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1. INTRODUCTION 

1.1 Statement oCProblem 

The design of drilled shafts for lateral loading poses one of the greatest uncertainties for design 

engineers. The magnitude of the reaction of the soil or rock surrounding a laterally loaded drilled shaft is a 

function of the lateral deflection of the shaft, and yet the lateral deflection is dependent on the soil reaction. 

Thus, calculating the behavior of a shaft under lateral load involves the solution of a soi~structural 

interaction problem. This is a difficult solution to calculate because of the complex, non-linear behavior of 

soil and rock and the highly iterative solution required to have a soil-structural system that satisfies these 

two conditions: 1) the equations of eqUilibrium and 2) the compatibility between deflection and soil 

reaction. Because many of the proposed solutions to the problem require full-scale load tests to obtain soil 

and rock data, there is little documented literature on the subject, especially in rock. Consequently, there is 

a high degree of uncertainty involved in the lateral capacity of drilled shafts in fractured rock and as a result 

many drilled shafts are quite often over designed. 

1.2 Objectives 

There are four objectives for this research program: 

1. There is a need for additional data from full-scale load tests performed in weathered, heavily 

fractured rock. A primary objective ofthis program will be to perform a series of fuUscale 

static and statnamic tests on drilled shafts founded in heavily weathered, fractured quartzite. 

2. The data from the load tests performed in this research program can be used to verify 

available design methods such as the Poulos halfspace model, the Carter and Kulhawy finite 

element based parametric solutions, and the Pi' method. A design method that could 

accurately predict a drilled shaft's lateral load capacity has the potential of saving 

considerable amounts in construction costs. 



3. Often times because rock is heavily weathered and fractured, it is difficult to make field 

measurements of the rock's strength or to obtain rock cores that are useable in laboratory tests 

of strength. A goal of the research project will involve the investigation offield tests that can 

be used to determine the material properties of weak rock. 

4. The last goal of the research project will be to evaluate the ability ofthe relatively new lateral 

Osterberg test to accurately calculate p-y curves useable in widely available lateral analysis 

software such as LPILE and COM624. This test has great potential of being able to directly 

measure the non-linear load-displacement relationship. 

1.3 Notation 

It is important to make some clarifications about the terminology used in this research program. 

1. The terms 'shaft', 'test shaft', 'pile', and 'drilled shaft' are all used interchangeably. Deep 

foundation installations that are driven are often referred to as 'piles'. None of the test shafts 

were driven; they were all drilled. However, that distinction is not made within the text. 

2. The terms' horizontal displacement', 'lateral displacement' , and 'deflection' are used 

interchangeably. These three terms are all used to describe the displacement in the horizontal 

direction at either the ground level or the loading point. 

3. The test shafts were laid out in a grid and each was assigned a grid coordinate such as F4. 

4. The static shafts were tested in pairs. The direction of loading for all five static pairs was 

north-south. Often times shafts are referred to as the 'north shaft' or the 'south shaft'. 

5. The word 'diameter' and the symbol ~ are used interchangeably. 

6. The shafts are often identified by their physical dimensions: depth and diameter. Whenever a 

shaft is identified by its depth and diameter it should be understood that the depth is 

approximate. A shaft referred to as '36"~ by 6' may have a depth that is actually 5.7' instead 

of6'. The planned depth was 6' but the constructed depth was 5.7'. 

7. Additional explanation of the notation is given within the body of this paper, as it is needed. 
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2. BACKGROUND 

2.1 General 

Rock is generally thought of as an excellent, stable material on which to construct foundations. 

This type of thinking is likely the cause of the void in geotechnical engineering literature on the subject of 

drilled foundations in rock. Little has been published on the problem of laterally loaded drilled shafts in 

rock, especially rock that is weathered and fractured. The secondary structure of weak, fractured rock 

presents difficult challenges to the design of drilled shafts for lateral capacity. Some who have addressed 

the problem are Poulos (1971), Carter and Kulhawy (1992), Reese (1997), Fragio and Santiago (1985), 

Digioia and Roja-Gonzalez (1994), and Davisson and Prakash (1963). 

2.2 Laterally Loaded Drilled Shafts Founded in Soil 

The methods for evaluating the lateral response for drilled shafts founded in soil are well 

established. The most widely used procedure for designing laterally loaded piers in soil is the p-y method 

(Wyllie, 1992). The p-y method was first developed in the 1950's by petroleum industry-sponsored 

research performed by Hudson Matlock, and others. Piles were designed for the support of oil drilling 

platforms that were subjected to exceptionally large horizontal forces from waves and wind. With support 

of the Texas Highway Department and the Federal Highway Administration (FHW A), use of the method 

has been extended to the design of onshore foundations (Reese, 1984). 

The soil response to lateral loading is non-linear and dependent upon the shaft diameter and the 

soil in which the shaft is founded. The soil response also varies with the depth below the ground surface. 

P-y curves that are dependant on the shaft diameter and describe the non-linear response of the soil at 

different depths below the ground surface have been developed for a number of different soil and loading 

conditions. A typical p-y curve can be found in Figure 2.1 (Reese, 1984) where p is the soil resistance in 

units of force per unit length and y is the lateral displacement of the pile. The branch of the p-y curve O-a 
\ 

is representative of the elastic action of the soil. The branch a-b is the transition portion of the curve and 
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Typical p-y Curve (FHW A Handbook) 
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point b is the ultimate soil resistance. The p-y method calculates the lateral displacements of a pile through 

an iterative solution of the differential equation in Equation 2.1 using finite differences 

Eq.2.1 

where EI is the structural rigidity of the drilled shaft, y is the lateral displacement, x is the depth below the 

ground surface, Px is the axial load, and Es is the soil modulus (Reese, 1984). The equation is solved using 

a digital computer with widely available software such as LPILEPLUS © or the FHW A's COM624. 

P-y curves have been developed by a several researchers for different soils and loading conditions. 

P-y curves for soft clay with water above the ground surface were developed by Matlock in 1970. Matlock 

developed curves for both static and cyclic loadings after a series of loadtests on steel piles driven into 

clays near Lake Austin, Texas (Matlock, 1970). Reese, Cox, and Koop developed p-y curves for stiff clay 

in the presence of free water in 1975. These curves were derived from the testing of steel-pipe piles driven 

into stiff clay at a site near Manor, Texas (Reese, Cox, Koop, 1975). Reese developed p-y curves for stiff 

clay above the water table from the results of a lateral load test performed at a site in Houston on a drilled 

shaft (Reese and Welch, 1972). Curves for shafts in sand were developed from a series of tests performed 

in Corpus Christi (Cox, Reese, and Grubbs, 1974). P-y curves for rock will be discussed later in the 

Chapter. 

There are alternative methods of analyzing laterally loaded piles founded in soil that have been 

developed. Broms proposed a method that makes a distinction between short piles, the capacity of which is 

determined by the strength of the soil, and long piles, in which the pile strength is the decisive factor 

(Broms, 1964). Analysis methods in which the soil around the pile is treated as an elastic continuum have 

been developed by Douglas and Davis (1964), Spillers and Stoll (1964), Banerjee and Davis (1978), and 

Poulos (1971 and 1972). While many of the above mentioned techniques are effective, the p-y method 

appears to be the most widely used procedure for the design of deep foundations under lateral loading. 
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2.3 Laterally Loaded Drilled Shafts Founded in Rock 

Unlike the lateral capacity of drilled shafts in soil, there has been very little research performed in 

the area of lateral capacity for drilled shafts in rock. An extensive search of technical literature found seven 

realistic methods/guidelines dealing with the lateral capacity of drilled shafts in rock. The seven 

routines/guidelines are 1) Poulos (1971) half-space model 2) Carter and Kulhawy (1992) parametric 

solution 3) Reese (1997) p-y approach 4) Fragio and Santiago (1985) p-y approach 5) Digioia and Roja-

Gonzalez (1994) provisional design guideline for transmission poles and 6) Davisson and Prakash (1963) 

"rigid pole" solution for soil, and 7) Broms (1964) solution for short, free-headed piles in cohesive soil. 

The Broms and Davisson and Prakash analysis methods were originally developed to use in soil. It was 

considered that they might also be used in rock. It is very probable that the above mentioned background 

search failed to find every documented study of lateral capacity in rock. Some proprietary research was 

performed by the Electric Power Research Institute (EPRI). However, EPRI was unwilling to contribute 

their research reports to this project. 

2.3.1 Poulos (1971) 

Poulos (1971) proposed a solution that modeled a pile in a linearly elastic semi-infinite space. The 

horizontal displacement u and rotation of the top of the pile e are expressed in Equations 2.2 and 2.3 

respectively. 

Eq.2.2 

H M 
() = 1(If Elf + 1(1,/ E L3 

R R 

Eq.2.3 

H, M, and ER are the applied horizontal force, applied moment at the ground surface, and Young's modulus 

of the rock ~espectively. The coefficients IpH, IpM, IeH. and IeM are functions of the non-dimensional pile 

flexibility factor KR=EplpfERL 4 and can be found in Figures 2.2 to 2.4. Eplp is the structural rigidity of the 

shaft and L is the length of the shaft. 
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2.3.2 Carter and Kulhawy (1992) 

Carter and Kulhawy derived parametric solutions for the load-displacement relationship using the 

finite element method (FEM). Based on these solutions, approximate, closed-form equations were 

developed to describe the response for the full range of loading conditions, material properties, and socket-

rock mass stiffnesses. The method models the drilled shaft as a cylindrical elastic inclusion in a 

homogenous rock mass with Young's modulus Er• The shaft has a depth D and diameter B. The effective 

Young's modulus Ec for the drilled shaft is expressed in Equation 2.4. 

Eq.2.4 

Carter found that the effects of variations in the Poisson's ratio of the rock mass vr could be represented 

approximately by an equivalent shear modulus of the rock mass, G*. G* and Gr are described by Equations 

2.5 and 2.6 respectively. 

( 
3Vr ) G*=G r 1+4 

Eq.2.5 

G = __ E..:....r_ 
r 2(1 + vr ) 

Eq.2.6 

Carter and Kulhawy make the distinction between rigid and flexible members using the ratio of depth to 

diameter (DIB). A shaft is considered to be flexible when it satisfies the condition in Equation 2.7. 

~>(~)217 
B - G * 

Eq.2.7 

The lateral displacement u and rotation of the pile head e for a flexible shaft are expressed in Equations 2.8 

and 2.9 respectively. 
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( H )( E ) -1/7 (M)( E ) -3/7 

U = 050 G * B G t* + 1.08 G * B 2 G t* 

Eq.2.8 

( H )( E ) -3/7 (M)( E ) -S/7 

8 = 1.08 G * B 2 G t* + 6.40 G * B 3 G t* 

Eq.2.9 

The above equations are verified by the FEM results and the dimensionless displacements (G*BuIH) are 

plotted against the modulus ratio (EJG*). For the sake of brevity these plots are not included but can be 

found in (Carter & Kulhawy, 1992). 

There are cases encountered when short, stubby shafts are socketed into a weak rock and behave 

as rigid blocks. Equations similar to those derived for the flexible shafts are also derived for rigid shafts. 

A shaft is considered rigid when it satisfies the conditions in Equations 2.10 and 2.11. 

D (E ) 112 
B~ 0.05 G t* 

Eq.2.10 

~/(~)2 ~100 
G * 2D 

Eq.2.11 

The lateral displacement u and rotation ofthe pile head e for a rigid shaft are expressed in Equations 2.12 

and 2.13 respectively. 

= (~)(2D)-1/3 (M )(~)-7/8 
u 0.4 G * B B + OJ G * B 2 B 

Eq 2.12 

_ ( H )(~)-7/8 (M )(~)-S/3 
8 - OJ G * B 2 B + 0.8 G * B 3 B 

Eq.2.13 
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In order for rigid body motion to occur there must by a point about which the shaft rotates. The depth 

beneath the ground surface to the center of rotation Zc can be computed by Equation 2.14 where e=MIH is 

the vertical eccentricity of the applied horizontal force. 

(2D)-1I3 (e )(2D)-718 
0.4 -B- + OJ -B -B-

~------::-:::--------:-::-
B ( 2 D ) -7/8 ( e )( 2 D ) -5/3 

OJ -B- + 0.8 Ii -B-

Eq.2.14 

The above equations have been verified for the following ranges of parameters: 19)1B~1O and EJE~1 

(Carter & Kulhawy, 1992). Shafts that are neither flexible or rigid are considered to be intermediate and 

are defined by: 

(E) 112 D (E) 217 

0.05 G t* S; Ii S; G "* 

Eq.2.15 

The displacements for an intermediate shaft exceed the maximum displacements predicted by the perfectly 

rigid definition by no more than 25%. Therefore, the author recommends multiplying the displacement of 

the rigid shaft having the same DIB ratio by 1.25 to approximate the displacement of a shaft having 

intermediate stiffness (Carter & Kulhawy, 1992). 

Note that this method models the rock mass in which the shaft is founded as a linearly elastic 

material using Young's modulus Er and Poisson's ratio Yr. The method would thus be expected to be 

limited to the elastic range of material behavior in the rock. 

2.3.3 p-y Curves-Lymon C. Reese (1997) 

In 1997 Lymon Reese introduced a set of p-y curves for use on drilled shafts founded in strong 

rock (qw>-6.9 MPa or 1000 psi) and shafts founded in weak rock (qur<6.9 MPa or 1000 psi). The p-y cUrves 

were generated using data from load testing performed in vuggy limestone in the Florida Keys (Reese and 

Nyman, 1978) and a medium to fine grained sandstone near San Francisco (Speer, 1992). Reese developed 

the strong and weak rock criteria because intact rock is brittle and will develop shear planes under low 

amounts of strain while a weak rock is heavily fractured and will deflect without significant loss of 

11 



strength. Reese termed the method for both the strong and weak rock as "interim" because of the meager 

amount of experimental data available to validate the equations. The lateral resistance may be controlled 

by the secondary structure of the rock and the presence of soil-filled cracks and joints. If these conditions 

exist, Reese recommends that full-scale load testing be used to evaluate the lateral capacity of the rock 

(Reese, 1997). 

Strong Rock 

As mentioned above, rock is considered to be strong if the unconfined compressive strength qur is 

greater than 6.9 MPa or 1000 psi. Reese recommends performing load testing if the anticipated horizontal 

deflection exceeds 0.04% of the shaft diameter b . .Figure 2.5 demonstrates the p-y curves for use in strong 

rock. 

Weak Rock 

Reese also made suggestions for the p-y curves of shafts in weak, fractured rock. The ultimate 

resistance for rock Pur is given in Equations 2.16 and 2.17 for rock within three diameters depth from the 

surface and rock below three diameters depth from the surface respectively. 

p .. ; a,q"b( 1 + l.4( :)) ..................... 0,; x, ,; 3b 

Eq.2.16 

Pu, = 5.2a,q u,b ...................... x, ~ 3b 

Eq.2.17 

Where: 

Xr is the depth below the rock surface at which the p-y curve is being calculated, ex,. is a strength reduction 

factor for cracking at the rock surface, b is the pile diameter, and qur is the compressive strength of the rock. 

The strength reduction factor ex,. reduces the compressive strength of intact rock specimens because of the 

surface fractures due to small deflections (Reese, 1997). The value of ex,. is assumed to be 113 for rock 

having an RQD of 100% and increase linearly to 1 for an RQD of zero. If RQD is zero, the compressive 

strength may be determined directly from a pressuremeter curve, or approximately from Figure 2.6. The 

initial slope ofthe p-y curve Kir, as depicted in Figure 2.7, is established by the initial modulus of the rock 
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Eir and a dimensionless constant kirin equation 2.18. Eir is determined from Figure 2.6 and kir is given in 

Equations 2.19 and 2.20 for locations less than three diameters depth and locations more than three 

diameters depth respectively. 

Eq.2.18 

( 
400Xr) k ir = 100 + 3b ...................... 0 ::;; X r ::;; 3b 

Eq.2.19 

kir = 500 ...................... xr ~ 3b 

Eq.2.20 

The y A value from Figure 2.7 is determined by Equation 2.21 where k..m is a constant ranging from 0.0005 

to 0.00005 that serves to establish the overall stiffness of the family of curves 

Pur 
( )

1.333 

Eq.2.21 

Having established the values for Pun Kir, and YA, the complete P-Y curve depicted in Figure 2.7 for weak 

rock can be constructed by the following equations. 

P = K ir y ..... ................. y ::;; Y A 

Eq.2.22 

_ Pur _Y_ > < ( 1
0 .. 25 

P- 2 krmb .. • .................... Y-Y"'P-Pur 

Eq.2.23 

2.3.4 p-y Curves-Fragio & Santiago (1985) 

Santiago and Fragio conducted two different load tests for offshore petroleum platforms from 

which they back calculated their own p-y curves for rock. Both load tests were conducted in fractured 

medium hard calcareous claystone (Santiago & Fragio, 1985). The authors used the same p-y curve 
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construction to model the pile behavior in both of the load tests. The proposed p-y curve is elastic perfectly 

plastic below a critical depth where crushing/flow failure can occur and includes a residual strength portion 

near the surface where a wedge failure can occur. The proposed p-y curve can be found in Figure 2.8. The 

ultimate resistance Pu is determined from Equations 2.24 and 2.25 where Su is the equivalent rock mass 

shear strength, b is the pile diameter, Xr is the depth below the rock surface, and Yu is the lateral deflection 

at which non-linear behavior is first observed. 

Pu = 3S ub ...................... X r ::::; 6b 

Eq.2.24 

Pu = 9Sub ...................... Xr ~ 6b 

Eq.2.25 

In both tests, the p-y curves listed above accurately approximated the measure pile displacements. 

2.3.5 Digioia & Rojas-Gonzalez (1994) 

In 1994 Digioia and Rojas-Gonzalez proposed a provisional design guideline for transmission 

poles socketed into rock for the Electric Power Research Institute (EPRI). The design guideline was based 

on an innovative series of 14 overturning load tests where instrumented power poles where loaded 

horizontally by a cable attached to a bulldozer. The authors' recommendations for embedment depths are 

summarized in Equations 2.26 and 2.27. 

D = S + 1.2 B .. .................... % ~ 1.0 

Eq.2.26 

D = S + 15B ... ~ .................. %::::; 1.0 

Eq.2.27 

S is the depth of soil overlying the rock in which the shaft is founded, D is the embedment depth, and B is 

the shaft diameter (Digioia and Rojas-Gonzalez, 1994). 

2.3.6 Davisson & Prakash (1963) 

If a pier is sufficiently stiff to rotate under lateral loads without appreciable distortion from its 

axis, the lateral displacement at any depth may be described with reference to a center of rotation as shown 
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in Figure 2.9. ''Rigid pole" solutions were developed by Davisson and Prakash (1963). The boundary 

between rigid and elastic pier behavior can be determined by the relative stiffness factor R between the soil 

stiffness and the pier flexural stiffness as described in Equation 2.28. R is in units of length and K is in 

units of forcellength2
• 

R=V~ 
Eq.2.28 

The flexural bending stiffness of the drilled pier, EI, is readily calculated while the soil modulus, K, is 

somewhat more difficult to ascertain. The authors ·originally developed the rigid pole solutions for piers in 

granular soil; however, it may be possible to back calculate the K value in Equation 2.28 from full scale 

load tests in rock to predict the horizontal displacements for rigid piers founded in rock. The pile head 

deflection Yo is given for elastic and rigid piers in Equations 2.29 and 2.30 respectively where Pt is the 

horizontally applied load, M t is the applied overturning moment, and L is the embedment depth. 

1.41 P, R 3 + M I R 2 
Yo= EI ...................... L:?!35R 

Eq.2.29 

4P, + 6M IlL 
Yo = KL ...................... LS2R 

Eq.2.30 

Both Equation 2.29 and 2.30 assume the pier head is free to rotate and also assume that the K value is 

constant with the depth below the ground surface. To make the same calculations in a soil with a linearly 

increasing soil modulus, a new factor T is introduced in Equation 2.31 and the pier head deflection is 

calculated in Equations 2.32 and 2.33 where the linearly increasing soil modulus is represented by a 

coefficient of horizontal subgrade reaction, nh (forcellength3
). 

Eq.2.31 
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2.44P,T 3 +1.62M ,T 2 

YO= EI ...................... L~4T 

Eq.2.32 

_ 18 P, + 24 M rI L . < 
Yo - 2 ...................... L_2T 

L nh 

Eq.2.33 

Both equations 2.32 and 2.33 assume the pier head is free to rotate. As mentioned previously, these four 

equations for Yo were originally developed for granular material and should be used with caution until 

reliable K values have been established for rock. A trial-and-error procedure will have to be followed to 

calculate nb and K for rock. 

2.3.7 Broms (1964) 

Broms proposed a simple solution for a short, free-headed pile in cohesive soil where the soil 

resistance along the length of the pile is calculated in Equation 2.34 where c is the undrained shear strength 

and b is the pile diameter. 

p = 9cb 

Eq.2.34 

The soil within 1.5b of the ground surface is not considered because a wedge of soil can move up and out 

when the pile is deflected as depicted in Figure 2.10. Figure 2.11 illustrates the Broms proposed 

distribution of deflection, soil resistance, shear, and moment. The moment at any given length along a 

beam or pile can be calculated by integrating the shear to that point. The maximum moment is calculated 

by Equations 2.35 and 2.36. 

P 
M max = P(e + ISb + 0.5!) ...................... [ = 9cb 

Eq.2.35 

M max = 2.25cbg 2 

Eq.2.36 
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Setting Equations 2.35 and 2.36 equal to one another and solving for P requires the solution of a quadratic 

equation. Broms created the chart in Figure 2.12 which includes the solution of ultimate capacity. PUt for 

different e/b ratios and embedment length ratios, Ub. 
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3. FIELD TESTING PROGRAM 

3.1 General 

The goals of this research project were 1) to produce additional data from full-scale load tests 

performed in weathered. heavily fractured rock. 2) to verify available design methods. 3) to investigate 

field tests that can be used to determine the strength/properties of weak rock. and 4) to evaluate the ability 

of the lateral Osterberg test in calculating p-y curves. To fulfill these objectives. a field testing program 

containing four series of tests was planned. The four series of tests were: 

1) Ten full-scale static load tests with shafts of varying depth and diameter. 

2) Four full-scale statnamic tests with shafts of varying depth and diameter. 

3) Four lateral Osterberg tests with different diameters. depths. and orientations. 

4) Six full-scale direct shear tests having the same diameter but different vertical stresses and 

orientations. 

