content under different cushion configurations 

is of interest and was inspired by a similar investigation described by Briaud (1990). The 

analysis performed used the Fast Fourier Transform to develop frequency spectra of force 

pulses generated by steel, rubber tipped, and Teflon tipped hammers. The same technique 

was applied to develop a frequency spectra for all blows applied. Figures 97 shows 

frequency spectra for blows QE-1-9-1 through QE-1-9-8, suggesting that peak load is 

proportional to the amplitude of the spectra across a range of frequencies. Inspection of 

blows with comparable peak loads (QE-1-2-2 & QE-3-8-1; QE-1-1-4 & QE-2-6-1) but 

with varying durations shows that the force pulse duration is proportional to the peak 

amplitude at the monotonic frequency of 0Hz, while the amplitude of higher frequencies 

is less sensitive to differences in duration as indicated in Figure 98. 

The mechanics of the test described in this chapter are useful in planning and 

auditing test results. The minimum duration required for the test is not conclusive using 

the analyses performed. However, an argument to suggest that the force-pulse duration 

should exceed 100ms is appealing for a variety of reasons. UPM processing is a 

numerical technique performed on an underspecified system. Results indicate that the 

viscous forces will be minimized at durations in excess of 100ms for low levels of 

applied stress. Furthermore, the frequency spectra clearly minimize high frequency 

components with increasing duration, and this is a step to avoiding problems associated 

with a frequency dependent spring constant in the spring dashpot model.    
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Fig. 97. Frequency Spectra at Increasing Peak Loads and Decreasing Duration  

 

 

 

Fig. 98. Frequency Spectra at Constant Peak Loads and Increasing Duration  

 

 

 

 



 

 

152 

CHAPTER 7  

STATIC LOAD TEST RESULTS  

 

The erection of the static load test assembly marked an important milestone in the 

research program. The site investigation and characterization was complete, and 

expectations of the footing response during loading had matured. The site preparation 

required significant effort and an innovative approach to install the stone columns and 

observation of their performance was eagerly anticipated. Finally, the commissioning of 

the RPLT had yielded insight into the mechanics of the test, and this assured concerns 

about the ability of the RPLT to provide meaningful test results.  

The first static load test was performed on 7/11/2015, with intermittent showers 

alternating with bright skies. Table 36 summarizes the test and the photograph in Figure 

99 shows the load test under progress as the reaction beam had lifted from the support 

cribbing. During loading stages the jacking progressed uniformly while during holding 

stages the jacking was continued intermittently to maintain the oil pressure. In the case 

when the jack reached maximum stroke prior to achieving the target load, shimming 

between the jack and reaction beam was applied. Safety considerations were adopted that 

required visual inspection of the beams during the test to investigate presence of warping, 

yielding of the web beams, and excessive elongation of the anchors.  
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Test ID Test Date Test Date Weather Location # Cycle # Remarks 

Static 

Footing A 
7/11/2015 7/11/2015 

Intermittent 

Showers, 

mild breeze 

A 

1 

 

Maximum stroke 

reached, load shimmed 

2 
Test terminated due to 

creep 

Static 

Footing B 
12/11/2015 12/11/2015 

Intermittent 

Showers, 

mile to no 

breeze 

B 1 
Test terminated due to 

creep 

Table 36. Diary of Static Load Test  

 

 

Fig. 99. Test in Progress and Assembly Unsupported at Cribbing 
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7.1. Comparison of Static Load Test Result with Estimates 

The results of the static load tests on unreinforced (SLT-1) and reinforced ground 

(SLT-2) are displayed in Figure 100. As expected, results indicated a stiffer behavior at 

the footing location that was improved with stone columns. It is also worthy of note that 

the second load cycle of the test at the unimproved footing location progressed along a 

recompression curve before rejoining the virgin compression curve where it was 

discontinued from the first load cycle. The shape of the load settlement curve was in line 

with published work by Akbas et al. (2009) who described a foundation load-settlement 

response in terms of a linear region, followed by a nonlinear transition region.  

The footing response to load was observed to be linear up to deflections ranging 

between 25mm on unimproved ground and 35mm on improved ground, which represents 

a fraction of the footing width of 1.25% and 1.75%. To illustrate the degree of linearity 

observed in the initial elastic region, R2 values that are close to 1.0 were determined and 

displayed on the graph in the initial portion of the load settlement curve of the footing on 

both unimproved and improved soil.  

Beyond the linear portion of the load-settlement curves, the data shows a 

relatively short nonlinear transition region which was terminated at about 2000 kN since 

the tests ultimately failed to progress on account of continual creep past the fifteen 

minute loading interval. The peak load measured on improved ground (~ 2000 kN) 

exceeded the peak load on unimproved ground (~ 1900 kN) and sustained smaller 

residual settlements of approximately 30mm in comparison to 43mm observed on 

unimproved ground.  
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The settlement of unimproved footing was compared to earlier estimates 

generated by the software DC Vibro and the Schmertmann (1978) method, as displayed 

in Figure 101. The observed settlement exceeded both estimates. However, the linear 

behavior validates the application of either the DC Vibro or Schmertmann approaches at 

relatively smaller displacements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

156 

 

 

Fig. 100. Linearity of Static Load Test Result  

 

 

 

 

Fig. 101. Comparison of Estimated and Measured Load  

        Settlement Curves on Unimproved Ground  

 

 

 

 

 

 