The four different types of tests in the testing program and their purposes are described in more detail 

below. 

3.2 Static Test 

The primary purpose of the static tests was to contribute new load test data for this type of rock to 

the existing database of lateral load test data. The static data from these load tests can also be used to 

verify the lateral response calculated using existing methods such as the p-y criteria for weak rock 

developed by Reese. the elastic solutions proposed by Poulos. or the finite element based parametric 

solutions proposed by Carter and Kulhawy. Additionally. the static test data can be used to verify analysis 

methods proposed within this research program as well as those proposed in the future. 

A shaft undergoing lateral loading exhibits certain physical characteristics such as ground 

cracking. vertical displacement. and rotation which are difficult. if not impossible. to model 
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mathematically. These properties can actually be observed and measured during a load test and can give 

practical insight into the actual behavior the drilled shaft. A complete description of the static shaft 

construction and testing can be found in Chapters 5 and 6. 

3.3 Statnamic Test 

The statnamic tests serve to establish the effectiveness of the statnamic test method in simulating 

the drilled shaft reaction to a dynamic load such as a ship impact load or earthquake load. There was also 

interest in backcalculating the static equivalent from the statnamic test results and comparing them with the 

results from the static tests for shafts of the same depth and diameter; however, analysis of the statnamic 

tests are not included in this research paper. A complete description of the statnamic test shaft construction 

and testing can be found in Chapters 5 and 6. 

3.4 Lateral Osterberg Test 

The purpose of the lateral Osterberg tests was to directly obtain lateral pressure and horizontal 

displacement data for the fractured rock without the interference of the overturning moments associated 

with the static load tests. P-y curves can be derived for multiple depths by calculating the p and y for 

different lateral loads. These p-y curves can then be used in widely available computer programs such as 

LPll..E and COM624 to model a shaft undergoing a lateral loading. 

The lateral Osterberg is a relatively new test and has been performed only a few times in this 

manner, with no direct comparisons with conventional load tests (static). It is hoped that the lateral 

Osterberg tests run in this program may prove the test to be an efficient way of producing reliable p-y 

curves. The use of this method could certainly be extended to soils. A complete description of the lateral 

Osterberg test construction and testing can be found in Chapters 5 and 6. 

3.5 Direct Shear Test 

Since the rock at the chosen test site was so heavily fractured, it was not possible to obtain rock 

cores large enough to perform unconfined compression tests. In order to try to define some strength 

properties for the rock, full-scale direct shear tests were performed. A complete description of the direct 

shear construction and testing can be found in Chapter 4. 
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4.1 General 

4. SITE DESCRIPTION, GEOLOGY, AND 
MATERIAL PROPERTIES 

As indicated in the Field Testing Program outlined in Chapter 3, a series offour different tests 

were to be performed. The following Chapter provides a description of the site geology and material 

properties of the rock at the selected test site near Spring Villa, Alabama. The results offull scale direct 

shear testing and shear wave testing are also provided. It should be noted that the full scale direct shear 

tests were actually performed after all the static, statnamic, and lateral Osterberg load testing had been 

completed; however, their construction, setup, and results are discussed in this chapter because they 

determined a material property and can not really be called a load test as those described in subsequent 

chapters. 

4.2 Site Location 

The site chosen to perform the battery of load tests outlined in this research program was located 

near the town of Spring Villa, Alabama. Spring Villa is in the southeastern portion of Lee County in Eas~ 

Central Alabama, see Figure 4.1. The site was located in Spring Villa because of its close proximity to the 

Auburn University campus and the presence of fractured quartzite outcroppings found on the site. The 

actual test site was located on the top of a hillside on the western side of the National Center for Asphalt 

Technology (NCA T) asphalt test track facility (see June 2000 Civil Engineering Magazine pg. 50). 

4.3 Geology 

The test site lies within the Southern Piedmont near the margin of the Southern Piedmont and the 

Gulf Coastal Plain Physiographic Provinces. Geologists commonly refer to this unique area as the Pine 

Mountain window because it is an exposed portion of the weathered remains of ancient metamorphic rocks 

that were once buried deep beneath the Appalachilll Mountains (Yokel, 1996). These metamorphic rocks 
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were formed by sedimentary deposits of sand, mud, and carbonate along an ancient ocean that were 

transformed into metamorphic quartzite, schist, and marble respectively when the Proto-North American 

continental margin converged and collided with the Proto-African continent through plate tectonic 

subduction. 

The quartzite found on the test site is known as Hollis Quartzite. The Hollis Quartzite is a 

tan/yellowish to redlbrown colored, fine to medium-grained rock composed mostly of quartz with minor 

amounts of muscovite (Yokel, 1996). The quartzite is extensively fractured with tan/yellow sandy silt 

filled fissures. The color ofthe quartzite varies from a reddish-brown to a yellowish-tan to white, see 

photos in Figures 4.2 and 4.3. The quartzite seems to be basically white/tan in color but elements such as 

iron have stained the rock as well as the weathered remains of the quartzite found within the intermittent 

sandy silt fissures. The layers within the quartzite range from less than lmm to as much as 5" or 6". When 

the quartzite was excavated during construction, it was crushed into 2" to 4" rock fragments and fine 

grained material by the excavation machinery, see photo in Figure 4.4. 

4.4 Site Investigation 

The preliminary subsurface investigation on this research did not come from borings but rather by 

examining the 50' roadway cut for the NCA T track just adjacent to the proposed test site, see photo in 

Figure 4.5. The roadway cut revealed that the fractured quartzite bedding planes were gently folded into an 

anticline. The western face of the cut (the side on which the test site was founded) indicated several feet of 

weathered topsoil on the anticlinal crest that would need to be removed to expose the rock underneath. 

Actual strike and dip measurements were made from the test shafts once they were constructed. The strike 

was calculated as being just 5° to 10° north of west. Before grading, the topography of the site could best 

be described as being saddle-shaped. The actual test shafts were located just south of the anticline ridge. 

Because of minor warps of the bedding planes, the dip varied slightly from one location on the test site to 

another. The dip ranged from 13° on the north side of the site to 20° on the south side of the test site. 

The Alabama Department of Transportation (ALDOT) performed borings on the test site in late 

July of 1999, refer to Figure 4.6. Eight borings were installed to varied depths; the deepest was 30'. The 

borings performed by the ALDOT indicated approximately 4'. to 8' of hard tan-brown silt overlying ai' to 
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Figure 4.2 
Photo of Exposed Quartzite (Taken During Grading of the Test Site) 

Figure 4.3 
Closeup View of Fractured Quartzite 
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Figure 4.4 
Exposed Quartzite During Grading 

Figure 4.5 
Roadway Cut-Looking North East 
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Figure 4.6 
ALDOT Drill Rig at Site 
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2 W layer of very weathered, soft to medium rock on the far eastern side of the test area (closest to the test 

track). The soft rock overlies the harder, fractured quartzite below. The borings from the western side of 

the test area indicated 3 Yz' of tan-brown silt overlying a 2' layer of weathered, soft rock on the western 

side of the test area. Less material would need to be removed from the western side of the site than would 

be removed from the eastern side of the site. 

The borings were advanced through the silty topsoil using a continuous flight auger. Standard 

Penetration Tests (SPT) were performed every 1 W within the silty topsoil until the underlying rock was 

reached by the auger. The "N" values were in the range of26 to 63 blo;.vs/ft in the upper layers of the 

brown silt and increased to well over 100 blows/ft as the drilling neared the quartzite underlying the 

topsoil. In an effort to obtain strength properties of the quartzite, rock coring was initiated in each of the 

eight borings 'when the SPT counts indicated the boring was within the quartzite layer (60 blows/ft to 80+ 

blows/ft). Four cores were advanced 24' to 30' below the ground surface and another four cores were 

advanced 15' to 18' below the ground surface. Unfortunately the rock coring failed to provide any rock 

cores which could be used in an unconfined compression test. Each core barrel typically yielded nothing 

more than a dozen gravel-sized rock fragments. There was only 2% to 18% core recovery and 0% rock 

quality designation (RQD). With such meager recoveries, the soil borings and rock corings served little 

more than to establish the amount of material that needed removal in order to provide a flat testing surface 

within the quartzite layer. Water was not found in any of the eight borings/corings. The boring jogs can be 

found in the Appendix. 

4.5 Material Properties 

Many of the analysis methods, such as the Poulos method, require knowledge of Young's 

Modulus ER• angle of internal friction cp, and cohesion c for the rock at the test site. Since the weathered 

quartzite was so heavily fractured, reliable measurements of strength were very difficult to obtain. The 

rock coring failed to yield any rock cores suitable for unconfined compression testing. Consequently, more 

unconventional tests such as full scale direct shear tests and shear wave measurements were resorted to in 

an effort to gain some knowledge of the rocIes strength properties. The direct shear testing and shear wave 

measurements are described in Sections 4.6 and 4.7 respectively. 
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4.6 Direct Shear Test 

4.6.1 Construction 

The Russo Corporation; the same contractor who constructed the static, statnamic, and lateral 

Osterberg shafts; also constructed the five direct shear installations. The direct shear cores were built by 

first welding Kut-Rite® cutting teeth to the bottom of a 3' to 4' piece of 36"cj1 steel casing. These casings 

were then cored 8" to 12" into the rock using a drill rig. The goal was to carefully core the casing into the 

ground without disturbing the core in the middle of the steel casing. By doing so there should exist an 

undisturbed, intact shearing surface at the bottom lip of the steel casing, see Figure 4.7. After all five shafts 

were cored, concrete was poured into the steel casings l' above ground level and smoothed level with a 

trowel. After the concrete hardened, an acetylene torchwas used to burn the steel casing flush with the 

concrete so that the top of each direct shear shaft was a level surface. The ground surface was excavated 

around the direct shear shafts (cores) so that no passive pressure against the side of the casing was present. 

A backhoe was used to carefully excavate this material without disturbing the shear plane at the bottom of 

each shear shaft. During this excavation, SHR 2 was bmnped by the backhoe and so the shearing plane at 

the bottom of the steel casing was unfortunately disturbed. 

As was mentioned in Section 4.1 of this Chapter, the direct shear tests were actually performed 

after all the static, statnamic, and lateral Osterberg load testing was completed. Figures 4.8 and 4.9 are plan 

views of the test site during two different stages of load testing. Figure 4.8 is the layout of the static and 

statnamic test shafts. Figure 4.9 is the layout that includes the lateral Osterberg test shafts aswell as the 

arrangement of the direct shear tests. 

4.6.2 Loading and Instrumentation 

The direct shear tests were performed just as a direct shear test would be performed on a soil 

sample in the lab. The variable vertical normal stress was supplied by the round, concrete.filled statnamic 

weights used in the statnamic load tests, see Chapters 5 and 6. The statnamic weights were set horizontally 

on top of the direct shear shafts in different incremmts of weight. In this way the vertical normal stress 

could be changed on each of the different shear tests. The loading was supplied by tensioned steel cables 

looping around the shear shafts and pulled taught using a 2-ton winch. A steel cable was looped around 
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Direct Shear Test Construction 
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Direct Shear Cross Section 
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one of the shear shafts and both ends were drawn together and attached to one end of an Enerpac® TM5 5-

ton capacity (10000lb) load cell with a crane shackle, see Figure 4.10. A second steel cable was looped 

around the other shear shaft. One end of this cable ran through a pulley and was attached to one end of the 

2-ton winch. The other end of the cable was attached to the other side of the winch. The eye of the pulley 

was shackled to the other end of the Enerpac® load cell. The pulley provided a mechanical advantage that 

would enable the shear shafts to be loaded with a total horizontal load of at least 4 tons (8000lb). 

Displacements were measured by Boart Longyear E-821A displacement dial gauges with 0.001" 

precision and two-way movement. The dial gauges used springs and gears to mechanically measure 

displacements. These dial gauges were magnetically attached to a stationary reference beam running either 

in back of or in between the direct shear shafts, refer to Fi~e 4.11. The 30' kmg reference beam was 

supported on its ends by pieces of steel casing set up some distance from the direct shear shafts. The 

casings were set up 10' to 15' from the shear shafts and so it is reasonable to assume that the reference 

beam would remain stationary during the direct shear test. The dial gauges were positioned to measure 

both the horizontal and vertical displacements of the shear shafts. 

4.6.3 Testing Procedure 

Six direct shear tests were performed at the test site from March 27, 2000 to March 28, 2000. A 

plan view of the testing site and direct shear test shafts can be found in Figure 4.9. Elevations of each 

direct shear test can also be found in the Appendix. It was desired to test the shear shafts in different 

directions because anisotropy seemed to be very influential in the static and lateral Osterberg tests (the 

statnamic tests were all performed in the same direction and so anisotropy was not a variable). Two of the 

shear shafts were involved with tests in different directions. SHRI was tested in the south direction with 

B6 and was also used to load SHR2 in the east-west direction. SHR5 was tested in the north direction and 

was also used to load SHR4 in the east-west direction. When SHRI and SHR5 were used to load SHR2 

and SHR4 respectively, they were heavily loaded with the statnamic weights so that the normal stress 

would be very large and the horizontal displacements insignificantly small. The direct shear shafts were 

tested in pairs in the following order: SHR2-SHRl, SHRI-B6, SHR3-E6, SHR5-E5, SHR4-SHR5 (3440lb), 

and finally SHR4-SHR5 (6160lb). 
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Figure 4.10 
Direct Shear Test Setup 

Figure 4.1 1 
Direct Shear Test Setup 
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The test was begun by supplying the normal stress to the shear shafts with the statnamic weights. 

If two direct shear shafts were involved with the test, wib one being used to load the other, statnamic 

weights were placed on both of the shear shafts. With the shafts weighted, the steel cables, pulley,winch, 

and load cell were rigged as discussed earlier. The reference beam and steel angles were set up and three 

displacement gauges were magnetically mounted to them. One displacement gauge was set up to measure 

the horizontal displacement and the other two were positioned to measure the vertical displacement and 

rotation of the shear shaft. 

The shaft was loaded by ratcheting the 2-ton winch until the steel cables around the test pair were 

taught and a tensile load was indicated by the load cell. The load was applied in increments of 1500lb to 

3800lb at the beginning of the test and in smaller increments of 400lb to 1200lb as the shear shaft began to 

displace towards the end each test. After each load increment, the load cell and displacement gauge 

readings were manually recorded in a field book. When it appeared that the shaft had failed (increasing 

displacement with little or no increase in the loading), the cables were unloaded and the permanent 

displacement readings were taken. 

4.6.4 Results 

The shearing stress was simply calculated by dividing the applied horizontal load (lb) by the 

bottom surface area of the shear shafts (A=1018in2
). The effective vertical normal stress for each shear 

shaft was calculated by dividing the sum of the statnamic weights and the weight of the shear shaft itselfby 

the bottom surface area of the shear shafts (A= 10 18in2
). Having done this, a plot of the shear stress. and 

the horizontal deformation 0 was created for each of the six direct shear tests in Figure 4.12. The effective 

normal stress for each test is included in Figure 4.12. 

Two different failure envelopes (. versus 0-) were created: one for loading in the eas~west 

direction and one for loading in the north-south direction. The east-west failure envelope had three points 

and excluded the data from SHR3, see Figure 4.13. SHR3 was considered an outlier because it had one of 

the higher normal stresses (0-=8.215 psi) yet its shearing stress at failure was by far the lowest measured in 

any of the direct shear tests (.=2.358 psi). The only plausible reasons for the extremely weak strength 

measured by SHR3 are: 
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1) SHR3 had more material excavated in order to expose its shearing plane than any of the other 

direct shear shafts. Consequently, there was 1" to 2" of accumulated rainwater surrounding 

SHR3 when it was tested. The rest of the direct shear shafts were all tested in the dry. The 

presence of water could certainly have had a strong influence on the shear strength of the 

quartzite. 

2) SHR3 could have simply been constructed on an especially weathered/weakened area ofthe 

quartzite rock. 

The north-south failure envelope had just two points: SHRI South and SHRS North, see Figure 4.14. 

A line of best fit was calculated for the failure envelope in the east-west direction and from it the 

cohesion c (y-inter~ept) and the angle of internal friction cp (tan-I(slope)) were calculated as 1.47psi and 

21.70 respectively. It was not reasonable to draw a line of best fit for the north-south failure envelope since 

there were only two points. If these points were joined, the resulting line wruld have a negative y

intercept. The line of best fit from the east-west failure envelope was drawn on the plot of the north-south 

failure envelope in Figure 4.14. 

There did not seem to be any significant difference in strength between shafts tested in the east 

direction and those tested in the west direction. There was; however, a profound difference in SHRI which 

was tested in the south direction and SHRS which was tested in the north direction. Recall that the dip at 

the test site was to the south and therefore did not significantly effect the strength in the eastwest direction. 

The shear strength in the down-dip direction (south) exceeded the shear strength in the u~dip direction 

(north) by 3.9 psi even though there was just 1.3 psi difference in applied vertical stress between the two 

shear tests. The shearing stress at failure in the orientation of the diplbedding plane was calculated for 

SHRS North. This was accomplished by calculating the stress vectors on a plane thatwas 100 from 

horizontal. The calculated shearing stress at the point of failure for SHR5 North was 4.5psi, which was 

within the range of shearing stresses at failure for the direct shear tests performed in the eastwest direction. 

As mentioned previously, two displacement dial gauges measured the vertical displaclJllents. The 

vertical displacements were very small. With the exception ofSHR4 (0'=8.15 psi), the vertical 

displacements were in the range of 0.025" to 0.151". SHRI and SHR4 (cr=8.15 psi) exhibited upward 
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displacement (dilation) while the other four shear shafts exhibited a downward displacement. SHR4 was 

actually tested twice (once at 0=5.477 psi and again at 0-=8.15). Testing SHR4 twice might have 

contributed to the vertical displacement that was considerably more than that measured on any of the other 

shear shafts. 

4.6.5 Conclusions 

The direct shear tests appeared to provide a measure of cohesion and angle of internal friction that 

reflected soil-filled seams or joints. The cohesion value for rock should be considerably higher than 1.47 

psi. The direct shear tests produced a c and ~ similar to that of soil. The silt-filled seams and fractures may 

have contributed to the low shear strengths measured by the test. 

4.7 Shear Wave Measurements 

In late April of2000, the Georgia Institute of Technology performed a series of shear wave 

measurements at the test site in Spring Villa. Unfortunately, the tests recorded a great deal of interference 

that made the interpretation of the results difficult. Interpretation ofne test results was not completed until 

October of2000. Because of the delay, the Poulos and Carter & Kulhawy analysis methods, which require 

knowledge of the shear wave velocity, and thus modulus of elasticity, were originally performed with an 

approximated shear wave velocity. This is discussed more fully in Chapter 8. 

Two shear wave velocity profiles were calculated \\here the shear wave velocity varied with the 

depth, see Tables 4.1 \and 4.2. The shear wave velocity quickly increased with depth. Since the deepest 

shaft was just 8.55', the top layers are of most interest. The shear wave velocity was below 1000ftls in the 

top 2.3' and then quickly increase to over 3000ftls in the underlying rock layers. 
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Profile 1 
Shear Wave Shear Wave 

Layer Thickness Thickness Velocity Velocity 
(m) (ft) (m/s) (ft/s) 

1 0.20 0.66 60 196.85 
2 0.35 1.15 100 328.08 
3 0.35 1.15 205 672.57 
4 0.70 2.30 300 984.25 
5 1.60 5.25 1000 3280.83 
6 3.00 9.84 1050 3444.87 
7 Half Space Half Space 2800 9186.32 

Table 4.1 
Shear Wave Velocities-Profile 1 

Profile 2 
Shear Wave Shear Wave 

Layer Thickness Thickness Velocity Velocity 
(m) (ft) (m/s) (ft/s) 

1 0.20 0.66 100 328.08 
2 0.35 1.15 100 328.08 
3 0.35 1.15 205 672.57 
4 0.70 2.30 300 984.25 
5 1.10 3.61 800 2624.66 
6 3.00 9.84 950 3116.79 
7 Half Space Half Space 3100 10170.57 

Table 4.2 
Shear Wave Velocities-Profile 2 
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5. SITE PREPARATION, TEST SHAFT CONSTRUCTION, AND 
CONCRETE TESTING 

5.1 General 

Once the site selection and investigation was completed, site preparation and test shaft 

construction was begun. It was important that the test shafts be carefully constructed, the exact geometry 

of the shafts recorded, and any abnormalities in the construction recorded. The construction and concrete 

testing for the static, statnamic, and lateral Osterberg tests are included in the following Sections. The 

construction and performance of the direct shear tests was discussed in Chapter 4. During the construction 

of the drilled shafts on this research project, there were a number of unforeseen construction delays and 

some unique circumstances that arose. These issues are addressed in his Chapter. Of course before 

construction of the actual test shafts could begin, some site grading and preparation was required. 

S.2 Site Preparation 

In order to provide a level surface that was within the desired rock layer, some site grading was 

required before construction of the test shafts could begin. For a test area to accommodate the 17 proposed 

test shafts and provide a 40' clear zone for the statnamic tests, it was calculated that an 82' by 79' ,with the 

82' dimension being oriented in the east-west direction, test area be constructed. The borings performed by 

the ALDOT indicated approximately 4' to 5' of tan-brown silt overlying aI' to 2 W layer of very 

weathered, soft to medium rock on the eastern side of the test area (closest to the test track). The soft rock 

overlies the harder, fractured quartzite below. The same borings indicated 3 Yz' oftan-brown silt overlying 

a 2' layer of weathered, soft rock on the western side ofthe test area. The Auburn University Department 

of Facilities and Maintenance began grading work on August 3, 1999 and completed it five days later, see 

Figures 5.1 to 5.3. The slope on the north side of the test area was filled in with the excavated material to 

provide a 'runout' area for the statnamic sled. A complete description of the quartzite material can be 

found in the Site Description located in Chapter 4. 
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Figure 5.1 
Site Grading 

Figure 5.2 
Site Grading 
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Figure 5.3 
Finished Grade 

Figure 5.4 
Shaft Installation 
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5.3 Static 

Once the site grading was complete, drilling and construction of the test shafts commenced. The 

static test shafts were to be tested in the north-south direction and so they were installed in pairs on rows F, 

E, D, and C as shown in Figure 4.8. An 8' separation was maintained between all the test shafts in the 

north-south direction to allow room for the jack, loadcell, and a steel strut. An 8' clearance was also 

maintained between the static shafts in the eas~west direction as well. This arrangement provided adequate 

space for reference beams, instrumentation, and equipment. 

The Russo Corporation of Birmingham, Alabama performed the drilling work on the static shafts, 

statnamic shafts, and the lateral Osterberg shafts, see Figures 5.4 and 5.5. Drilling began on the western 

side of the test site and proceeded eastward. Since the rock in which the shafts were being installed was so 

heavily fractured (most of the rock could be broken into 2" to 3" fragments by hand) it was difficult for the 

contractor to drill a shaft that was neat and uniform. Even though the correct auger sizes were used, the 
I 

diameter in the top 2' of the drilled shaft usually exceeded the planned diameter by a considerable amount. 

The diameter at the ground surface was as much as 19" greater than the planned diameter for that particular 

shaft. Figure 5.6 is a typical shaft cross section. This was especially true for the 5' ell shafs. Unlike the 5' 

ell shafts, the 3 'ell shafts exceeded the planned diameter by just 4" to II" at the ground surface. The shaft 

diameter was usually uniform below a depth of approximately l' for the 3' ell shafts and 2' for the 5' ell 

shafts. The diameter as well as the condition of the rock at each shaft location heavily influenced the 

condition of the shaft at the ground surface. The locations where the rock wasmore heavily fractured 

usually had shafts whose diameter was more uniform, especially in the top 2', than those locations were the 

rock was less fractured. The rock that was less fractured was removed by the auger in larger fragments, 

making for a shaft that was more ragged than the ones drilled in rock that was more fractured and 

weathered. When the auger was extracted from the shafts to remove the drilling spoil, there was typically 

several inches of rubble obscuring the bottom of the shaft, making accurate measurements of the total shaft 

depth difficult. Consequently, the shaft depths were 3" to 12" deeper than the plamed depth with the 

exception of the northern 5' ell by 2 W deep (C4) shaft, which was erroneously drilled nearly 2' deeper than 
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Figure 5.5 
Shaft Installation 
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Figure 5.6 
Typical Shaft Cross Section 
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its 2 W planned depth. The bottoms of the shafts were cleaned by hand. The cross sectional views of 

every shaft (static, statnamic, and lateral Osterberg) can be found in the Appendix. 

Once the drilling was completed, each shaft was photographed and careful measurements of its 

diameter at mUltiple depths were taken to create the cross sectional drawings found in Figure 5.6 and the 

Appendix. The diameter was measured in both the north-south direction (the direction ofloading) and the 

east-west direction. 

One construction issue that warrants discussion is the period of time between drilling and pouring 

concrete in the test shafts. Static shafts D6, E6, D5, E5, C4, and part of F4 were drilled the first week ,of 

September 1999; however, they were not poured until October 22, 1999, a delay of six weeks. Static shafts 

C3, F3, C2, F2, and the remainder of C4 were drilled December 29, 1999; however, these shafts were not 

poured until January 21, 2000, a delay of over three \\eeks. The delays between drilling and pouring were 

due to scheduling complications with the contractor. For shafts drilled in soil, this delay would be 

completely unacceptable and it is likely that the drilled shaft; would collapse if it were left open for this 

amount of time. However, the nature of the rockwas such that no noticeable deterioration was observed 

during the time the shafts were left open. Their condition while they remained open was observed and 

monitored. During this time, many of the shafts filled completely with rainwater. When the shafts were 

finally poured, those that had water were pumped out and all the bottoms were thoroughly cleaned before 

pouring. There was usually 2"-3" of mud and a half dozen or so rock fragnents that had dislodged from 

the shaft wall on the shaft bottom. It is likely that much of the mud had been washed in from the surface 

during rainstorms. The shaft walls appeared to have remained intact. Once the bottoms were cleaned, a 

'false' bottom was installed on all the southern static shafts by laying three I" thick sheets of Ilb/ft3 

density styro-foam. The 'false' bottoms were installed in the southern shafts to see if a reduction in the 

bearing pressure on the bottom of these shafts would produce a lateral capacity that was less than that of the 

northern shafts. There was also interest in seeing if the foam bottoms influenced the vertical displacements 

measured during the load tests. 

With the static shafts drilled, surveyed, and 'false' bottoms installed; placement of the steel casing, 

reinforcement, and concrete began. The reinforcement cages were prefabricated at the Russo yard in 

Birmingham and then transported to the test site. A reinforcement ratio of2% was used to design the 
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reinforcement. Thirty-six #11 bars (As=56.16in2
) and 24 #8 bars (As=18.96 in2

) were used for the 60" 41 

shafts and 36"41 shafts respectively. Number 4 reinforcing hoops were spaced at 12" O.C. vertically on 

both 36"41 shafts and 60"41 shafts, see Figure 5.7 for plan views ofthe shaft reinforcement. Additionally, a 

steel casing was installed to serve as a form for the aboveground portion of the static shaft as well as a 

weldable surface to which bearing plates for the loading could be attached. The reinforcement was 

installed before the steel casing. A plastic inclinometer casing, used to measure the deflected shape of the 

shaft during loading, was also tied onto the reinforcement cage before it was installed. 

Once the reinforcement was in place, the steel casing was craned into position. Because the 

diameter of the drilled shaft was as much as 19" wider than the diameter of the steel casing, pouring 

concrete above the ground surface would result in a blowout of concrete from underneath the steel casing. 

To prevent this, the concrete was placed in two stages. The bottom edge ofthe casing was placed 

approximately 12" below the ground surface and concrete was poured until it appeared that it was 

beginning to flow from underneath the bottom edge of the steel casing, at which time pouring on that shaft 

stopped. Pouring then moved on to one of the other shafts and the bottom stage of concrete was allowed to 

set for 30 to 45 minutes before the remainder of the concrete was placed to top off the casing. Placing the 

steel casing below the ground level ensured that any cold joints would be contained within the casing. It 

was usually possible to pour l' to 3' of concrete above the bottom edge of the casing before pouring had to 

be stopped and the concrete given time to set before the remainder of it was placed. Since the shafs were 

so shallow, the wet concrete was vibrated to ensure that it infiltrated all the voids in the drilled shaft. The 

final level of the concrete was 3' to 4' above ground level. 

5.4 Statnamic 

The construction of the statnamic test shafts was for the most part, exactly the same as the 

construction of the static shafts. The statnamic shafts were all installed on the northernmost rows of the test 

site, rows A and B, see Figure 4.8. The statnamic shafts were located on the northernmost side of the site 

because a 'runout' area was constructed on the north side to provide a level surface for the statnamic sled to 

travel after detonation, discussed more fully in Chapter 6. 
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The actual drilling of the statnamic test shafts was similar to the drilling of the static shafts 

described in the sections above. The Russo Corp perfonned the drilling. As was the case with the static 

shafts, there were periods of time in which the statnamic shafts remained open to the weather before they 

could be poured with concrete. Statnamic shafts B6 and B5 were drilled the fIrst week of September 1999; 

however, they too were not poured until October 22, 1999, a delay of six weeks. Shafts A3 and A2 were 

drilled December 29, 1999; however, these shafts were not poured until January 21, 2000, a delay of over 

three weeks. Like the static shafts, the statnamic shafts were pumped out and the bottomswere cleaned 

before pouring. False bottoms were not installed in any of the statnamic test shafts. 

Once the statnamic shafts were drilled and cleaned out, their construction proceeded exactly as 

the static shafts described in Section 5.3. The same reinforcement schedule was used: thirty-six #11 bars 

(As=56.16in2
) and 24 #8 bars (As=18.96 in2

) for the 60" q, shafts and 36"q, shafts respectively. Number 4 

reinforcing hoops were spaced at 12" O.C. vertically on both 36"q, shafts and 60"q, shafts. The steel casing 

was installed 12" below the ground surface and the concrete poured in two separate stages to prevent 

blowout, just as the static shafts had been constructed. The only difference was the statnamic shafts were 

constructed with a 7' stickup above the ground surface while the static shafts were built with just a 3' 

stickup. The additional stickup on the statnamic shafts was required to provide the height needed to 

suspend the spherical bearing plate used by the statnamic-testing device. 

S.S Lateral Osterberg 

The construction of the lateral Osterberg test shafts took place in several stages at several diffennt 

times. It was originally planned to have three lateral Osterberg test shafts: one 5' q, by 5' deep, one 5' q, by 

7 W deep, and one 3' q, by 6' deep. Once again, the contractor had scheduling complications that lead to 

several construction delays. The 3'q, by 6' deep Osterberg shaft was drilled at location B4 on September 8, 

1999, but was not poured at that time. The 5' q, by 5' deep, and 5' q, by 7 W deep shafts were later drilled 

on December 29, 1999 at the far east side of the test site at locations Fl and Cl. They too were not poured 

at the time they were drilled. The static and statnamic load tests were perfonned from February 4, 2000 to 

February 9, 2000. When these two series of tests were completed, the three lateral Osterberg test shafts had 

been drilled but none had been poured with concrete. 
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At the conclusion of the static series of tests, discussed in Chapter 6, it was decided to change the 

locations and sizes of the lateral Osterberg test shafts. The two 5'<1> Osterberg test shafts, Fl and Cl, were 

located too close to their neighboring static test shafts, F2 and C2, and two new lateral Osterberg shafts 

would need to be drilled. Rather than install one 5'<1> by 5' deep and one 5'<1> by 7 W deep, two new 5'<1> 

shafts, each 5' deep, would be constructed some distance away from the static test shafts to minimize the 

static test shaft's influence on the later Osterberg tests.· After examining the results from the static tests, it 

was apparent that the loading direction had a strong influence on the shaft deflections; therefore, it was 

decided that one of the 5'<1> shafts would be tested in the east-west direction (05WE) while the other 5'<1> 

shaft would be tested in the north-south direction (05NS). The two replacement shafts would be located 

over 20' south of the F-gridline, well away from the static test shafts. An additional 3'<1> by 6'deep test 

shaft would also be constructed north of the test area, since the statnamic tests had been completed at this 

point. The new 3'<1> by 6'deep shaft would be tested in the east-west direction (03EW) while the 3'<1> by 6' 

deep test shaft that had been previously drilled at location B4 would be tested in the north05outh direction 

(03NS). The 5'<1> shafts drilled at locations Cl and Fl would remain abandoned and unused. Refer to 

Figure 4.9 for exact test shaft locations and layout. 

The drilling contractor returned and drilled the two 5'<1> by 5' deep shafts (05EW and 05NS) and 

the one 3'<1> by 6' deep shaft (03EW) on February 17,2000. As mentioned previously, the other 3'<1> by 6' 

deep shaft at location B4 (03NS) was drilled on September 8, 1999. 

While the above described test shafts were being drilled, wide flanged steel sections for the test 

shafts were assembled on site. A plan view of the lateral Osterberg test shaft can be seen in Figure 5.8. 

Two pieces of3/16" by 9" wide flat bar (steel plate) were welded between two W18x76 (Grade 36 ksi) 

steel sections. The welded steel sections extended the entire depth of the test shafts. The flat bar had a 2" 

overlap on each of the beam flanges and had tack welds spaced at 12" O.C. for the entire depth ofthe test 

shaft. There was a 15 W' clearance between the webs of the W18x76 sections. This space was designed to 

accommodate two 9':diameter, 400 ton capacity Osterberg cells. The Osterberg cells would be welded to 

two pieces ofC15x33.9 channel and slid into the 15 liz" space between the two wide flange webs. To 

provide additional flexural rigidity in the 5'<1> test shafts, an HP14x89 section was welded on each side of 
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the W18x76's with its strong axis oriented in the direction ofloading. An HPIOx42 was welded on each 

side of the W18x76's in the 3', shafts. In order to fit the welded steel assemblages in the 3', test shaft, the 

HPlOx42's had to be oriented with the weak axis in the direction of loading. Additionally, 4" of the 

HPlOx42's flanges had to be burned off, see bottom of Figure 5.8. To adequately design for shear flow 

both the HP14x89's and the HPI0x42's were attached to the W18x76's with 3/16" continuous welds. With 

the welding completed, light gage metal sheeting was attached to the bottom opening to prevent concrete 

from invading the void reserved for the channel and Osterberg cells during pouring. 

All four Osterberg test shafts were poured on February 22, 2000. The three new shafts (05NS, 

05EW, and 03EW) were open for only five days prior to pouring. 03NS had been open for over five 

months and had to be pumped out and cleaned before it was poured. Several large rock fragments were 

removed from the bottom of 03NS. The completed assemblages described above were lowered into the 

driIIed shafts and positioned by welding rebar to the assemblages to hold them plumb until concrete could 

be poured. The assemblage's orientation with respect to the compass was visually estinated; this proved to 

be quite erroneous as 05NS was oriented 16° from north and 03NS was oriented 13° from north, see 

Figure 4.9. The desired orientation of these two shafts was in the direction of the line ofloading for the 

five static test pairs which was nearly due north (actually 5° from due north). 05EW and 03EW were both 

properly oriented in the east-west direction. Inclinometer casing was positioned on both sides of the 

assemblages. For a shaft oriented in the north-5outh direction there was one casing on the north side of the 

assemblage and one casing on the south side of the assemblage and vice versa for a shaft oriented in the 

east-west direction. Once all four assemblages were securely positioned in their respective shafts, concrete 

was poured in the voids surrounding the assemblages. Pieces of plywood were inserted into the wet 

concrete between the steel assemblage and the wall of the drilled shaft, see Figure 5.8. The plywood was 

inserted in each test shaft to ensure that a crack would develop on each side of the steel assemblage running 

the entire depth of the test shaft; thus forming two half cy linders. The wet concrete was vibrated to ensure 

that it infiltrated all the voids outside of the steel assemblage. 
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5.6 Concrete 

Concrete testing was performed on every transit truck dispatched to the test site. The concrete 

slump was measured and concrete cylinders were made for compressive strength measurements in 

accordance with ASTM C143 and ASTM C31 respectively. The concrete cylinders were cured in a 100% 

humidity room and tested for compressive strength in accordance with ASTM C39. Drilled Shaft 1 (DS1) 

concrete from Twin City Concrete Co. in Auburn, AL was used on all the test shafts. The pour dates, 

locations, slump, test dates, and compressive strengths can all be seen in Table 5.1. 
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Truck # Pour Date Time 

1 10122199 9:30 

2 10122199 10:30 

3 1121/00 9:30 

4 1121/00 10:20 

5 1121/00 10:30 

6 1121/00 10:55 

i 1121/00 11:35 

8 1121/00 12:05 

9 1121/00 12:25 

10a 1121100 12:45 

10 2122100 2:15 

11 2122100 3:50 

Concrete Shaft Cylinder 
Locations Slump (in) Load-Test Date Test Date 

bottom C4,D5,E5,E6,D6 
214 to 219 219/00 

top C4,D5,E5,E6,D5 
214 to 219 219/00 

bottom F2,F3 
7 214 to 219 219/00 

top F3, bottom C2 
5 214 to 219 219/00 

top F2. bottom C2 and C3 

middle 113rd C3, top C2 
and F2 bottom F4 
bottom A3 and A2 

top A2 and A3 

top F4 and C3, all of B6 

1 yd in top of A2 

all 05EW and 05NS, 
SHR5 SHR4 SHR3 
all 03EW and 03NS, 
SHR1. SHR2 

7 214 to 219 219/00 

6 214 to 219 219/00 

5 214 to 219 219/00 

5112 214 to 219 219/00 

7112 214 to 219 219/00 

214 to 219 

7112 3123 to 3124 3130/00 

7114 3123 to 3124 3130/00 

Table 5.1 
Concrete Testing Schedule 
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Concrete. Compressive Compressive I 
Age (days) Force (Ib) Strength (psi) 

106 183000 6472.3 

108 175000 6189.4 

19 167000 5906.4 

19 157500 5570.4 

19 157500 5570.4 

19 146000 5163.7 

19 170000 6012.5 

19 167000 5906.4 

19 157000 5552.7 

37 176000 6224.7 

37 203000 7179.7 -



6. TEST INSTRUMENTATION AND PROCEDURES 

6.1 General 

The data acquired from these load tests will provide the basis for evaluation of the analysis 

methods presented in the Background Chapter as well as the p-y methods developed later in this paper. A 

testing program like the one outlined in this paper, therefore, must generate data that is accurate and precise 

(consistent). The advent ofthe digital computer has revolutionized the way in which data is collected. By 

reading instruments that generate electrical voltages with a computer, plentiful data that is free of human 

error can be obtained. Modem day computers can simultaneously record data from multiple instruments as 

frequently as every thousandth of a second. Tests such as the statnamic test, whose duration is only a 

fraction of a second, were previously impossible before availability ofhigh-speed data acquisition. 

The testing program outlined in this paper utilizes computer-controlled data acquisition and 

electronic instrumentation. The instrumentation used in each test as well as the different test setups are 

discussed in the following Sections. The workings of the different instruments are also included. Since the 

same instruments are used in most of the tests, these discussions are contained mostly within the first part 

of this Chapter. 

6.2 Static Test 

The concept behind the static load test was quite simple: the static test shafts were loaded in pairs 

by jacking one shaft against the other using a hydraulic jack. Since the loading requires a pair of static 

shafts, both of the shafts were instrumented and data was obtained from each of the test shafts for every 

static test performed. There were five static test pairs in this research program. The shafts in each pair 

were the same diameter and approximately the same depth. 

Instrumentation 

Extensive instrumentation of the static test shafts was necessary to accurately measure the 

movements of the shaft under a controlled loading. Four different types of measurements were taken during 
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the load tests. These were horizontal surface displacement, vertical displacement, depth versus 

displacement, and finally load measurements. 

The horizontal surface displacement measurements were made using LongfelloV® model (LF-S-

12/300-0-B A84) linear potentiometers; however they were referred to as LVDTs. The terms LVDT, 

which stands for Linear Variable Differential Transformer, and linear potentiometer are often used 

interchangeably even though the way inwhich the two instruments work is quite different. A linear 

potentiometer measures displacement by measuring the voltage of a resistant coil. As the coil moves 

relative to a stationary wiper, the voltage, which ranges from 10 volts on one end to 0 volts on the other, is 

measured by the wiper. There is a linear relationshi.p between the voltage measured by the wiper and the 

physical location of the linear potentiometer. The voltage is read by a computer and a displacement is 

calculated. The linear potentiometers used to measure the horizontal surface displacements are hereafter 

referred to as L VDTs so that there is no confusion with the rotary potentiometers used to measure the 

vertical displacements. 

Two L VDTs were positioned on each of the two shafts involved with the load test (four L VDTs in 

all). The L VDTs were positioned on the face of 1he steel casing opposite the side of the shaft that was 

loaded. Figure 6.1 is a typical elevation view of a static test setup; the elevations for the rest of the tests are 

located in the Appendix. The bottom L VDT on each of the shafts was positioned on the loading point 

elevation and the other L VDT was placed at an elevation some distance above the bottom L VDT, usually 

15" to 30" depending on the height of the steel casing above the ground surface. Since two LVDTs were 

used on each test shaft, it was possible to make rotation measurements knowing the difference beween the 

two L VDT measurements and the distance separating the two instruments. Therefore, it was desirable to 

space the L VDTs as far apart as possible in order to make more accurate rotational calculations. The 

rotation measured from the L VDTs was later compared with the rotations measured from the 

potentiometers discussed later in the Chapter. 

The L VDTs were held in a stationary position by steel angles that were clamped to a fixed 

reference beam running overhead of each of the static test shafts, see Figure 6.1. The 30' long reference 

beams were supported on each of their ends by the test shafts neighboring the static pair being tested. The 
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test shafts were spaced with an 8' clearance between them on both sides and so it is reasonable to assume 

that a reference beam supported by the adjacent test shafts would remain stationary during the load test. 

When testing the static shaft pairs located on the ends of the test group, C2-F2 and D6-E6, the one end of 

the reference beam was supported by extra steel casing set up some distance from the static pair being 

tested. 

The vertical shaft displacement measurements were made using Celesco® model (PT 810 }'0020-

111-1110) cable-extension position transducers, also known as potentiometers. Within the potentiometer 

housing is a light gage stainless steel cable wound around a spring-loaded spool, a voltage divider 

(potentiometer), and some electrical circuitry. As the wire is splayed off, the spool turns a shaft attached to 

the electrical potentiometer. The potentiometer changes resistance that is linearly proportional to the 

number of rotations made by the spring-loaded spool (and hence the displacement of the steel cable). The 

potentiometers used in this research had a 20" travel. 

A total of four potentiometers were attached to a single piece of angle iron suspended overhead 

from the same reference beam discussed previously, see Figure 6.1. The overhead angle iron was 

positioned parallel to the direction of loading directly under it, refer to Figures 6.2 and 6.3. Each of the two 

test shafts had two potentiometers: one on the north side of the shaft and the other on the south side. The 

potentiometer housing was clamped to the angle iron with Gclamps and the spring-loaded wire was 

extended down to the edge of the steel casing located directly below where its end was clamped to the steel 

casing with a C-clamp. Since the orientation of the loading was in the north-south direction, the ends of the 

spring-loaded potentiometer wires were attached to the northernmost and southernmost points on each test 

shaft. The potentiometer housings were positioned overhead so that the spring-loaded wire stretching 

between the potentiometer housing and the steel casing was nearly plumb. This ensured that the 

potentiometers were measuring only the vertical displacements of the test shafts. The potentiometers had at 

least a 2' clearance over the top of the steel casings. 

The depth versus displacement measurements were made using a Slope Indicator Digitilt® 

Inclinometer Probe (Metric model). Inclinometers are often used to monitor lateral movements in 

embankments and landslide areas and deflections of retaining walls and drilled shafts. Plastic inclinometer 
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Figure 6.2 
Side View of Static Test Setup 

Figure 6.3 
Side View of Static Test Setup (Notice Inclinometer Survey) 
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casings were installed in each of the static shafts before concrete was poured, see Section 5.3. An initial 

survey of every test shaft was perfonned before any load testing in order to establish the initial profile of 

the casing. During a survey, the inclinometer probe was drawn upwards from the bottom of the casing to 

the top and halted in its travel at half.meter intervals for tilt measurements. The inclination of the probe 

body was measured by a force-balanced servo-accelerometer. The accelerometer measured tilt in the plane 

of the inclinometer wheels, which track the longitudinal grooves located in each of the plastic casings. 

Inclination measurements were read into the Digitilt Datamate® data collector and converted to lateral 

deviations, refer to Figure 6.4. Changes in lateral deviation, detennined by comparing data from each 

survey to the initial survey taken before the test's commencement, indicate shaft movement. 

Loading 

An Enerpac® CLR-600I0 high tonnage hydraulic cylinder with 660-ton capacity, 9" travel, and 

two-way action supplied the applied load. One-inch steel plates were welded on the north face of the 

southern static test shafts to serve as bearing plates for the hydraulic cylinder. The hydraulic cylinder was 

positioned against the welded steel plates and was often times cradled in anH-pile whose flanges were 

turned upward, see Figure 6.2. The distance lying between the free end of the hydraulic cylinder and the 

other test shaft was filled in with the load cell, spherical bearing, and a steel strut comprised of two Hpiles 

whose flanges were joined by a continuous weld. Using wooden blocks and shims, the hydraulic jack and 

steel strut spanning the gap between the two test shafts were leveled so that the load was applied at the 

same elevation on both of the test shafts. After the jack and strut were leveled, the steel strut was always 

welded to the south face of the northern test shaft. 

A Geokon® load cell inserted between the hydraulic jack and the steel strut measured the load. 

The greased spherical bearing and load cell were held in position by steel angles that were welded to the 

end of the steel strut, see Figure 6.2. A pressure transducer was also used to measure the pressure in the 

hydraulic cylinder. 

Data Collection 

The L VDTs, potentiometers, load cell, and pressure transducer were all wired into an Optim 

Electronics Corp. Megadac® model 3415AC data collector, hereafter referred to simply as Megadac or 

65 



Lateral Deviation 
(L Sin e )I--~ 

Angle of 
nclination 

(6) 

Inclinometer 
Casing 

Inclinometer Schematic 

66 



computer. The Megadac measures digital and analog voltage signals from various types of sensors and 

transducers. The generic term channel is used to describe the address of a module within the Megadac that 

a sensor or transducer is physically connected to. A scan consists of one measurement for each of the 

defmed channels to be measured. The Megadac 3415AC can make 25,000 samples/sec. For example: five 

different instruments, each connected to its own channel in the Megadac, can be scanned at a maximum 

frequency of 4919 scans/ sec (5 channels x 4919 scans/sec = 24,595 samples/sec). Each instrument had its 

own channel that was read by the Megadac once every second for the entire duration of the static load test. 

There were ten channels monitored by the Megadac: 4 LVDTs (2 on each shaft), 4 potentiometers (2 on 

each shaft), the load cell, and the pressure transducer. The inclinometer readings were taken by a separate 

data collector, the Digitilt Datamate® data collector. 

Testing Procedure 

The static testing program began with the static pair on the east side of the test site and then 

proceeded westward. The static pairs were tested in the following order: 60"cjI by 7.5' deep (C2-F2), 60"~ 

by 5' deep (C3-F3), 60"~ by 2.5' deep (C4-F4), 36"~ by 6' deep (D5-E5), and finally 36"~ by 3' deep (D6-

E6). Each test took approximately half a day (4-5 hours) to setup and perform. 

In order to obtain accurate data, careful instrumentation and execution of the load test were 

essential. Before the testing began, the instruments were set up in the manner described above and an 

initial survey of each inclinometer casing was taken. The wiring from each instrument, such as the L VDTs 

and potentiometers, was carefully checked and double-checked to make sure its channel corresponded to 

those recorded for that location in the computer. The physical locations for every instrument, such as the 

loading elevation and L VDT elevations, were manually recorded in both a field book and a notepad kept by 

the Megadac operator. With this was accomplished, the Megadac began scanning all ten channels at a 

frequency of I scan/sec, the hydraulic jack was pressurized, and the shafts were loaded. The rate of loading 

depended on the size of the shafts and the way they responded to initial loads. A cutoff valve on the 

hydraulic pump controlled the loading. The load was usually applied in increments of20kips to 75kips, 

depending on the shaft, and then the cutoff valve was closed and the load held. As the shafts would creep, 

the load would decrease until a state of equilibrium was reached, at which time the load would remain 
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constant over time. Figure 6.5 is a plot of the load versus time for all five static pairs. The larger shafts 

required more loading increments before failure began to occur. The LVDTs and potentiometers were 

examined by the Megadac operator to distinguish the begining of shaft failure (increasing displacement 

with no significant increase in load). Once it appeared that the shafts were beginning to fail, the loads were 

maintained for longer periods, 15-20 minutes, so that inclinometer surveys could be taken of both static 

shafts. The inclinometer readings can be seen on Figure 6.5 as long, horizontal breaks between the 

loadings. Two or three inclinometer surveys were taken on each of the test shafts except for the 36"'" by 3' 

deep shafts (D6-E6), which only had one survey taken. As was expected, the larger shafts sustained higher 

loads and required more time to execute the tests. The test results are fully discussed in Chapter 7. 

6.3 Statnamic Test 

The statnamic load test was quite different from the static load test. Rather than applying a static 

load, the statnamic shafts were loaded by a dynamic load whose static equivalent could later be calculated. 

The shafts were loaded just one at a time and the loading lasted for just a fraction of a second. The 

dynamic load was increased in increments until it appeared that the shaft was failing. There were four 

statnamic test shafts in this research program, each having a different variation of diameter and depth. 

Instrumentation 

Like the static shafts, careful instrumentation of the statnamic test shafts was necessary to 

accurately measure the shaft movements. Since the loading duration was but a fraction of a second, the 

data collection was completely automated. Four different types of measurements were taken during the 

load tests. These were horizontal surface displacement, vertical displacement, depth versus displacement, 

and load measurements. 

The horizontal surface displacement measurements were made using bothL VDTs and 

accelerometers. Piezoelectric accelerometers were one of two types of accelerometers used in the 

statnamic tests. Piezoelectric accelerometers consist essentially of three basic elements: the transducer 

body, the piezoelectric sensing element (quartz crystals), and the seismic mass. Polar electricity is 

generated when pressure is applied to quartz crystals. Because of the constant seismic mass, the force 

acting on the piezoelectric sensing element is proportional to the acceleration in accordance with Newton's 
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fIrst law (F=ma). An electrical charge is generated that is proportional to the force (and hence 

acceleration). The other type of accelerometer used in the statnamic tests employed capacitors to measure 

acceleration. The accelerometers, strategically placed in several locations, were all read by the Megadac at 

1000 cycles/second. At the conclusion of every test, there was an acceleration versus time curve for every 

a<;celerometer location. A computer numerically integrated the acceleration versus time curve once to yield 

a velocity versus time curve and twice to yield a displacement versus time curve for every accelerometer 

location. In this manner, the shaft displacements were obtained using accelerometers. 

The accelerometers were placed in mUltiple confIgurations on the statnamic test shaft. Two small 

pieces of steel angle were welded to the casing of the test shaft to serve as a mounting platform for the 

accelerometers. One piece of angle was welded to the front side (the side of loading) and the other was 

welded to the rear side (the side leeward of the loading). Mounted to the angle on the front side was one 

accelerometer oriented in the axial direction. Mounted to the backside angle was one accelerometer 

oriented in the axial direction and one oriented in the lateral (horizontal) direction. Two additional 

accelerometers oriented in the lateral direction were magnetically mounted, one atop the other, to the 

backside of the shaft at an elevation approximately equal to the loading. Five additional accelerometers 

were mounted to five small probes and slid down the inclinometer casing cast in the test shafts. These five 

downhole accelerometers were arranged in a chain spaced at 18" O.C. and were oriented to read 

acceleration in the direction of loading. The downhole accelerometers produced displacement data from 

multiple depths. In addition to the ten accelerometers, two L VOTs were installed to validate the 

displacements measured by the accelerometers. One LVOT was mounted within an inch of the axial and 

lateral accelerometers located at the top of the backside, refer to Figure 6.6 and the Appendix. The other 

L VOT was mounted within an inch of the two lateral accelerometers located on the backside near the 

loading elevation. The L VOTs were held in a stationary position by steel angles that were clamped to a 

fixed reference beam. The two static shafts located directly behind the statnamic test shaft, see Figure 6.7, 

usually supported the reference beam. 

Loading 

The applied dynamic load was applied by a 450 ton capacity lateral statnamic device provided 

by Applied Foundation Testing, Inc. (AFT) of Green Cove Springs, Florida. The statnamic test equipment 
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Figure 6.7 
Statnamic Setup 

Figure 6.8 
Statnamic Setup 
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consists ofthree essential parts, the piston, the cylinder/silencer assembly, and the reaction masses. The 

piston includes a fuel chamber, where the fuel is ignited and burns, generating a gas, which accelerates the 

cylinder/silencer assembly away from the piston. The piston also contains a load cell, which is linked to 

the Megadac and scanned at a high frequency during the test. The cylinder/silencer assembly fits over the 

piston and forms a pressure chamber. Gas generated in the chamber moves the cylinder off the piston. The 

silencer portion of the assembly acts as a large muffler. The gas from the piston is allowed to vent in a 

controlled manner. The reaction masses are made of concrete with a steel jacket and are slid over the 

cylinder/silencer assembly. The base of the cylinder has a large flange, which serves as a support for the 

reaction masses. The entire statnamic device sits atop a sturdy steel sled that slides across the ground 

surface during a test.. Because of the massive bulk of the statnamicsled, it was difficult to align it perfectly 

with the front face of the test shaft. A spherical bearing plate was suspended by chains from a steel beam 

cantilevered over the front side of the test shaft, refer to Figure 6.8. The spherical bearing reduces eccentric 

loading and corresponding moments. One-inch steel plates were welded on the north face of the test shafts 

to serve as a bearing surface for the spherical bearing plate suspended from above. The load was measured 

by a Geokon load cell. 

Data Collection 

The LVDTs, accelerometers, and load cell were all wired into the same Megadac 341SAC data 

collector used in the static load test. Each instrument had its own channel that was read by the Megadac 

once every thousandth of a second for the entire duration of the statnamic load test. There were birteen 

channels monitored by the Megadac: 10 accelerometers, 2 L VDTs, and the load cell. 

Testing Procedure 

The statnamic testing program began with shaft B6 on the west side of the test site and then 

proceeded eastward. The statnamic pairs were tested in the following order: 36"1\1 by 3' deep (B6), 36"1\1 by 

6' deep (BS), 60"1\1 by S' deep (A3), and finally 60"1\1 by 7.S' deep (A2). Each test took approximately half 

a day (4 to S hours) to setup and perform. 

In order to obtain accurate data, careful instrumentation and execution of the load test were 

essential. Before testing began, the instruments were set up in the manner described above. The wiring 
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from the L VDTs and accelerometers was carefully checked and double-checked to make sure its channel 

corresponded to those recorded for that location in the Megadac. The physical locations of every 

instrument, such as L VDT and downhole accelerometer elevations, were manually recorded in two 

different field books. Next, the fuel was placed in the charge basket of the statnamic device and a 60-ton 

crane moved the entire sled into position in front of the test shaft and oriented it in the direction established 

by the accelerometers and L VDTs. Every effort was made to level the sled with wooden blocks but seldom 

was it perfectly level. 

Once all the instruments were properly wired and the statnamic device in its correct position, the 

data collector was set up to begin recording data (1000 scans/second) as soon as the load cell indicated the 

test had begun. The charge was then set off using an automobile battery, the statnamic sled recoiled from 

the test shaft onto the clear zone provided for it, and the test was complete. The Megadac recorded the data 

from each of the instruments during the two tentlrof-a-second test. The statnamic device was then allowed 

to vent any gases and cool down for 10 to 15 minutes before it was reloaded with an even larger charge, 

repositioned by the crane, and then set off again. The number of tests conducted on each shaft depended on 

the shaft diameter and drilled depth. Obviously, the larger 60"4> shafts could be more heavily loaded than 

the smaller, 36"4> shafts. The discussions of the actual loads and test results are not discussed in this paper 

and will be fully addressed in another paper at a later date. 

6.4 Lateral Osterberg Test 

The lateral Osterberg test (lateral O-cell) was performed after the static and statnamic load tests. 

The mechanism behind the lateral Osterberg test is the same as the static test load each cylinder half by 

jacking one against the another. However, the test arrangement for the lateral O-cell was completely 

different from the static test set up. There were four lateral Osterberg tests in this research program. Two 

60"4> by 5' deep shafts, one in the east-west direction and the other in the north-south direction and two 

36"4> by 6' deep shafts, one in the east-west direction and the other in the north-south direction, were tested. 

Instrumentation 

As was the case in the static and statnamic tests, careful instrumentation of the test shafts was 

essential to accurately measure the displacements. Horizontal displacement and load were the only two 
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quantities measured in the lateral O-cell test. The lateral displacement at multiple depths in the shaft was 

desired and to acquire this information, several measurement techniques were utilized. These included: 

surface L VDTs, potentiometers mounted below the ground surface, and inclinometer surveys. 

Before the instrument setup can be fully discussed, it is necessary to ftrst consider the arrangement 

of the O-cells between the cast steel beams. The construction of the lateral O-cells were discussed in 

Section 5.5. Described in that Section was the construction of the steel assemblages comprised of two wide 

flanged beams (WI8x76) and flat bar (3/16" by 9" steel plate) that were cast in concrete within the drilled 

shaft. Those steel assemblages were designed to allow two 9"-diameter Osterberg cells welded between 

two pieces ofC15x33.9 channel to slide easily between the webs of the W18x76 sections, see Figure 5.8. 

The displacement between the steel channels at different depths was desired and so the same 

potentiometers used to measure vertical movement in the static tests were placed between the channels 

when the O-cells were mated to the CI5x33.9. During the actual load test, these potentiometers would 

measure displacements at several subterranean locations. The O-celliocations were fIrst marked on one of 

the channel. Then a 2 W' thick steel bearing plate was centered on each of the marks and welded to the 

channel. The bearing plate was required because the hydraulic ports on the O-cells were located on top of 

the cells. Each bearing plate had two apertures that accommodated the hydraulic ports and hoses, see 

Figure 6.9. Loading the cells with out a bearing plate would have crushed the hydraulic ports. After the 

bearing plates, ftve six-inch-Iong pieces of angle were welded to the flanges of the channel to provide a 

surface to mount the potentiometers, refer to Figure 6.9. The potentiometers were mounted on the angle 

using C-clamps. Round, metal eyes were welded on the other channel at the same locations as the 

potentiometers attached to the ftrst channel. The second channel was then set on top of the O-cells with the 

flanges down, so that the flanges on the two channels were opposing, and welded to both of the Ocells. 

For each of the ftve potentiometers, the spring-loaded wire was pulled from the potentiometer housing on 

the one channel and attached to the metal eye directly across from it on the other channel. There were two 

potentiometers positioned just above the top O-cell, one potentiometer positioned between the O-cells, and 

two potentiometers positioned just below the bottom Q..cell. Figure 6.10 is a typical elevation showing the 

exact potentiometer and O-cell positions; see the Appendix for all four lateral Osterberg elevations. 
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Figure 6.9 
Downhole View of Lateral Osterberg Setup 
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With the O-cell assembly completed, it was installed in the space between the two W18x76 beams 

by simply craning it over the opening in the test shaft and sliding it down. However, before the O-cells 

were place in the test shafts, the hydraulic hoses were attached to the ports and the potentiometers were 

wired. To validate the lateral potentiometer displacements, L VOTs were positioned on the 2' to 3' of 

channel that rose above the ground surface, see Figures 6.10 and 6.11. Two L VDTs were placed on each of 

the opposing channels. The L VOTs were held in a stationary position by steel angles that were clamped to 

a fixed reference beam running overhead of the test shafts (Figure 6.10 does not depict the reference beam). 

The 30' long reference beam was supported on each end by pieces of steel casing setup some 8' to 10' 

away from the test shaft. 

Additional depth versus displacement measurements were made using the same Slope Indicator 

Oigililt® Inclinometer Probe (metric model) used in the static test. An initial survey of every lateral 

Osterberg test shaft casing (two casings in every lateral O-cell test) was performed before any load testing 

in order to establish the initial casing profile. The survey procedure was exactly the same as the static 

survey procedure described in Section 6.2. 

Loading 

The applied load was supplied by the 9" diameter O-cells whose installation was described in the 

above paragraphs. Each 9" diameter O-cell had a 400kip (200 ton) capacity, that is 400 tons total, and a 5" 
, 

stroke. Water was the hydraulic fluid used to pressurize the O-cells. The water.filled hydraulic lines for 

each cell were attached to its own pump. Both pumps had a pressure gauge readable to 10,000 psi and 

were driven by an Ingersol Rand portable air compressor. A load cell was not used to measure the load; 

instead, the pressure was manually recorded and the load was then calculated using a pressur&load curve 

furnished by the O-cell manufacturer. 

Data Collection 

As was done in the static and statnamic load tests, the L VDTs and potentiometers were all wired 

into a Megadac 3415AC data collector. Each instrument had its own channel that was scanned by the 

computer once every second for the entire duration of the lateral Osterberg load test. There were nine 

channels monitored by the Megadac: 4 LVDTs (2 on each of the steel channels) and 5 downhole 
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Figure 6.11 
Surface Photograph of Lateral Osterberg 
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potentiometers. A separate data collector (the Digitilt Datamate® data collector) took the inclinometer 

readings. 

Testing Procedure 

The lateral Osterberg testing program began with the 60"~ test shafts. The lateral O-cells were 

tested in the following order: 05EW (60"~), 05NS, 03NS (36"~), and 03EW. It took an entire day to 

assemble the O-cells and potentiometers in the steel channel that housed them. Once this was 

accomplished, each test took approximately haIfa day (4-5 hours) to setup and perform. 

In order to obtain accurate data, careful instrumentation and execution of the load test were 

essential. Before the testing began, the instrumen1s were set up in the manner described above and an 

initial survey of each inclinometer casing was taken. The wiring from the L VDTs and potentiometers was 

carefully checked and doublt>-checked to make sure its channel corresponded to those recorded for that 

location in the Megadac. The potentiometer and L VDT elevations were manually recorded in both a field 

book and a notepad kept by the Megadac operator. With this was accomplished, the Megadac began 

scanning all nine channels at a frequency of 1 scan/sec, the O-cells were pressurized, and the shafts began 

to be loaded. The welds between the 9" plates and the W18x76's that held them together before the 

concrete was poured had to be broken before the actual rock was loaded. The O-cells on the 36"~ tests 

were loaded to 150 kips each before the welds broke. The welds on the 60"~ tests unexplainably broke just 

shortly after the cells were first pressurized. 

Each pump had an operator that manned a cutoff valve that controlled the loading to one of the 0 

cells. The operators tried to load the cells in a way that would keep the channels and W18x76 beams 

plumb. In other words, the bottom cell might have to be loaded more than the top cell to keep the 

displacement at the top cell equal to the displacement at the bottom cell. The rate of loading depended on 

the size of the shafts and the way they responded to initial loads. The total load (sum of the two Ocells) 

was usually applied in increments of 20kips to 80kips, depending on the shaft, and then the cutoff valve on 

each O-cell was closed and the load held. As the shafts would creep, the load would decrease slightly until 

a state of equilibrium was reached; at which time the load would remain constant over time. Obviously the 

60"~ shafts required more loading incremmts before failure began to occur than did the 36"~ shafts. The 
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L VDTs and potentiometers were examined by the Megadac operator to distinguish the beginning of shaft 

failure (increasing displacement with no significant increase in load). When it appeared that the shafts had 

failed, the loads were maintained for 15-20 minutes so that inclinometer surveys could be taken on both 

halves of the lateral O-cell shafts. Each test shaft had just one inclinometer survey except for 03NS, which 

had two surveys taken. The test results are fully discussed in Chapter 7. 
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7. TEST OBSERVATIONS AND RESULTS 

7.1 General 

The results and observations from the static and lateral Osterberg load tests are presented in the 

following Sections. The loading history and general comments are included in the first paragraphs of each 

Section along with any abnormalities that occurred. A description of the cracking patterns along with 

photographs is also included. Important, measurable relationships such as horizontal displacement, 

rotation, vertical displacement, and depth vs. displacement are discussed. Trends that were observed in the 

test results are discussed at the end of each Section. The examination and analysis of the test results are not 

included in this Chapter but are included in Chapter 8. Issues such as available analysis methods, p-y 

curves, and the lateral Osterberg tests are addressed then. 

7.2 Static 

The static load tests were instrumented and executed as described in Chapter 6. The static testing 

program began with the static pair on the eastside of the test site and then proceeded westward. The static 

pairs were tested in the following order: 60"<1> by 7.5' deep (C2-F2), 60"<1> by 5' deep (C3-F3), 60"<1> by 2.5' 

deep (C4-F4), 36"<1> by 6' deep (D5-E5), and finally 36"<1> by 3' deep (D6-E6). Each test took 

approximately half a day (4-5 hours) to setup and perform. 

7.2.1 Loading 

Each of the shafts was loaded until failure. The rate of loading depended on the size of the shafts 

and the way they responded to initial loads. The load was usually applied in increments of 20 to 80kips, 

depending on the shaft, and was maintained for several minutes before additional load was applied. The 

L VDTs and potentiometers were examined by the Megadac operator to distinguish the beginnings of shaft 

failure (increasing displacement with no significant increase in load). Once the shafts reached failure, 

additional load was usually applied to exaggerate the tensile cracks that had developed and observe the 

manner in which the shaft was rotating. The loading history for each static pair can be found in Figure 6.5. 
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7.2.2 Ground Cracking 

Cracking of the ground surface occurred on all ten of the static shafts. Tensile cracks typically 

opened up on the back side of the shaft (the loaded side of the shaft) as well as the front side (the leeward 

side of loading) of the shafts. Hereafter the loading side is referred to as the back side and the leeward side, 

the side opposite the loading side, is referred to as the front side. Figures 7.1 to 7.3 are photographs typical 

of the tensile cracking observed during the load test. There was no structural distress (cracking) observed 

in any of the static test shafts. The following is a description of the ground cracking patterns observed on 

all ten of the static test shafts: 

C2·F2: One W' to 1" crack formed on the front side of C2 (the northern test shaft) and by 

examining photographs, appeared to propagate 5' to 6' east of the line of loading. Large, 

2" cracks opened up on the back side (loading side) of both C2 and F2. These cracks 

propagated 5' to 6' on both the east and west sides of the test shafts. Cracks were not 

observed on the front side of F2.' All of the cracks were nearly perpendicular to the line of 

loading. 

C3·F3: A 2" tensile crack emerged on the back side of C3 (the north test shaft) and propagated 5' 

to 6' on both the east and west side of the shaft, see Figure 7.1. Unfortunately, F3 (the 

south test shaft) was not photographed and so there was no record of its tensile cracks. 

There were not written notes of the cracking. 

C4·F4: A large, 2" crack developed on the back side of both C4 and F4. Like the other 60"cjl 

shafts, these cracks propagated approximately 5' (or one diameter) perpendicularly on 

both sides of the loading centerline. Uplifting of the back side was observed on both of 

the test shafts. There was a visible elevation difference between the two sides of the 

tensile cracks that had developed. The side of the crack closest to the shaft was about 1" 

higher than the far side of the crack, see Figure 7.2. This was true for both C4 and F4. 

Neither of the shafts had cracks develop on the front side. 

D5·E5: Quarter inch to 1" cracks developed on both D5 and E5. The cracks on the west side of 

D5 tended to originate at the middle of the shaft and propagate outward in a radial 
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Figure 7.1 
South Side ofe3 (North Shaft) 
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Figure 7.2 
North Side ofF4 (South Shaft) 
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Figure 7.3 
North Side ofDS (North Shaft) 
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direction, see Figure 7.3. There were several cracks ranging from 1,4" to I" on the back 

side of D5 running perpendicular to the line of loading. The cracks on E5 seemed to be 

more concentrated on its back side and propagated in a direction perpendicular to the line 

of loading. 

D6-E6: Very little cracking was observed on D6 and E6. These 36"cp shafts were embedded just 

3' below the ground surface and were therefore unable to develop large tensile cracks. 

These two test shafts exhibited a 'fence posting' type of failure where the shaft undergoes 

large rotations. Very small, W' cracks were observed on the back sides of both the shafts. 

7.2.3 Load v~. Horizontal Displacement 

The load vs. horizontal displacement as well as the rotation vs. horizontal displacement plots for 

each shaft is located in Figures 7.4 to 7.13. Table 7.1 contains the ultimate lateral resistance and 

corresponding displacement for each of the test shafts. Table 7.1 also has the lateral loads at W' lateral 

displacement and the absolute maximum lateral displacement for each of the shafts. It is important to be 

clear on the definition of failure. For this project, the point of failure is determined when: 

1) The deflection appears to be rapidly increasing with little or no increase in the applied load. 

Many of the load vs. displacement plots have a very non-linear failure and the end portions of 

these curves often become a horizontal line or have a negative slope. Several of these 

horizontal end portions have small peaks that are insignificant and the shaft can be considered 

failed. The ultimate lateral capacity P u of the shaft is reached when the load vs. displacement 

plot becomes a horizontal or negatively sloping line. 

2) There is excessive lateral deformation. When lateral displacements become so large that the 

serviceability of the structure is compromised, then the shaft has failed. It is commonplace to 

determine failure when the horizontal displacement is some percentage of the shaft diameter. 

Many of the static test shafts reached their ultimate lateral capacity by the time they had W' of 

lateral displacement. When examining the load vs. lateral displacement curves for the point 

of failure, the overall trend of the curve should be considered and some judgement applied in 

determining the true point of failure. Some of the shafts do achieve additional lateral capacity 
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after displacing Y2" but are displacing at a progressively faster rate that failure of the shaft 

could be considered to have already occurred. 

Ultimate 
Resistance, P u 8un po.s" 8max 

Shaft (kips) (in) (in) (in) 
5' by 7.5' North-C2 326 1.79 260 nla 
5' by 7.5' South-F2 326 1.03 304 1.16 
5' by 5' North-C3 222 1.75 145 2.32 
5' by 5' South-F3 224 0.78 204 1.20 

5' by 2.5' North-C4 97 0.54 95 1.26 
5' by 2.5' South-F4 97 0.75 87 1.52 
3' by 6' North-05 142 1.32 107 2.91 
3' by 6' South-E5 140 0.65 135 1.42 
3' by 3' North-D6 44 0.57 43 1.99 
3' by 3' South-E6 48 0.38 48 1.10 

Table 7.1 
Load vs. Horizontal Displacement Summary 

On all five of the static test pairs, each ofthe shafts (both the same diameter and approximate 

depth) in the pair failed at approximately the same load, which was fortunate since a static test can not 

continue once one of the two shafts reaches its ultimate lateral capacity. However, the shape of the load vs. 

displacement curve for the southern shafts was quite different from that of its northern partners. For the 

southern shaft in each static pair, the slope of the initial portion of the load vs. displacement curve was 

much steeper than that of its northern partner, which yielded much more gradually and non-linearly. With 

the exception of S' by 2.S' South-F4, the Pill" for the south shafts was always larger than that of the north 

shafts. The direction of loading with respect to the dip was likely the reason for the difference in the 

loading between the north and south shafts. 

Once the two shafts simultaneously reached their common, ultimate lateral resistance (not 

necessarily the same lateral displacement), the north shaft had typically displaced nearly twice as much as 

the south shaft, see the Omax column in Table 7.1. This is most evident on the 36" q, by 6' deep shafts (ES-

OS). These shafts experienced the same load at the same time and had the same ultimate lateral resistance, 

yet DS (north) experienced twice the horizontal movement as ES (south). 
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7.2.4 Rotation 

The shaft rotation was measured by the L VDTs and potentiometers described in Chapter 6. Two 

L VDTs were positioned on the back side of both static shafts. see Figure 6.1. The rotation was calculated 

by the following: 

• • -1 ( LV D T,op - LV D Thollom ) 
rotatlOn = e = 8m 

s 

Eq.7.1 

Where L VDT10p and LVDT bottom are the relative LVDT displacement readings from the top and bottom 

L VDTs respectively and s is the separation between the top and bottom LVDTs. The rotation was also 

measured by the overhead potentiometers and calculated by the fOllowing: 

e . -1 (IPnorlh 1 + IpSOUlh IJ =8m 
l/J 

Eq.7.2 

Where P north and P south are the absolute relative potentiometer readings for the north and south 

potentiometers respectively and cP is the shaft diameter. which is the distance between the two 

potentiometers. The rotation measurements between the L VDTs and potentiometers were in good 

agreement. The rotations in Figures 7.4 to 7.13 were simply chosen as those measured by the LVDTs 

instead of the potentiometers. 

The rotation vs. deflection was a linear relationship; however. the rotation vs. load (not shown) 

was not. It is important to recognize that the rotation and load are not linear. as might be mistakenly 

concluded from Figures 7.4 to 7.13. As with the deflection. the rotation on the northern shafts was 

considerably greater than that of the southern partners. The elastic recovery after the shafts were unloaded 

was usually 50%. 

7.2.5 Vertical Displacement 

Another important property that was measured during the load testing was the amount of vertical 

displacement observed in each of the test shafts. Vertical displacement is important because the side shear 

is directly related to the amount of displacement in the vertical direction. The vertical displacement was 
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measured by the overhead potentiometers. As described in Chapter 6, the potentiometers were clamped to 

an overhead piece of angle iron with C-clamps and the spring-loaded wire was extended down to the edge 

of the steel casing located directly below where its end was clamped to the casing with a C-clamp. Since 

the orientation of the loading was in the north-south direction, the ends of the spring-loaded potentiometer 

wires were attached to the northernmost and southernmost points on each test shaft. 

The vertical displacement vs. lateral displacement for each static shaft is illustrated in Figures 7.14 

to 7.23. Extension of the spring-loaded potentiometer wire was read by the Megadac as positive and 

retraction was read as negative. Since the potentiometers were installed overhead, upward movement of 

the test shaft resulted in a retraction of the potentiometer wire and negative displacement readings by the 

Megadac. Similarly, downward displacements by the shaft were an extension ofthe potentiometer wire 

and resulted in positive displacement readings by the Megadac. In the vertical displacement vs. lateral 

displacement graphs, the front edge is defined as the side opposite that of the loading. For example the 

northern shafts in each of the static pairs were loaded from the south and displaced laterally to the north. 

The northern side is referred to as the front edge and the southern side is referred to as the back edge. The 

opposite is true of the southern shafts in each static pair where the northern side is referred to as the back 

edge and the southern side is referred to as the front edge. This is because the southern shafts were loaded 

from the north and displaced laterally to the south. The vertical displacement at the center of each shaft is 

simply the algebraic mean of the front and back displacements, assuming no shear deformation of the test 

shaft. 

There was a general upward vertical movement observed in all of the test shafts. Each shaft had a 

considerable amount of upward vertical displacement on its back side. The vertical displacements on the 

back edge of the test shafts ranged from 0.9" to 1.9" in the upward direction. Some of the shafts were 

loaded beyond the point of failure to a greater extent than others, and so the vertical displacement is 

exaggerated on some shafts more so than others. The large vertical displacements measured at the heel (or 

back side) of the test shafts are indicative of rotational failure. It appears that the shafts were 

displacing/rotating as a rigid body rather than a flexural beam type of displacement. If the test shafts were 

behaving as an elastic beam, the vertical displacements would be very small with respect to the overall 
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depth of the drilled shaft, which is not the case in these static shafts. The depth vs. displacement 

measurements made by the inclinometer will further confirm this conclusion in Section 7.2.6. 

There are some notable differences between the north and south shafts in each static pair. The 

north shaft in each pair had some downward displacement on the front (north) side while the back (south) 

side experienced a considerable amount of upward displacement. The downward displacement of the front 

side was never more than 0.5" while the upward displacement of the back side ranged from 1.2" to nearly 

2". In the southern shafts in each static pair, the front side remained nearly stationary while the back side 

experienced vertical displacements that ranged from 0.9" to 1.7" in the upward direction. The front side of 

F2, F3, and F4 (all southern shafts) moved no more than a tenth of an inch. The center (or mean) vertical 

displacement did not seem to demonstrate any trends between the north and south shafts. In some static 

pairs the centerline vertical displacement on the north shaft was greater than the south shaft and in other 

pairs the opposite was true. It has already been established that the northern test shafts yielded more 

quickly in the lateral direction than the southern shafts. Since the northern shafts had greater lateral 

displacements, this makes the plot of vertical displacement vs. lateral displacement on the northern shafts 

appear to be stretched out to the right side of the plot more so than the southern shafts. 

The large upward displacements on the back sides of the test shafts and the relatively small 

downward displacements on the front sides of the test shafts are indicative of a difference in shear strength 

between the two sides. The shear strength on the front side is greater than that of the back side because 

there is less confining stress in the upward direction (back side) than there is in the downward direction 

(front side). The anisotropy of the rock could also have affected the shear strength on the front and back 

sides. Recall that foam was installed in the bottoms of the south shafts and was not installed in the bottoms 

of the north shafts, yet there was very little downward vertical displacement measured on the front sides of 

the south shafts. It is possible that the downward force on the front side of the south test shafts never 

reached the compressible foam bottom because the shear resistance on that side was so great. Had large 

axial loads been applied to the shafts while they were tested, the large vertical displacements would 

probably not have been observed. 

101 



7.2.6 Depth vs. Displacement 

The depths vs. displacement measurements were made using the Slope Indicator Digitilt® 

Inclinometer Probe (Metric model). During a survey, the inclinometer probe was drawn upwards from the 

bottom of the casing to the top and halted in its travel at half-meter intervals for tilt measurements. The 

depth was measured with respect to the elevation at the top of the plastic inclinometer casing. The 

inclinometer readings were used to calculate the lateral deviations from the initial inclinometer survey 

taken before the static test was begun. These lateral deviations were used to create a deflected shape that 

was plotted next to the scaled cross-sectional view of the test shaft on AutoCAD. The lateral displacem~nt 

vs. depth plots can be found in Figures 7.24 to 7.29. The scale on the lateral displacement axis is 

exaggerated to more clearly illustrate the deflected shape of each test shaft. For each test shaft the 

deflected shape was plotted for several surveys; (ecall that the loading was temporarily halted several times 

during the static tests to allow multiple inclinometer surveys of the shafts to be taken. The corresponding 

load, date, and time of each survey are included in the survey labels. 

The inclinometer surveys were usually taken once the test shafts began to exhibit large lateral 

displacements (0.5" plus). Many of the inclinometer surveys had just two or three kips difference in the 

loading and yet there was significant amount of lateral displacement between the two surveys, indicative of 

failure. Some of the surveys had loads that were less than the loads of preceding surveys. This too is 

indicative that the shaft failed and was unable to be loaded further. All of the deflected shapes were nearly 

straight lines, reaffirming the validity of rigid body motion in the test shafts. Since the inclinometer 

surveys were made at half meter intervals from the top of the inclinometer casing, the deflected shape 

below the bottom survey point was projected (assuming rigid body motion) to the bottom of the test shaft 

using the slope of the shaft just above the bottom survey point. The dashed line indicates the projected 

portion of the deflected shape while the solid line indicates the portion of the deflected shape actually 

measured by the inclinometer. 

There were several inclinometer surveys of the 36" diameter shafts not included in Figures 7.24 to 

7.29 that appeared to be erroneous. The lateral displacement measured by the inclinometer at the loading 
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point was grossly different from that measured by the L VDT at that location. The erroneous inclinometer 

surveys were further discredited when the slopes measured by the inclinometer were compared with those 

measured by the LVDTs and the potentiometers, which were nearly identical in their slope measurements. 

All of the inclinometer surveys were checked for accuracy by comparing the slope measured by the 

inclinometer to that measured by the potentiometers and L VDTs. These are the questionable inclinometer 

surveys and the percent difference between the slope measured by the inclinometer and that measured by 

the potentiometers and L VDTs: 

1) Survey #1 ofD5 (36"cp by 6' deep)-49.8% 

2) Survey #1 ofE5 (36"cp by 6' deep)-50.7% 

3) Survey #1 (the only survey) ofE6 (36"cp by 3' deep)-59.7% 

The questionable surveys in D5 and E5 where simply removed since there were two other reasonable 

surveys ofD5 and one other reasonable survey ofE5. Since there was only one survey ofE6, the deflected 

shape shown by the dashed line on E6 was created by taking the lateral displacement measured at the 

loading point by the L VDT and extending a line both above and below this loading point with the slope 

measured by the potentiometers and L VDTs. Again, rigid body rotation was assumed because the test data 

supports this assumption. 

7.3 Lateral Osterberg 

The lateral Osterberg load tests were instrumented and executed as described in Chapter 6. Recall 

that each test shaft had two Osterberg cells for loading and five potentiometers for displacement 

measurements, see Figure 6.10 and the Appendix for exact locations. The testing program followed the 

following order: 05EW, 05NS, 03NS, and finally 03EW. Each test took approximately half a day (4-5 

hours) to setup and perform. 

7.3.1 Loading 

Each of the shafts was loaded until failure. The rate of loading depended on the size of the shafts 

and the way they responded to initial loads. The tack welds holding the two W18x76 beams together 

during construction had to be broken before the rock began to experience load. The 36"Cp test shafts 

sustained a considerable amount of loading before their welds broke. The top and bottom cells in 03NS 
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were loaded to 61.9 kips and 62.7 kips respectively (124.6kips total) before the welds were broken. The 

top and bottom cells in 03EW were loaded to 150.3 kips and 151.1 kips respectively (301.4 kips total) 

before the welds broke. After the welds on these two test shafts were broken, the O-cells were completely 

unloaded and the test was restarted with zero load. The welds on the 60"q, shafts unexplainably broke just 

as the cells were first pressurized and so the test progressed without having to stop and unload the O-cells. 

Once all the welds were broken and the test was resumed, both the top and bottom cells were 

loaded in equal increments ranging from 22 to 50 kips. As the shafts continued to be loaded, the bottom 

cells were loaded at a rate different from the top cells to try and keep the two steel beams and the two 

channel parallel with one another. Each load was maintained for several minutes to allow the two halves to 

reach equilibrium and take inclinometer surveys. The L VDTs and potentiometers were examined by the 

Megadac operator to distinguish the beginnings of shaft failure (increasing displacement with no significant 

increase in load). Once the shafts had failed, additional load was usually applied to exaggerate the tensile 

cracks that were developing and observe the manner in which the rock was failing. 

7.3.2 Concrete Cracking and Ground Cracking 

Pieces of plywood were inserted into the wet concrete between the steel assemblage and the wall 

of the drilled shaft during construction, see Figure 5.8. The plywood was inserted in each test shaft to 

ensure that a crack would develop on each side of the steel assemblage running the entire depth of the test 

shaft, thus forming two half cylinders. As planned, cracks developed in the concrete between the 9" steel 

plate and the edge of the drilled shaft on both sides of the assemblages just as the shafts were first loaded 

(after all the welds were broken). These cracks continued to -open as the total load from the O-cells grew 

successively larger. The void between the two concrete halves grew as large as 3". Fig~es 7.30 to 7.32 

are photographs of the cracking that took place in the concrete surrounding the steel assemblages. Smaller 

cracks developed in the concrete on the front side of the shafts and propagated towards the edge of the 

drilled shaft in the direction of the loading. 

Cracking of the ground surface occurred on all four of the lateral Osterberg test shafts. 

Unfortunately, these surface cracks were not as well documented as those in the static tests. Little was 

recorded in the field notes as to the size and extent of crack propagation. Most of the photographs do not 
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Figure 7.30 
Concrete and Ground Cracking-05EW (Looking South) 
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Figure 7.31 
Concrete and Ground Cracking-05NS (Overhead View) 

Figure 7.32 
Concrete and Ground Cracking-03NS (Looking East) 
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include the ground surface surrounding the test shafts. No photographs were taken of 03EW. The 

following is a summary of what was recorded of the surface cracks: 

05EW: W' tensile cracks developed on both the north and south side where the gap between the 

concrete intersected the surrounding rock, see Figure 7.30 (photo of ground cracks). The 

cracks on the north side traveled in a northerly direction and the cracks on the south side 

traveled in a southerly direction. The distance from the edge of the test shaft these cracks 

propagated was not measured. A small W' crack developed on the west side of the shaft 

and traveled 23' to the west before it could no longer be detected by the eye. 

05NS: W' tensile cracks developed on both the east and west side. where the gap between the 

concrete intersected the surrounding rock. A small crack propagated 10' to the north from 

the north side of the test shaft. The test was conducted in the dark and so it is likely that 

many cracks went unseen, Figure 7.31. 

03NS: Several photos taken of 03NS revealed the cracking that was typical of the three other test 

shafts, see Figure 7.32. The largest cracks occurred where the test shaft split in half and 

propagated in a direction approximately normal to the direction of loading. Other cracks 

W' to W' in size opened up and propagated radially from the test shaft. Cracks were 

detected 8' to the north of the test shaft. A note in the field book stated: ''The North side 

failed almost completely but very little movement on the south side." Indeed, most of the 

cracking was on the north half of the split test shaft. Many of the cracks were very small 

and hard to spot with the naked eye. 

03EW: No photographs were made of this test shaft and no notes were made concerning the 

cracking. A note was made stating that the shaft did not seem to have a decisive point of 

failure as the other shafts had. It is possible that the cracks were similar to the cracks seen 

in the photograph of 03NS in Figure 7.32. 

7.3.3 Load vs. Horizontal Separation 

The load vs. horizontal separation for each shaft is located in Figures 7.33 to 7.36. The separation 

in these four plots was measured at the middle potentiometer, see Figure 6.10. Failure was much more 

defined in the lateral Osterberg test shafts than in the static test shafts and usually occurred in two stages. 
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Initially. the increases in pressure (and hence load) in the top and bottom cell were equal. As the rock 

closest to the ground surface began to fail. it became increasingly difficult to stabilize the load in the top 

cell. In order to keep the two halves parallel with one another (and plumb with the earth); the load in the 

top cell was held constant while the bottom cell was loaded more heavily. This can be seen in Figures 7.33 

to 7.36 as the initial horizontal portion of the load vs. displacement curve labeled ''Top Cell". The bottom 

cell was loaded further until the rock began to yield completely and it was not possible to stabilize the load 

in either of the O-cells because of the high rate of creep. At this point the load vs. displacement curve 

labeled "Bottom Cell" also became a horizontal line. Since the "Total Load" curve was the sum of the top 

and bottom O-cells. it too became a horizontal line. 

The bottom cell in both of the 36" diameter shafts reached a yield point at which the slope 

lessened significantly but never became horizontal or negative. However. a drilled shaft undergoing the 

substantial lateral displacements seen in Figures 7.35 and 7.36 (03NS & 03EW) would be unacceptable in 

any realistic application. and so the rock was essentially failed. 03EW never had the decisive failure seen 

in the three other shafts. as was pointed out in the field notes. Notice the unloading portions of the load vs. 

separation plots after the tack welds were broken in 03NS and 03EW. 

7.3.4 Depth vs. Horizontal Separation 

The horizontal separation was measured by the five subterranean potentiometers mounted on the 

C15x33.9 channel. There were two potentiometers just above the top O-cell. one potentiometer between 

the top and bottom O-cell. and two potentiometers just below the bottom O-cell. see Figure 6.10 for exact 

locations. The potentiometers did not measure the absolute hQrizontal displacement of either half of the 

split shaft but rather the total separation between the two halves. The separation of the channel extending 

above the ground surface was the sum of the displacements of the two L VDTs. one on each side of the 

channel. The separation at the location above the top O-cell and the location below the bottom O-cell was 

simply taken as the average of the two potentiometers at each of those locations. 

The separation vs. depth at different loads is plotted in Figures 7.37 to 7.40 for all four of the 

lateral Osterberg test shafts. The shown loads are total loads (sum of the top and bottom cells). The plots 

only go as deep as the bottom potentiometer location. Each separation vs. depth plot is joined by a solid 

line and labeled by the respective load. The separation vs. depth plots that are shown for each load were 
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simply selected to show the succession of the deflected shape as the load was gradually increased and do 

not include all the separation vs. depth data collected during the test. As the shafts were loaded to the point 

of failure the sustained loads would often decrease. This is seen in 05EW and 03EW where the rightmost 

separation vs. depth plot is labeled by a load that is actually less than that of the previous separation vs. 

depth plot. With the exception of 03NS, a plot of separation vs. depth after unloading was also included 

for each test shaft. 

The deflected shape of the shafts had very little flexural deformation. As the total load increased, 

a small amount of flexural deformation can be seen as the separation vs. depth plots are not the straight 

lines they were when the loads were smaller at the beginning of the test. This is not to say that the 

separations at different depths in the shaft were equal. They were not equal. Once the loads became large 

and the shafts began to fail, it became very difficult to load the cells so that the separation at the surface 

was equal to that at the bottom potentiometer location. The top usually began to separate more than the 

bottom. The one exception to this was 05NS, which actually experienced separations at the bottom 

potentiometer location that were larger than those at the top potentiometer location during the initial 

loading of the test shaft. This reversal of the largest load in the top and bottom Osterberg cells presented 

problems with the p-y curve calculations. 

Initially both the 36" and 60" diameter shaft's resistance in the east-west direction was 

considerably more than that in the north-south direction. The first separation vs. depth curve for both of the 

60" diameter shafts had a separation of 0.3" at the ground surface but the east-west shaft had a load of 390 

kips and the north-south shaft had a load of just 169 kips. The difference in the 36" diameter shafts is not 

as pronounced. The separation at the ground surface was 0.12" and 0.16" for the east-west and north-south 

shaft respectively. The east-west shaft had a 169 kip load and the north-south shaft had a 125 kip load. 

The p-y curve calculations are discussed in Section 8.4.2. 

117 



2 ----------------

390kips 454kips 
1 

0 
r 

00 0.5 (0 
-1 i 

I , 
i : 

f 
-2 j 

I 
I 

I 
I 

~ ~ - / = -3 ! 
Co / CI) 

0 
I 

-4 ~ 

-5 

-6 

-7 

Depth vs Separation 
05EW 

SOOkips Unloaded 

2.5 

! 
I 

I 

-------1 

483kips 

3.5 40 

-8 --~----.--.--.-.-.--.-----------.. -----

Separation (in) 

Figure 7.37 
Depth vs. Separation-OSEW 

118 



--= -.s: -Q. 
CI,) 

c 

Depth vs Separation 
05NS 

2 -------.-----... ----..... - ... -..... --........ --.-----.-....... ---.. ----.. --.-.-----.---.. --.-.. -.-...... -'1 
( 

1 . 
169kips 301 kips 412kips Unloaded 438kips 

~ ~ ~ 
I ! ! 

I I 

0 i / 
I I , , i i • I , i 

; 

410 00 0.5 1.0 1.5/ 2.0 2.5 ? 3.5 

-1 

1 / 
-2 j t ~ I r 

J 
! , 

/ 
j / 

I 
! 
l 

-3 ~ f , 
1 

f I ; 

i / 
i j 
J I I 1 

-4 i I ./ i 
I 

-5 j 
sti :*: 

-6 

-7] 
-8 .. - .... - .. -,~-.... --.... --.. --.. -.......... -_ ........... -......... -.-_-.. ------.--............. -.-.--.-.-.--.. ----.. --.-... -....... --_.1 

Separation (in) 

Figure 7.:3"8 
Depth VS. Separation-05NS 

119 



Depth V5 Separation 
03NS 

2 ,,----------.------ ----

125kips 279kips 301kips 345kips 
1 r 1 

I 

l 
I o ~~~-.~~~~~~._~~~._~.~-r~~~~.-~~~~~ I f 

-1 

-2 

~ -:5 -3 
a. 
CI> 
C 

-4 

-5 

-7 

00 0.5 ,1.0 1.5 2.0/' 

I 

I 
J 
l 
!. 

r 
i 

I 
~ 
f 
I 

I 
l 
i 

~ 

, I 
j 
/ 
! 

I 

2.5 3.0 3.5 410 
I 
! 
j 

! 
i 
! 
i 

1. 
~ 
• ! 

-8 J ________ . ________ ... _ .. _. ________ . ".---'---
~ 
( , --- •. _---_ .. __ ._---------_.-

Separation_(in) 

Figure 7.39 
Depth VS. Separation-03NS 

120 



2 ......... .. 

169kips 
1 

0 
00 

-1 

-2 -

g 
-5 -3 
Q. 
CI) 

C 

-4 

-S -

-6 -

-7 

I , 

O.S 

412kips 
1*: 

I 

Depth vs Separation 
03EW 

1 j T-,---r-"""'-""; 

1.0 1.S 

SOOkips 

-8 .......... -.. ----.. - .... -.-.... - .. ,---........... --...... -..... , .... - ............ --..... -.-.-... -........ --... ---......... - ........................ --.............. -................ -................ ... 

Separation (in) 

Figure 7.40 
Depth VS. Separation-03EW 

121 



8. EXAMINATION AND ANALYSIS OF TEST RESULTS 

8.1 General 

One of the main goals of this research project was to evaluate different models that can calculate 

the response of a drilled shaft in rock to lateral loads. Another of the project goals was to evaluate the 

effectiveness of innovative test methods, such as the lateral Osterberg test, in providing reliable data that 

can be used within a model to calculate the lateral response of a drilled shaft. 

The following Chapter discusses the use of existing models in predicting pile head deflections and 

rotations. Included in Sections 8.2 and 8.3 is the discussion of the analysis performed using both the 

Poulos model and the Carter and Kulhawy model. Section 8.4 investigates the use of three different sets of 

p-y curves to predict the response of laterally loaded drilled shafts. The three sets of p-y curves 

investigated in Section 8.4 are 1) Lymon Reese's p-y curves for drilled shafts founded in weak rock, 2) 

field p-y curves derived from lateral Osterberg load tests, and 3) normalized field p-y curves derived from 

lateral Osterberg load tests. Section 8.5 discusses all the models that were presented in the Background 

Chapter but for some reason were not actually used to analyze the lateral response. The reasons for their 

abandonment are given. 

8.2 Poulos Method 

Poulos (1971) proposed a solution that modeled a pile in a linearly elastic semi-infinite space. The 

Poulos method outlined in Section 2.3.1 was used to approximate the lateral displacement u and the 

rotation e of the pile head. Equations 2.2 and 2.3 calculate u and e respectively using the four influence 

factors IpH, !PM, ISH. and ISM which are dependent on the non-dimensional pile flexibility factor 

KR=EpI.,IERL 4. EpIp is the structural rigidity of the shaft and L is the depth of the shaft. The four influence 

factors were extrapolated from Figures 2.2, 2.3, and 2.4. 

Since it was desired to calculate the pile head reaction using the Poulos method for all ten of the 

static shafts, a spreadsheet that could quickly calculate the response was created. The user entered the 
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required values of shaft depth, diameter, f' C' eccentricity, estimated shear wave velocity Vs, Poisson's ratio 

VR, and the unit weight YR for the rock into the spreadsheet. ER was calculated using Equations 8.1 and 8.2 

where PR is the mass density and GR is the shear modulus for the rock at the test site. 

GR =PRV•
2 

Eq.8.1 

Eq.8.2 

When this analysis was originally performed, the shear wave velocity measurements discussed in 

Section 4.7 had not been made available by The Georgia Institute of Technology. Therefore, a best guess 

estimate of 1000 ftJs was made for the shear wave velocity. A shear wave velocity of 1000ftJ s was used in 

all estimates of ER. One shortcoming of this method is that it assumes that ER does not vary with depth. 

The shear wave velocities supplied by Georgia Tech were variable with respect to depth; however, the 

1000ftJs estimate of shear wave velocity appeared to be a reasonably good one and so no further analysis 

was performed. The modulus of elasticity for the shaft/pile Ep was taken as the modulus of elasticity of the 

concrete used in each of the respective shafts. Ep was calculated using Equation 8.3 which corresponds to 

ACI 318 8.5.1. 

E p = E conc = 57000ff, 

Eq.8.3 

Knowing Ep, Ip, ER, and L; the flexibility factor KR and the un ratio were calculated. Using KR 

and un, the four influence factors were manually extrapolated from the three charts in Figures 2.2, 2.3 and 

2.4. There was a high degree of error associated with this extrapolation because the scales on both the x 

and y-axis were logarithmic. Smaller increments of KR on the x-axis and the influence factors on the y-axis 

had to be manually scaled and penciled in to help make reading the graphs easier. The un ratios for the 

static shafts in this program ranged from 0.84 to 2.35 and since the smallest I.JD curve shown in the three 

influence charts is 10, a curve for un around 1 to 2 had to be extrapolated from the five curves shown in 

the charts. 

123 



The four influence factors calculated from the influence charts were used in Equations 2.2 and 2.3, 

reprinted below, to calculate the lateral displacement and rotation of the pile head u and e respectively. 

Eq.2.2 

Eq.2.3 

The loads and their corresponding lateral displacements were plotted on the same graph as the measured 

pile response in Figures 8.1 to 8.10. 

The Poulos model assumes the rock is linearly elastic and so it fails to capture the non-linear 

behavior of the rock. Consequently, the calculated reaction is only valid for the initial, linear portion of the 

shaft loading, approximately 14% to 36% of the ultimate lateral load. As the load on the shaft exceeds 14% 

to 36% of the ultimate lateral load, the shaft displaces at a rate that is progressively more than that 

predicted by the Poulos model. When the shafts begin to approach failure, usually around 0.5" lateral 

displacement for most shafts, the Poulos model predicts a lateral displacement of just 0.1". This 

underestimate by the Poulos model is significant for situations were an accurate estimate of lateral 

displacement and rotation is important. The model is also incapable of predicting the ultimate lateral 

resistance of the shaft. 

The Poulos method has some useful advantages and could be used in situations were the lateral 

loads do not exceed a small percentage of the ultimate lateral capacity. The model requires knowledge of 

the modulus of elasticity for the rock, which mayor may not be difficult to obtain. The model also does 

not require the use of expensive proprietary software or a digital computer. The model was originally 

developed in 1971 when computers were not as widely available or powerful as they are today. 

8.3 Carter and Kulhawy 

The second method of modeling the lateral displacement u and rotation e of the pile head is the 

Carter and Kulhawy method outlined in Section 2.3.2. Carter and Kulhawy derived parametric solutions 
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for the load-displacement relationship using the finite element method (FEM). Based on these solutions, 

approximate, closed-form equations were developed to describe the response for the full range of loading 

conditions, material properties, and socket-rock mass stiffnesses. The method models the drilled shaft as a 

cylindrical elastic inclusion in a homogenous rock mass with Young's modulus Er that is uniform with 

depth. The model assumes a shaft is either flexible, rigid, or intermediate. The equations used to classify a 

shaft as flexible, rigid, or intermediate and the equations for displacement and rotation for each of these 

three categories can be found in Equations 2.4 to 2.15. 

Like the Poulos model it was desired to calculate the pile head reaction using the Carter and 

Kulhawy method for all ten of the static shafts using a spreadsheet that could quickly calculate the lateral 

displacement and rotation. The user entered the required values of shaft depth, diameter, f C' eccentricity, 

and lateral load into the spreadsheet. The modulus of elasticity ER was calculated using the estimated shear 

wave velocity Vs' Poisson's ratio VR, and the unit weight YR using the same Equations 8.1and 8.2 used by 

the Poulos model. A shear wave velocity of 1000ft1 s was used in the estimate of ER. 

The shaft geometry and rock strength provided the G* in Equation 2.5 and the IJB ratio. With 

these parameters the shaft was defined as either flexible, rigid, or intermediate. All ten shafts were 

intermediate. Using Equations 2.12 and 2.13 and the guidelines for intermediate shafts, the lateral 

displacement and rotation for each of the static shafts were computed. 

The calculated lateral response was plotted on the same graph as the Poulos and measured pile 

response in Figures 8.1 to 8.10. Like the Poulos model, the Carter and Kulhawy model does not capture the 

non-linear behavior of the shaft's lateral response. Consequently, the calculated reaction is only valid for 

the initial, linear portion of the shaft loading, approximately 11 % to 36% of the ultimate lateral load. As 

the load on the shaft exceeds 11 % to 36% of the ultimate lateral load, the shaft displaces at a rate that is 

progressively more than that predicted by the Carter and Kulhawy model. When the shafts begin to 

approach failure, usually around OS' lateral displacement for most shafts, the Carter and Kulhawy model 

predicts a lateral displacement of just 0.05", which is only 10% of the actual displacement. The shaft 

response estimated by the Carter and Kulhawy model is even steeper than that of the Poulos model. 
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8.4 p-y Methods 

8.4.1 Reese p-y Curves 

In 1997, Lymon Reese introduced a set of p-y curves for use on drilled shafts founded in weak 

rock (qur<6.9 MPa or 1000 psi). The p-y curves were generated using data from load testing performed in 

vuggy limestone in the Florida Keys (Reese and Nyman, 1978). The method for the weak rock was termed 

"interim" by the author because of the meager amount of experimental data available to validate the 

equations. The p-y curve construction for the weak rock is presented in Section 2.3.3. 

One of the research objectives was to validate or refute existing design procedures, such as the 

Reese p-y curves for weak rock, with the data generated by the ten static test shafts. Therefore, it was 

desired to calculate the pile response to lateral loading using the Reese criteria for weak rock p-y curves 

and compare it to the measured response for each of the respective piles. Unfortunately, the high degree of 

uncertainty associated with the rock strength measurements that had been made, such as the direct shear 

tests, presented a serious challenge to the direct use of the Reese p-y curves. Additionally, the Reese p-y 

curve construction required two other unknown variables: the initial modulus of the rock Eir, and the 

constant k.m, which ranges from O.OOOS to O.OOOOS. The equations for the p-y curves containing these three 

variables can be located in Equations 2.16 to 2.23. 

The approach used for this project was to utilize the form of the Reese p-y curves to back-fit the 

results of one of the load tests by trial-and-error and then use the resulting p-y model to calculate the lateral 

response for the other nine static shafts. The trial-and-error process involved changing c, Eir, and k.m within 

LPILE until the lateral response calculated by LPILE matched the measured response for that particular 

shaft. If this p-y model captured the nonlinear response of the rock and the effects of changing diameter 

and embedment length, then the p-y model derived from the one test should reasonably predict the lateral 

response for the other nine shafts. 

The trial-and-error process was begun on shaft C2 North (S'1j> by 7.S' deep). Iteration was begun 

with a c-value of SOpsi, an Eir of 27000psi, and a k.m of O.OOOOS. LPILE output results that were reasonable 

(same order of magnitude) but well below the strength measured in the field. The cohesion was 

successively increased until a value of 80psi produced results that were fairly close to the measured 
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response. With a reasonable estimate of cohesion established, the two other variables Eir and k.n, were 

modified to observe their effect on the pile response. It was found that increasing k.n, from 0.00005 to 

0.0004 produced a response that more closely matched the non-linear field response. Changing Eir had 

little effect on the pile response. Eir was changed from 27000psi to 8000psi while holding all the other 

variables constant. There was a difference of a thousandth of an inch within the initial portion of the 

response curve and no difference in any of the data points having a displacement greater than 0.1". When 

the results of Eu=27000psi and Eu=8000psi were plotted on the same graph, the difference was not 

detectable. 

With the back calculation completed for the first shaft, the lateral response of the other nine 

static shafts was calculated using c=8Opsi, Eu=8000psi, and krm=O.OOO4. When the cohesion was increased 

from 80psi to 9Opsi, the calculated Load vs. Deflection curves for these nine test shafts were closer to the 

measured response than those using just 8Opsi. A cohesion of90psi provided a better estimate. 

The LPILE-calculated response was plotted on the same graph for all ten static shafts and can be 

found in Figures 8.11 to 8.20. The response curves calculated by LPILE were very close to the measured 

response, even for the shallow shafts like 5'q, by 2.5' deep and 3'q, by 3' deep. It was surprising to see the 

Reese p-y method work so well for such short, stubby shafts as some of those tested in this program. It 

was originally thought that LPILE would be unable to predict the lateral response of short, stubby shafts 

because they fail in a 'fence-posting' manner where there is shear failure on the backside and the heel of 

the shaft kicks upward, see Figure 2.9. With the exception of C2 North (5'q, by 7.5' deep) and D5 (3'q, by 

6' deep), the Reese p-y curves calculated the ultimate lateral capacity or underestimated the ultimate lateral 

capacity. 

The most significant finding is that use of the Reese p-y curves within LPILE is capable of 

accurately calculating the response of a drilled shaft to lateral loading. If a situation is encountered where 

drilled shafts are to be constructed in heavily fractured, weathered rock, a static load test can be performed 

and the strength parameters c, E ir, and krm can be back calculated in the same manner described above. 

Knowing c, Ein and k.n" it is possible to then use those parameters in LPILE to predict the response of 

drilled shafts with depths and diameters different from the shaft that was load tested. If the independent 
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measure of cohesion from the direct shear tests were used in the Reese p-y model, the calculated response 

would have been considerably less than the measured response. This back calculation approach does not 

fully evaluate the effectiveness of the Reese method because the Reese p-y curves require the unconfined 

compressive strength, which was not available, in calculating the ultimate lateral resistance of the rock. 

8.4.2 Lateral Osterberg p-y Curves 

The purpose of the lateral Osterberg tests was to directly obtain lateral pressure and horizontal 

displacement data for fractured rock without the interference of the overturning moments associated with 

static load tests. P-y curves can be derived for multiple depths by calculating the p and y for different 

lateral loads. LPILE can calculate the pile response using externally specified p-y curves such as the ones 

derived from the lateral Osterberg tests. The lateral Osterberg tests were constructed, instrumented, and 

executed as described in Chapters 5 and 6. The test results are presented in Chapter 7. Recall that the 

lateral Osterberg test shafts split in half and the displacement measurements were actually the separations 

between the two halves. For simplicity, it was assumed that each half of the Osterberg shaft moved an 

equal distance and so the separations were divided by two to yield the lateral displacements on each of the 

Osterberg halves. 

Five p-y curves were calculated for each of the four lateral Osterberg test shafts. Each of the p-y 

curves had a depth at which it was applicable. The actual p-y curves were derived by assuming a pressure 

distribution similar to the one seen in Figure 8.21. To satisfy the condition of static equilibrium, Equations 

8.4 and 8.5 were written by summing the forces in the x-direction and by summing moments about the top 

of the Osterberg shaft. 

Eq.8.4 

Eq.8.5 

C1 and C2 are the loading forces for the top and bottom Osterberg cells respectively. The other variables a, 

m, Zlo Z2, and zb are defined in Figure 8.21. The centroid zp is defined by Equation 8.6. 
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If Zb (Zba)+ 7{ Zb (lfmzb 2) 
Zp = Zb a + lfmz/ 

Eq.8.6 

Solving Equations 8.4 and 8.S simultaneously determined a and m. Knowing a and m, the lateral pressure 

p was calculated at five different depths using the pressure distribution in Figure 8.21. 

The next step in the p-y curve derivation was calculating the lateral displacement y at each of the 

five depths using the displacements measured by the down-hole potentiometers. To make computation 

easier, three of the five depths at which p-y curves were calculated corresponded to potentiometer 

locations. One of the other two p-y locations was at the ground surface and the other was at the very 

bottom of the lateral Osterberg test shaft. The slope of the displacement curve was calculated by taking the 

difference between the displacement measured by the top and bottom potentiometer and dividing it by the 

distance between those two potentiometer locations. The displacement at the ground surface was 

calculated by multiplying this displacement slope by the distance between the ground surface and the top 

potentiometer position and adding this product to the displacement measured at the top potentiometer 

location. The displacement at the bottom of the lateral Osterberg test shaft was calculated by multiplying 

the displacement curve slope by the distance between the bottom of the test shaft and the bottom-most 

potentiometer location and subtracting this product from the displacement measured at the bottom-most 

potentiometer location. The displacement at the top of the test shaft was always greater than the 

displacement at the bottom. 

The calculations described above were performed within a spreadsheet and the resulting p-y 

curves were plotted in Figures 8.22 to 8.2S. The shapes of the pcy curves differed between the four lateral 

Osterberg tests. OSEW had a steep initial portion and then began to yield at a faster rate. The curve 

eventually reaches an ultimate pressure Pu at each of the five p-y depths. The p-y curves become stronger 

as their respective depths increase. The p-y curves derived from OSNS were very much different from 

those derived from OSEW, even though the two shafts were the same depth and diameter. In order to keep 

the displacements measured by top potentiometer equal to the displacement measured at the bottom 

potentiometer during the load test, the top Osterberg cell had to be loaded nearly twice as much as the 
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bottom Osterberg cell. This made the slope of the pressure distribution negative. Consequently, the 

resistance decreased with depth instead of increase with depth. The resulting p-y curves get weaker with 

depth. This is unusual because p-y curves at deeper locations are typically stronger than those at shallower 

locations. It is certainly possible that OSNS was constructed in a location where the underlying rock layers 

were weaker than those above. This decreasing lateral resistance with depth observed on OSNS was 

peculiar because it was not observed in the three other lateral Osterberg shafts. 

The p-y curves in 03NS had a shape that was similar to those of OSEW. Because 03NS had a 

smaller diameter than OSEW, the ultimate pressure was significantly lower than that of OSEW. The shape 

of the p-y curves derived from 03EW was quite different from those from 03NS. The initial portion of the 

03NS p-y curves was very steep while the slope of the initial portion of the 03EW curves was much more 

gradual. This gradual slope might have been the result of complications in breaking the welds holding the 

steel beams together during the shaft construction, see Section S.S. When the shaft was tested, the 

Osterberg cells were loaded to 301kips (total load) before the tack welds broke. When the welds finally 

broke, the rock was instantly subjected to a high lateral pressure and so the test failed to record the 

resistance of the rock at lower pressures. 

With the four sets of p-y curves derived, LPILE was used to calculate the lateral response using 

the actual, unaltered p-y curves. It was decided to use the unaltered p-y curves from OSEW to model the S' 

diameter shafts and the unaltered p-y curves from 03NS to model the 3' diameter shafts in LPILE. The p-y 

curves from OSEW were used to model the S' diameter shafts because they were more consistent with a 

typical p-y curve than the p-y curves from OSNS. The p-y curves from 03EW were used to model the 3' 

diameter shafts because they had a steep initial portion that seemed to be more consistent with the brittle 

nature of the weathered quartzite at the test site. As was mentioned above, complications in breaking the 

tack welds overstressed the rock in 03EW before the initial portions of the p-y curves could be measured. 

The p-y curves were manually entered into LPILE as externally specified p-y curves. There were 

five p-y curves, each applicable at a different depth. When the unaltered, externally specified p-y curves 

were first run, the LPILE program crashed. The p-y curves were then smoothed by removing all the 

'kinks' in the curve. In other words, data points that decreased rather than increase were removed so that 

each data point had a p-value that was higher than the previous data point. This simplified the interpolation 
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the LPILE program had to perform to arrive at a solution. When the modified p-y curves were input, 

LPILE successfully calculated results. The deflection at the pile head at multiple loads was entered into a 

spreadsheet and plotted along with the measured pile head load vs. deflection curve. The calculated load . 

vs. deflection curve and measured load vs. deflection curve for each of the ten static shafts can be found in 

Figures 8.26 to 8.35. 

The load vs. deflection curves calculated using the field p-y curves closely matched the measured 

response for several of the static shafts. The field p-y curves generally underestimated the ultimate lateral 

load. The field p-y curves significantly underestimated the ultimate lateral capacity for the 5'c» by 5' deep 

shafts as well as the 3'c» by 6' deep shafts. However, it was encouraging to see that the lateral Osterberg 

test was capable of yielding p-y curves that could be used to calculate a reasonable pile head response. 

The lateral Osterberg test is an option a designer could use in lieu of a full-scale static load test. Rather 

than run a full-scale load test and back calculate the material properties of the rock, one could directly 

obtain the p-y curves from the lateral Osterberg test. 
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8.4.3 Normalized p-y Curves from Lateral Osterberg Tests 

An additional p-y analysis was carried out by calculating an average p-y curve for all four of the 

lateral Osterberg tests, normalizing each of the average p-y curves, plotting the normalized curves on the 

same graph, and then calculating a line of best fit. This line of best fit was then multiplied by either 36" or 

.60" to create the normalized p-y curves for the 3' diameter and 5' diameters shafts respectively. These 

normalized p-y curves were then input in LPILE to calculate the lateral response. This normalization 

included the data from all four of the lateral Osterberg tests and averages out some of the variability due to 

individual test variations. 

The average p-y curves were calculated differently from the p-y curves used in the previous 

Section. Rather than calculate a pressure distribution by summing forces and moments, the average p-y 

curve assumes a uniform pressure distribution over the entire depth of the lateral Osterberg shaft. The p 

was calculated by simply taking the sum of the forces in the two Osterberg cells and dividing it by the total 

depth of the shaft. The displacement y was calculated at the center of the shaft using the measured 

potentiometer displacements and the displacement slope that was described in Section 8.4.2 above. The 

average p-y curve for each of the four lateral Osterberg shafts were created using a spreadsheet and can be 

found in Figures 8.36 to 8.39. 

A non-dimensional p-y curve was created out of each of the four average p-y curves. This was 

done by dividing the pressure p in each of the data points comprising the p-y curve by the diameter of that 

particular shaft. For instance, the lateral resistance of every data point in the 03EW curve was divided by 

36". The new units of p were Ib/in2 instead of lb/in. All four of these non-dimensional curves were plotted 

on the same graph in Figure 8.40. A straight line connecting the first three data points in the normalized 

curve for 05NS and 03EW was drawn to reveal a displacement lag in each of these curves, see Figure 

8.40. The lag is a result of complications in breaking the tack welds. Recall that the rock was instantly 

stressed with a large lateral load once the tack welds broke. To remove this lag, the normalized curves for 

05NS and 03EW where horizontally shifted by 0.1" and 0.05" respectively. The modified plot of all four 

normalized. average p-y curves is in Figure 8.41. Drawn on this plot is a bilinear line of best fit. The 

equations for the p-y curves are shown in Equations 8.7 and 8.8 where D is the shaft diameter. 
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p = 0.6424yD ...................... y:;; 0.175" 

Eq.8.7 

p = (0.11 + 0.0292(y - O.l75))D ...................... y > 0.175" 

Eq.8.8 

The coordinates of this line of best fit were recorded and entered into another spreadsheet. These 

coordinates were then multiplied by 36" and 60" to create two new, normalized p-y curves for the 5' 

diameter and the 3' diameter shafts respectively, see Figures 8.42 and 8.43. Each data point from the 

normalized p-y curves (there were only three) was manually entered into LPll...E as externally specified p-y 

curves. When the normalized p-y curves were input, LPll...E successfully calculated results. The deflection 

at the pile head at multiple loads was entered into a spreadsheet and plotted along with the measured pile 

head load vs. deflection curve. The calculated load vs. deflection curve and measured load vs. deflection 

curve for each of the ten static shafts can be found in Figures 8.44 to 8.53. 

The load vs. deflection curves calculated using the normalized p-y curves were reasonable. The 

load vs. deflection curves calculated using the normalized p-y curves were weaker than the load vs. 

deflection curves generated by the Reese p-y curves. The normalized p-y curves considerably 

underestimated the lateral capacity of the 5' diameter by 5' deep shafts, but so did the unaltered field p-y 

curves. The shape of the normalized p-y response was not as non-linear as the measured response and the 

Reese p-y response. The normalized p-y curves approximated the response of the 3' diameter shafts much 

more accurately than the field p-y curves; this is especially true for the 3' diameter by 6' deep test shafts. 

The normalized p-y curve analysis was performed to include all the lateral Osterberg test data. It would 

seem that the normalized p-y curves could produce even better results if there were not such vast 

differences between the four average p-y curves. 
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8.4.4 Fragio and Santiago 

Santiago and Fragio conducted two different load tests for offshore petroleum platforms from 

which they back calculated their own p-y curves for rock. Both load tests were conducted in fractured 

medium hard calcareous claystone (Santiago & Fragio, 1985). The proposed p-y curve is elastic perfectly 

plastic below a critical depth where crushing/flow failure can occur and includes a residual strength portion 

near the surface where a wedge failure can occur. The proposed p-y curve can be found in Figure 2.8. The 

ultimate resistance Pu is determined from Equation 2.24 where Su is the equivalent rock mass shear 

strength, b is the pile diameter, and Xr is the depth below the rock surface. 

Pu = 3S ub ...................... x, ~ 6b 

Eq.2.24 

It was originally hoped that this p-y curve construction might work well as externally specified p-y 

curves in LPILE. With Su=80psi and b=60", the ultimate resistance was calculated as 144oolb/in using 

Equation 2.24. The largest value ofPu on any p-y curve calculated by the Reese method was 9OOOlb/in. 

The largest value of P u that was observed on a field p-y curve was 14000lb/in at a depth of 5'. If a p-y 

curve having a Pu of 14400lb/in were assumed valid for the entire depth of a shaft, the calculated response 

would most certainly over predict the actual strength of that shaft. Consequently, no further analysis using 

this model was performed. 

8.S Other Methods 

Three additional pile response methods/models were mentioned in Chapter 2 and warrant some 

discussion at the conclusion of this Chapter. The three methods are 1) the Digioia and Rojas-Gonzales 

design guideline for transmission poles, 2) the Davisson and Prakash model, and 3) the Brams model. The 

Digoia and Rojas-Gonzales design guideline developed for the Electric Power Research Institute (EPRI) 

can be found in Section 2.3.5. It does not make any estimates of lateral load vs. displacement or ultimate 

lateral load but rather is simply a design guideline for power poles founded in rock. It was included in this 

paper because it is a good 'rule of thumb' approximation for constructing foundations subjected to lateral 

loads in rock. A description of the Davisson and Prakash model is contained in Section 2.3.6. This model 

at first appeared to be promising; however, because of the high degree of uncertainty associated with the K 
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and nh factors, it was not a practical way of calculating the pile head response. Consequently, no analysis 

using the model was performed. Lastly, the Broms solution outlined in Section 2.3.7 also had issues that 

prevented its use in this research program. The Broms solution does not count on the soil resistance in the 

top 1.5 times the shaft diameter of soil. For the 5' diameter shafts in this testing program, the Broms 

solution would discount the top 7.5' of rock. Considering that the deepest 5' diameter shaft was only 8.55' 

deep, it is obvious that the Broms method, with this assumption, is not applicable to such short, stubby 

shafts. Therefore, no analysis using the model was performed. 

8.6 Effect of Anisotropy 

Reference to the anisotropy of the rock at the test site was made several times in the presentation 

of the test results in Chapter 7. There was an obvious difference between the load vs. lateral displacement 

curves for the north shafts and the south shafts. None of the analysis methods investigated provided the 

means to account for the dip of the rock in which the load tests were performed. The Poulos and Carter & 

Kulhawy models both assumed the rock was homogenous. The p-y analysis used the same sets of p-y 

curves in the north shafts and the south shafts, making no distinction for the direction of loading. It is 

certainly possible to use one set of p-y curves for the north shafts and a different set for the south shafts. In 

a design situation, the weakest set of p-y curves would likely be used for all the shafts founded in that rock 

formation. It is the opinion of the author that trying to correlate the dip of the rock to the lateral resistance 

of drilled shafts is not generally practical. The fact that the research in this program was performed in rock 

whose dip and stratification was clearly visible from the nearby road cut is a rare circumstance. 
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9. CONCLUSIONS AND RECOMMENDATIONS 

9.1 General 

This research program was successful in fulfilling many of the original goals outlined in Chapter 

1. The research program produced additional data on static load tests, evaluated the available test methods 

in Chapter 2, and indirectly derived the material properties of the fractured quartzite at the test site. From 

the tests and analysis performed, conclusions were made in the areas of 1) site characterization and 

geotechnical investigation, 2) general observations and 3) existing models (including p~ methods). From 

the conclusions presented below, recommendations were made for additional research into the lateral 

capacity of drilled shafts founded in weathered, fractured rock. 

9.2 Site Characterization and Geotechnical Investigation 

There were several attempts to measure the strength of the weathered quartzite at the test site. The 

following conclusions and recommendations were made of the different material tests. 

1. The borings and rock corings were essential in assessing the subsurface conditions at the test 

site. The soil borings determined the amount of soil overburden overlying the rock below and 

the rock coring provided information on the condition of the quartzite below. However, the 

highly fractured quartzite rock at the test site was difficult to characterize with cores and 

unconfmed compression tests. The RQD was so low as to have little meaning, except 

qualitatively. 

2. Measurements of the rock modulus using the pressuremeter are difficult to make in rock that 

is heavily fractured and weathered. 

3. In highly fractured rock, shear wave velocities provide a measure of the modulus of elasticity 

of the rock ER that is useful with elasticity-based models, such as those by Poulos and Carter 

& KUlhawy. 
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4. The shear strength properties measured using the direct shear tests were similar to the values 

expected for soil. The measured shear strength properties did not correlate well with the 

observed passive pressure derived from the load tests. The direct shear tests appear to provide 

a measure of the local shear strength of a seam or soil.filled joint rather than the shear 

strength of the rock mass. 

9.3 General Observations 

1. The large upward displacements on the back sides of the test shafts and the relatively small 

downward displacements on the front sides of the test shafts are indicative of a difference in 

unit side shear between the two sides. The unit side shear is greater in the downward 

direction (front side) than in the upward direction (back side). 

2. The foam that was installed in the base of the south shafts had little or no effect on the lateral 

resistance and vertical displacement. There was very little downward vertical displacement 

measured on the front sides of the south shafts. It is possible that the dCM'nward force on the 

front side of the south test shafts never reached the compressible foam bottom because the 

shear resistance on that side was so great, otherwise the downward displacements would be 

greater. The tests shafts in this research program were not subjected to large axial load which 

would have greatly reduced the amount of vertical displacement measured. 

9.4 Existing Models 

One of the goals of this research project was to investigate currently available methods for 

calculating the lateral response of drilled shafts in rock to lateral loads. The following conclusions are 

made of the available models outlined in Chapter 2. 

1. The Poulos model as well as the Carter and Kulhawy model both assume the rock is linearly 

elastic and so they fail to capture the non-linear behavior of the rock. Consequently, he 

calculated reaction is only valid for the initial, linear portion of the shaft loading. Once the 

stress in the rock exceeds the elastic range, the lateral response becomes more nonlinear and 

these two models are no longer applicable. In most of the satic test results, an initial linear 

portion was not observed. The model is also incapable of predicting the ultimate lateral 
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resistance of the shaft. Of the two models, the Poulos model appears to more closely relate to 

the initial stiffness of the rock. 

2. The Reese p-y curves in LPILE provide a model which can capture the nonlinear response of 

these shafts in fractured rock. The back calculation technique described in Section 8.4.1 

estimated the three unknown variables c=90ps~ Eir=8000psi, and knn=O.0004. The Reese p-y 

method even appeared to work well for the short, stubby shafts, which seems to be a case 

beyond the general application of the beam-column approach. By backcalculating c, Eir, and 

knn with the results of an instrumented load test, it is possible to use those parameters in 

LPILE to predict the response of drilled shafts with depths and diameters different from the 

'. 

shaft that was load tested. 

3. The major limitation of the Reese p-y method is the empirical correlation between the 

strength properties of the rock, Eir and c, and the Pi' curves. No evaluation of the empirical 

correlation could be made because the weathered nature of the rock prevented these 

measurements from being made. 

4. The p-y curves extracted from the lateral Osterberg test data were also successful at 

calculating the lateral p-y response for use with LPILE. The lateral Osterberg test provides a 

means of evaluating the lateral p-y response when a full-scale lateral static test is not possible 

or practical. There was a good deal of variation between the sets of Pi' curves derived from 

the four lateral Osterberg tests. 

5. Given the variability between the four lateral Osterberg tests and the variability between the 

load transfer p, the normalized set of p-y curves seemed to work just as well as the field P?' 

curves in calculating the lateral response ofthe shallow drilled shafts tested in this research 

program. A single, normalized Pi' curve may not work as well for shafts having deeper 

embedment lengths. The amount of data input into LPILE required by the normalized p~ 

approach is considerably less than that of a set of multiple Pi' curves which are variable with 

respect to depth. 

6. The rock at the Spring Villa test site is relatively weak and highly weathered and fractured. 

The p-y curves derived from this research likely provide lower bound curves and could 
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generally be used to calculate a lateral response that was conservative for rock that was less 

fractured and weathered. 

7. The dip of the rock at the test site influenced the lateral response of the static test shafts. The 

worst case was the static shafts that were loaded in the up-dip direction (north). Field tests 

should be planned with the consideration of the bedding planes in the rock formation. 

8. During the lateral Osterberg tests, there was some difficulty in breaking the welds holding the 

steel beams together without stressing the rock before the initial lateral response could be 

recorded. The initial portion of the p-y curves heavily influences the calculated response and 

so it is important that extreme care be taken to accurately measure this portion of the p~ 

curve. This is difficult to do since steel welds must be broken and the concrete split in half 

before the surrounding rock is loaded. 

9.5 Additional Recommendations and Comments 

From the conclusions presented above, the following recommendations are made for additional 

research into the lateral capacity of drilled shafts founded in weathered, fractured rock. 

1. More research is needed in improving techniques for characterizing the strength and stiffness 

parameters for fractured rock. If improved site characterization techniques are developed, 

these should be used to correlate calculated results with load test data. 

2. Additional research needs to be performed on the effectiveness of the lateral Osterberg test. 

Tests in rock where there is no overburden as well as tests where there is overburden present 

need to be performed to further validate this type of test. The lateral Osterberg test could be 

performed in the overburden layers of soil and in the rock layers underlying that soil. The p;, 

curves from both the soil and rock layers could then be input into LPILE and the estimated 

response compared to the measured response from a ful~scale load test performed at that 

same site. 

3. For sites composed of fractured, weathered rock, there is a need for development of cost 

effective and efficient field load testing techniques, such as the lateral Osterberg test. It may 

be that site-specific load testing is the most effective way to develop a design for lateral 

loading. 

167 



REFERENCES 

Alabama Department of Transportation (1999). Boring Logs from Test Track Rock Site. 

The American Society for Testing and Materials (1990). Annual Book of ASTM Standards, ASTM, 
Pennsylvania. 

Amir, Joram M. (1986). Piling in Rock, A.A. Balkema Publishers, Rotterdam. 

Banerjee, P.K., and Davies, T.G. (1978). "The Behavior of Axially and Laterally Loaded Single Piles 
Embedded in Non-homogenous Soils", Geotechnigue, 28(3), pp 309-326. 

Broms, B.B. (1964a). "Lateral Resistance of Piles in Cohesive Soils", Journal of the Soil Mechanics and 
Foundations Engineering Division, ASCE, Vol. 90, No. SM2, pp 27-63. 

Carter, John P., and Kulhawy, Fred H. (1992). "Analysis of Laterally Loaded Shafts in Rock", Journal of 
Geotechnical Engineering. Vol. 118, No.6, pp 839-855. 

Davisson, M.T., and Prakash, S. (1963). "A Review of Oil-pole Behavior", Highway Res. Record, No. 39. 

Digioia, A.M., and Rojas-Gonzalez, L.F. (1994). "Rock Socket Transmission Line Foundation 
Performance", IEEE Transactions on Power Delivery. Vol. 9, No.3, pp 1570-1576. 

Douglas, D.J., and Davis, E.H. (1964). "The Movement of Buried Footings Due to Moment and Horizontal 
Load and the Movement of Anchor Plates", Geotechnigue, 14, pp 115-132. 

Duncan, J.M., Leonard, T.E., and Ooi, P.S. (1994). "Lateral Load Analysis of Single Piles and Drilled 
Shafts", Journal of Geotechnical Engineering, Vol. 120, No.5, pp 1018-1033. 

Fragio, A.G., and Santiago, J .L. (1985). "Load Tests on Grouted Piles in Rock", 17th Annual Offshore 
Technology Conference, Houston, Texas, pp 93-99. 

Matlock, H. (1970). "Correlation for Design of Laterally Loaded Piles in Soft Clay", 2nd Annual Offshore 
Technology Conference, Dallas, Texas, pp 577-594. 

McNutt, R.B. (1981). Soil Survey of Lee County, Alabam!!, United States Department of Agriculture, Soil 
Conservation Service. 

Poulos, H.G. (1971). "Behavior of Laterally Loaded Piles: I-Single Pile", Journal of the Soil Mechanics 
and Foundations Engineering Division, ASCE, Vol. 95, No.5, pp 711-731. 

Poulos, H.G. (1972). "Behavior of Laterally Loaded Piles: III-Socketed Piles", Journal of the Soil 
Mechanics and Foundations Engineering Division, ASCE, Vol. 98, No.4, pp 341-360. 

Reese, L.C., Cox, W.R., and Koop, F.D. (1974). "Analysis of Laterally Loaded Piles in Sand", 6th Annual 
Offshore Technology Conference, Dallas, Texas, pp 473-483. 

168 



Reese, L.C., and Welch, R.C. (1975). "Lateral Loading of Deep Foundations in Stiff Clay", Journal of 
Geotechnical Engineering Division, ASCE, 101:7, pp 633-649. 

Reese, L.C., Cox, W.R., and Koop, F.D. (1975). "Field Testing and Analysis of Laterally Loaded Piles in 
Stiff Clay", 7th Annual Offshore Technology Conference, Dallas, Texas, pp 671-690. 

Reese, L.C., and Nyman, K.J. (1978). "Field Load Test of Instrumented Drilled Shafts at Islamorada, 
Florida", A Report the Girdler Foundation and Exploration COrPoration. (unpublished). 

Reese, Lymon C. (1984). Handbook on Design of Piles and Drilled Shafts Under Lateral Loads, U.S. 
Department of Transportation, Federal Highway Administration, Springfield, VA. 

Reese, Lymon C. (1997). "Analysis of Laterally Loaded Piles in Weak Rock", Journal of Geotechnical and 
Geoenvironmental Engineering. 123:11, pp 1010-1017. 

Reese, Lymon C. and Wang, S.T. (1997). Technical Manual of Documentation of Computer Program 
LPILE Plus 3.0 for Windows, Ensoft, United States of America. 

Speer, D. (1992). "Shaft Lateral Load Test Terminal Separation", Report to the California Department of 
Transportation. (unpublished).' . . 

Spillers, W.R., and Stoll, R.D. (1964). "Lateral Response of Piles", Journal of the Soil Mechanics and 
Foundations Engineering Division, ASCE, Vol. 90, No.6, pp 1-9. 

Woodward, Richard J., Gardner, William S., and Greer, David M., (1972). Drilled Pier Foundations, 
McGraw-Hill Book Company, New York. 

Wyllie, Duncan C. (1992). Foundations on Rock, Chapman and Hall, New York. 

Yokel, Lee S. (1996). "Geology of the Chewacla Marble and Associated Units, Lee County, Alabama", 
Masters Thesis, Auburn University. 

169 



APPENDIX A 

170 



Bor'lng Lo.)/out I. Elevo.tlons 

t-13.-1-1~-1-13.-1-1~-1-11.3 
I Itt I I 

I I I I I I 
t I I t I I 

... 

DR6 .m-1
' I 

~~:::~'Ef7= .. -. ··=·f::·_~7 
I I 

-~- cL
BR~2-=-6~- T-

I 30' 10'1 68 ... 55' I 3' I 

I I I I -Vl

- - 1 --Ef-- t=-- - --- - - --
59'-0' 

DR2 DR .. I 'O'-lD' I 
605.63' I 605.02' I 

I 

I 

I 

BRO'" 
151 

693.91' I 

I 

g 
j 

.. -.. -.. -~.- .. -.. -.. ~ 
- --123.1' to Pin It .. 

¢: 
<.<! 

..c:: 
en 

.-;~ 
~f:-< .... 
Q)""O r--
... ~ 
.f~l V) 

~ g 
'p 
cd 
0 
0 

...:I 
gp 

.t: 
0 
~ 



ProIIlCIU_{~ -C }~~ ~DC<' 5,'le Division ~ 

Sialio" __ BJS~l Ollsel FI ______ _ 
WD w ... -fc.r 'TO.I"I." 

Ground Elev. Water Elev. In Hole ~",n,,-~.:;.r~ • .J~ __ _ 

Deplh 01 Strata Visual 

From To Consistency Approx. Color Basic 
VI LI~I '~'!.L 1.'U' .... 'ulu .•. un. 

!':to ~~ J-I1-I'rJ . d..-v 1f1N# 13r; $;\-\ 

" <'>"Y --.. - - - -
~.s' ~.I R,c.K Ii; ... e, .... 

»-.:~ 1-"L~ "Dr" rrrh 

~. \ 1=>·2 
J?L~ ,-;:" SI,'.':./· < ... l ~.J_~ D .. c; ...... "" 

1?o...$- • ~ . 
)3.{", 

. ..,... 
~I\~,* 1::1.7 c;..(:+ t:> r~ (..,.r"". 

'? .... J(." , 
-(,,,,,, / 

Sk .. + J J,t, 1/+.3 ('),_.J ~ f-t..,f:J Dr. "-
~ .. c.~ 1' ... ,/ -

Sh:'T )'-J,,!> )'1>.0 S .. .q·~.; 't>rl r~ .... , 

IG..O- ;7'1, 1 I? .. t.~ .J -r",.! :;'h:rt-rlr,,' .. I{., J;>", ,.; r"'/ 

-

Remarks by Distiller _______________ _ 

"'!Jollity '- '-- .- U(llu ~--r:::I.....'f-J-I--·-· . 

_________ CJl Driller .-HJASStiLI IS; It'; V 
/ 7 

Typa Drill Used d!;;r~'d5G Tolal Hole Deplh ;?9, { 

Identillcalion 

u4 
Ro 
I#J' 

~ 

v.. 

Qlher Pertlnenl 
Camponenls 

Sample 
No. 

PenelrarlOn or 
Sample Elev. 

From To 

"N" Blow "N',·· 
.5 1.0 1.5. Value 

oJ'.'", 

'!!':" 

.r 6. )5"//1/ 

~ 
C'!~ 
<~ 
~.-l 
/100 .- ~ 
~ .t: 

o 
!XI 

C"l 
r-



IProJecll A ",bj;4 .. J ·I ..... -l- '1 (! If l.k. 
.,.;' .'"fl~" i.,:': y.-I-" 

Division ___ _ 

'Slallon' Pie -& ti!.. 

Ground Elov. 

Depth 01 Strata 

From To 

t) .() ,'/, ."') 

:I,~ ("3 

, 5 .7.0 

'70 

')1. 

Ollsel .... Ft -,-____ _ 
N.. \-;)01.-1-. ,. r. }>I. 

Wnlef Elev. In Hole Er.,--~ -h .... 0 

Visual 

Consistency Approx. Color 
Densilv Moist 

\ Ii ,'-: 
!l.t 

Basic 
Mati 

Remarks by Distiller ______________ _ 

County t:::-=- Date . .ct ... Q:Y;7'l, 

_ _____ -=-___ Cll Driller u~c.<.,/ekt.~'t~ , 
C",e J I 

Typo Drill Used .sj~t/ Total Hole Deplh -1_ ki ::', >, 
Identllicatlon 

Other Pertinent 
Components 

Sample 
No. 

Penelralion or 
Sample Elev. 

'N' Blow 'N' 
:5 1.0 1.5. Value' 

From To 
, #-"']( 7-\ Z,? :4, II)/cJJ. feR'S If- z" ~, 6 Z/ .' .:> 

We<'\.~llfal I-ljr;.//:; 

~ tJ&t:. 'In''\:;,1 b.3 i){.3 I~ (pI kJ ~~ 

f)ucuI7_ -
/, 

. Lwl.!..5 

\JI 

. 

--~ .. ~- - --~ ---------

.:. 

~ 
M~ 

<ricin 
• ~, 0 
, "'.-l 

~t:() .... s:: 
f.L< '1:: 

o 
~ 

M 
r-



·Projacl/lJ:l::.Jt'11;!&g~.-1-..e!s:r II-I/<-fl.. Division _. , ____ _ 

SlaUonii~.#Z Offset Ft ____ _ 

Ground Sev. -:, 

Depth 01 Strata 

From 

5:0 

r:,·2 
0,(/ 
r;ol ~ ''11 

To 

lVo ~~ .. (" ,i-!=> Ie 
Water Elev. In Hole !s' ... D "''' ~." .Jl.. 

Visuat 

Consistency Approx. Color Basic 

Remarks by Distiller _______________ _ 

County l-Co e.- Date ".~ - .J. I I 

_ _______ ...,,-_ ell Driller UUI1&ill-e-O 
~E I (" 

Type Drill Used .!5!~1 Totat Hole Depth /5.0 

Identification 

Other Poninent 
Componenls 

'%/. t!¥?~ 
~".tl()~tll %-,/t.-

tq~ L,k.o;-tJ::uc'):t 1'" 
beL. 

'h)Y\ t)wM?7Z... 

2o(~k 

lA'1((t., 

~/ 

Sample 
No. 

P~I 

Penetration or 
Sample Elev. 

From To 

7·5 ,lJ.·1 

.1.0 f).() 

'WBlow ,'N' 
.5 1.0 1.5. Value 

q I~ .rr· br.~, 
• 

/D % Cd "'-.,.etSrQ.. 

-

('1 

~ 
""'~ <~ o 
~~ "'" S btl l"-

._I J:: 
f.:4 • c: 

o 
~ 



Projectll I c ~ 7" • I '\ t-Ie..... ~·Oc..L ~·,.I~ Division ./ 

SlallonJ2(/(" if Ollsel FI 
,vo IV ... -\-. ('" 1AI;,1 .. 

Ground Elev. Waler Elev. in Hole ~L.~!!Il .. ,... !2. 

Depth 01 Slrola Visual 

From To Conslslency Approx. Color Basic 
VI LJ'~a I~t~ y IYIUI~IUIO ,VIGil. 

v", r '¢: -r.:" _~,. ;.j+ 0,0 '3.0 Sol.; '-+ Dr, G ,~. 
'-- ~ - -. 

C 
K.~t_ I~>r. T'an 

t") • • ~ '":>. to -'.0 5 b (. r tory ('.JII,.-. \1 .) h~ 

I 
rVQ c...ot"c.. 8.) D • ...::> 

5. c? J..:;:.. > i{ .... 1:. .,.'~." 
~)')~~+ f'rI, nO +.. HA"J.l 1::>,..... (;.-0\/ 

R ... t- -r.;" 5},:~ .)... 12.,- /'1.::'- 5..rt- 'D ,.... G .. ~., 

".75. 0 
'-o.~ 

~:h:!.+ '4.5 '-... •. 0·/./(,.1 Dr. rp"r .. ., 

~------- I-

Remarks by Distiller ________________ _ 

County _ '- e.. C;-

Type Drill Used c.,.,{; ~.s- 0 

. Idonlillcalion 

Othel Perllnenl 
. Components 

wJel. + 1h:., Mr.J!" 
R.~,t.. /,; .. ,..; ..... 
..., .. ,l\. •. ",,~ .sh~ ~ t 
~c......).krr.,.ll 

,J"""~\...r.~ ..... (0<. ...... 
I..)o-.-).l.\ ... r~~ 

""-'eoJ"",.,,.,\ w/oLu 

Sample 
No. 

I"" 
~'''t 
1 .. (' I 

-n-
~:.~,j. 

.ur .. " .. ' 

Dalo 7-..:<>.R-i1 

GIL Driller R,rie,! / !<:ss'c..fi· 
I • I 

Tolal Hole Deplh ~~,D 

Penetration 01 
Sample Elev. 

'N" Blow oN" , 
.5 1.0 1.5. Value 

From Tc 

'NQ" Core-

5.0 .:::rs-: O ~ Kc c...- I/?" . 

~.Ac I 'u ........ 
I 

th~", l2't -rh. \'" ,cr~ 

I l.r 

~ 
.,.,~ 

<& 
Q) 0 
.........1 
~bI) 
~·E o 
~ 

on 
l"-



ProjeeU' ./JubAf,J -r 6$/' /r/lC)(-
I\Uu-. Divi'~ion y- ,..~ 

Slation Bft" S O/lsel Ft ----'---

3round E'ov. 

)eplh of Simla 

From To' 

Q ,'I> I '<."3 
5.3 _. _8. 7 

~.7 ID.D 

.. 

ID.D :15.7 

:5.7 31>.Cl 

-

1';>0 ...... \-L' r" IAe-
Wale. Elev. In Hole c...._ .. "-I ..... ,,C) 

Visual 

Consistency Approx. 
Qr UtUI::tIlV IVIUI;', Ie' 

\/.61 (Y1D 

.JJAf't·' ti.,.,/ 
R'>e"" 60(+ 

/ 
dN 

I 

NQ CO" .- . fSt..-\ t 
l!oc.L 

ii1ED dr., 
/ 

HnrA d"'-f 
./ 

Color 

-(". 

&. 
-(I),.J. 

77)-' S,.. 
8m ... 

./ 

vJ 

r,,,../ . 
I 

GrllV'f 
---:;7 

Basic 
I •• 'UII. 

S;p 

.5j/+ 

Shi c::1-

.<ih·I . .,'t 

(;) () el.A z. 

'1ernarks by Distiller ----------------

County Cc..c:- Date 7LenL:l~ 

CIL Driller is ;Ie.-L 
eM': / 

Type Drill Used _~ Tolal Hole Deplh ~·n 
'/'l 

Identification 

Other Peninenl Sample Penetration or -N' Blow 
Componenls No. Sample Elev. .5 1.0 1.5. 

From To 

. r,J Ie iJ t f c:t:.X- r,. ... (Mt.A :J.5 -4,0 110 2.1 I~I> 

~/.5IlCL ~ f.~d. f,,,, I,.,..J.. ... 1 15 C}.l>A· IS [37 43 

1..Je.Ai~l""reJ '1.5il-l 

'JD.O :lO,o' (b . ~ 

.....,ef'llk~J "'/ ~o.o 3t>.O ::. .,~ 

I 

~('~s·.~"'I\\l. -rJ..;~ 
-' 

• bUn?\z Rbc.( LI\-le-Is 

--- ---- ---

'N'. 
Value. 

4D 
BD 

Me e.c. 
" "If, 

~.~:. 

.. ~-:.~ ....•. 

. ;\;'? 

.~.~··l 

::.~ 
~.~!~~ 
···;·:·:\i 

;Q 
'Dm 
~ c:,) 
e!.3 
~O/l ._ c:: 

IL< .c:; 
o 
m 

'D 
r--



ProJecl1i '71;;.St IrI'.CX_ gpt:, t( S'rle Division '") .• \ 

Slalion f:3 R -:II t. Ollsel FI _____ _ 

3round Elev. 

)eplh 01 Slrala 

From To 

/)l'() 3.~ 

--_. 

3.to 7, J 

2.1 12.2 

12.2 J3.4 

l5.4 .2.3.lo 

-

. 

. 

--

Waler Elev. In Hole 

Consistency 
Densil ..... -_.-_., 

Vel'f 6tFF 
I 

Visual 

Approx. 
M' ••• ..,' ..... UIU 

1).-1/ 

tVQ "' .. +_<" Tt. I»e.. 
&c...~ ... +.r • ..Q 

Color 

-Yllt-J 
. (3r. 

Basic 
Mall ........ 

5,U 

fJQ. COle'; Bo Jr>'. 
(?"c.~) 
i·/nr elf .... r-..,fI .... ~'r.\s-\ 
Rod-

-./ 

G
V 

M~ I) r:.1r'. H'V'\ c)h',4" 

JJ~~5 . rJ-: .....J 

c'rl'l/ Q£All/,IL 
( (oc .. c) .-oj ]-

mE D (~r "- c$/'A'" :5IW5:f~ 
../ ,/ 

Remark!> by Distiller _______________ _ 

County L~ Dale ' .• 7 }.;?9/=r=t 
7 I 

_ ________ ell Driller R: I.e.';'; 
7 

Type Drill Used c.,..,/: sro 

Identificallon 

Olher Pertinent 
Componenls 

'lelM;- I,J eA-l\.. .... e:j ~ 
~"'5f...·I.s+ 

'"' 1(') lAl\(·lz. 

'"J) GUI)?i.z. 

Sample 
No. 

We(.l-f /.1(:! ,-eJ '1 rf.uL 

Total Hole Deplh dJ.3 . C:, 

ON" Blow 'N". Penelration or 
Sample Elev. .5 1.0 1.5. Value 

From To 

2.S 3{; 11 -40 7.: ., ~. .. s~ 
IP;:.Tu~ Sb ... 

.. ~t, ';:;'3, t.o f7(; (' ;"Ie.- e~c 
,.., 
:. , 

e2'VfIt/:"'-/- ·Ln.,e"S 

~ 
r--~ 

~ eln 
Q) 0 
~......l 

iihoo .- ~ r.x.. .~ 
o 
~ 

r-
r-



-,;;:;" J 'r.
ProJecl1I . a:...S r r"t;.{, Roc..'-. s i-Ie Division LjL_~_~ __ 

3laUon B'R-Ji. 7 
3round Elev. 

)splll 01 Strala 

From To 

).0 3.) 
- -
7 ~.s-

- ~/ 
~,J /f.s,.o 

(~. c> IR,o 

. 

.. 

----

Ollsel Fl _____ _ 

IVO "'" I-c.r 
Waler Elev. In Hole ~b I ... &1< ...... +.-,. • .). 

Consistency 
Densil -- -_ ........ 

.st/f~ 
--.. 

1« ..... 1<. 
~-/-

rVq c..ore.... 

<-<~ 
M .. .t 1-. 1I.,rO 

.1( .... 1:.. 
"'c.' +. /1",[.> 

Visual 

Approx. 
Moist , ... ", ..... , ..... "" 

(.:>"1. 
f -

t>rll 

",' 
J5..,..1 D o.J 

b,., 
1:>r, 

Color 

1;$.-"..;)1' 
r...n Go''''1-

I 

~ 

ro=" 

i;,.. 
(, ..... / 

-r.." 
('''''''''1 

/ 

Basic 
Mati .......... 

s!\+ 

-
y,:-.). 

S).:> )-

::'~':S.t 

Remarks by Distiller ---____________ _ 

County L..:;:.c:..-- Date .7-;2g - 'J "J 

C/l Driller 7?,'/<i' ,IR",ssc,1 \. 

Type Drill Used c..ME 5"0 Total I-Iole Depth I'B~D I 

Identification 

Olher Pertinenl Sample Penelralion or 'N' Btow "N" 
Components No. Sample Elev. .5 1.0 1.5. Value 

From To . 

.Jft, "1:;., Me-,ll 
"" CA. ~ Rrc.k. ;;?> l.J,o q. ::> I") =/:1-
I ... 't""~ • .c C/.. S S-:.s- 3> ~ S'J.§ 

1., .... h .. "J) >I,;.t .> .. .s.-;J~ 

If ') hk-",f)....,.,."Q 
1= 

TVa. ~ .... 

it wc.J~~ .. ~O) ~'1. s:o;;- 1<;1 .1> 'Po ~ ... ~ g% I_P, 

I. p\,/: ..... M 
~ .... I -/<,:) 

\"'1 .... -1-..... ,1) u q, ... ,h: 1 .. .,.,,-

?. g 

~ 
oo!ll « eli) 

<I) 0 

~~ ._ s::: 
~'I:! o 

!ll 

00 
t-



ProjeclH 1~s.1 

Stalionfi.~ #.~ 

I~(..k... Kt):..t. ~;·Ie Division"" . , 

Ground Elev. 

Depth 01 Strata 

From To 

0,(") 1.-8 
..r--

~.S 5.'2 

---
. S:Z I?.I" 

) 2../" 15.8 

Rernatl;s by Disliller 

----

Ollset Ft _____ _ 

Water Elev. in Hole 
"'0 "" .. \.... -r<. L I ~ 
~c...~"t.,.,,.J) 

Visual 

Consistency Approx. Color Basic 
or uensltv MOistUre Mall. 

~~ 
~ ,~ .. ,.. 

5~)+ Ij)r~ • c., ... 
I - - ,.--. ----

0< .. c...Y- .,-;.,.. 
S~:.$+ S....t..,t Dry G,. .. " , I 

NQ C-.::>r. _ !3Jn,,) 
U.<:G~ fl\ .... 

fTlE..D • Or-I (!,rF\./ .("J,;~ 
I ,. 

l{<>c.L-
I (-,rf\'/ .<I:.,rt· _<~.fl J)r</ 

7 , 

County Le-r:.- _ Date J--:::;g ... Cf, 
_ ________ CIL Driller E/-eylr<~)~ 

Type Drill Used C-M£. 5">0 

Identification 

Other Pertinenl 
Component 

.J/t .. Ti.;" M,.,)\ .. "" 
W LL ,.iRo",!;. 1 ..... </1 

Ji' w=.ik~ 
f.":~+ 

I ( ~eoJ~ rJ) ") 

IIJ~I\'\I-~,l",t w·~~ 

"CCl\sS'i\l",,,,I~ .. T"i~ 
~ 

~ 

Glv.",Y\z. L I'\v ...... , 
- , 

I ..lO .. -lhor .. ..\ 

Sample 
N, 

gJ.,/ . 

Total Hole Depth 

Penetralion or 
SamDle EI 

IIVIII IV 

::?,$"" lJ,r!> 

5.8 15~B 

j5.S 

'N' Blow 'N' 
5 1.0 1.5. Val 

"/ '10 t;..p ~Z> 

;::; '~ ro(c. Rl!C. 

I 

I 

~ 
O\I:Q 
~Oo 
~ 0 0\ 
~~ r---
6h0ll .... Q u.. .c:: 

o 
I!\ 



cr cp cp cp 
• i • 13' • I • 13' • i • 12' .. i .. 

cp 
,.-.. 
00 

-Bcusellrfe-- ~ 

123.1' to Pin 114 
.£; 
4) 

I-< 
0 
.~ 

013 
.- aI ..... 
<U) ---~t ~~ 0 

6h.~ 
00 

.- !! 
IJ..U) 

'-' 

1:5 
0 Norlla. ;>" 
j 

<I> 
.t:: 
U) 

~~r~:l~~:~!~~llo" ~tc~:t~~~Cg:e2iiW6'g 



~,~-J-",~",-%-~,-t-",~ 
i 1 ~ i i 05EW iii 
I 6'~1 I St I I I 

ly I l.l I ~ :~ 
.~-.~~.~=-.-~~~_1~~1:~~.rm-r---u~--.. --r 

I I I T I 6' StAtiC 

-Bol.Un.--
-"12il;-'iO"jii~-"i4 

11' *~8' I _~;::,.®~- ~~~ 1 : : "'== ~ ~===:~:y ~:== 
8' 6'~tlC 3' S a.tIc 

@ I 7.5' ta.tlc :S' S a.tlc 2.5' ta.tk: I I 

12' I ~ I I 6' st~na.Nc: 3' St 

1&,.1 i-- 7.5' - tnO~~~~-t---L1 
A} !-- -I --ttJ--w -1--: 

I I I I 
r,....-----"'"'" 

Site LAyout-llsterloerg .. 
Direct SheQr Testing 
Mo.rch 23, 2000 to MCU"ch i!B, 2QOQ 

24'-6" 

@l- SHRl 

.,+ 
Norih 

j 
'5\ 
v 

f--4 

j 
I./l 

~ 
is 

-'" r; ; 
~ e!1 
~ V 

~~ 
.- til 
~O 
~ 
~ 

:1 
g 
;>0. 
j 
4.1 

.!:: 
I./l 

-00 



·_-----_._-----_._-... - .... _._--_ •... _._-_.-

SHR 1 

. ·:-7~: .... ; •. ~: .• :.~ .... 
','; '. ""!'.~ ~ •. ~ ~,.., 

;": ~~ .. '-',:: :~", \ .: 

Direct Sheo.r #1 SHR1-SHR2 

5500* 

Ea.st 

Top 

SHR 2 

.- . •• .f. '-:' 

.. ~": .. ~~ /:~. ?~ 

t·:~~:~\« 

I~ U' , I 
Looking North 

50801 

2720* 

1 ... ___ -_ .. __ ._. __ ... _-----_._._-_._. __ ..... _ .. _._--_ .. _._ ... __ ._ .. __ .. _ .. ________ . __ ._._. ___ . __ ... _ ... __ . ___ . ___ .. ______ . ___ . ___ .. ___ . ____________ ._._ . __ J 

...... 
=It: 
t:: o 

N .~ 
...... ;> 

<~ 
Q)W ... .... 
a~ ._ ..c:: 

!.LtVl 

U 
~ 
is 

N 
00 



Figure A.13 
Direct Shear Elevation #2 
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Figure A.14 
Direct Shear Elevation #3 
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Direct Shear Elevation #4 
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Figure A.16 
Direct Shear Eievation #5 
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t 
Test Track 

E 
~r. 

N .. ... ,)S ~ ~ 

~r 

W 
Socket No: 

Planned Depth: 
Planned Diameter: 

Bottom Elevation: 

F2 Distance from E-W Diameter 
7.5 Bottom (ft). (in) 
5 a 60 

1 61 
2 62 
3 61 
4 61 
5 61 

5.5 62 
6 64 

6.5 67 
7 72 
S 81 

! 

Surface Depth to 
Location Bottom (ft) 

E 7.9 
W 7.6 
N 7.7 
S 7.9 

Center 8.2 
AvgEW 7.75 
Avg NS 7.8 

Figure A.18 
Diameter Measurements-F2 
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N-S Diameter 
(in) 
6"0 
62 
64 
61 
60 
60 
63 
63 
64 
67 
75 

Depth to 
Bottom (in) 

94.8 
91.2 . 
92.4 
94.8 
98.4 
93 

93.6 



t 
Test Track 

E 

~~ 

Nt ~ ... -}S \ ~ ... 

" 
W 

Socket No: 
Planned Depth: 

Planned Diameter: 

Bottom Elevation: 

C2 Distance from E-W Diameter 
7.5 Bottom (ft) (in) 
5 0 59 

1 59 
2 60 
3 60 
4 60 
5 63 

5.5 63 
6 63 

6.5 64 
7 66 

7.5 68 
S 72 

Surface Depth to 
Location Bottom (ft) 

E 8.4 
W 8.4 
N 8.4 
S 8.3 

Center 8.6 
AvgEW 8.4 
AvgNS 8.35 

Figure A.19 
Diameter Measurements-C2 
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N-S Diameter 
(in) 
59 
58 
60 
61 
59 
61 
61 
62 
64 
68 
69 
73 

Depth to 
Bottom (in) 

100.8 
100.8 
100.8 
99.6 
103.2 
100.8 
100.2 



t 
Test Track 

E 
~~ 

Nt 
\ .... r" )S 

~ .. 
IN 

Socket No: F3 
Planned Depth: 5 

Planned Diameter: 5 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) . 

0 60 
1 59 
2 59 
3 60 

3.5 60 
4 60 

4.5 61 
5 64 
S 70 

Surface Depth to 
Location Bottom (ft) 

E 5.1 
W 5.3 
N 5.3 
S 5.2 

Center 5.7 
AvgEW 5.2 
AY.9.NS 5.25 

Figure A20 
Diameter Measurements-F3 
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N-S Diameter 
(in) 
60 
59 
60 
59 
59 
59 
60 
66 
74 

Depth to 
Bottom (in) 

61.2 
·63.6 
63.6 
62.4 
68.4 
62.4 
63 



t 
Test Track 

E 

N ... 
'~~ 

.... ;;8 
." 

W 
C3 Socket No: 

Planned Depth: 5 
Planned Diameter: 5 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 59 
1 59 
2 62 
3 63 

3.5 66 
4 64 

4.5 67 
5 72 
S 78 

Surface Depth to 
Location Bottom (ft) 

E 5.7 
W 5.7 
N 5.9 
S 5.6 

Center 5.8 
AvgEW 5.7 
Avg NS '5.75 

Figure A.21 
Diameter Measurements-C3 
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N-S Diameter 
(in) 
59 
58 
60 
60 
62 
63 
63 
67 
71 

Depth to 
Bottom (in) 

68.4 
68.4 
70.8 
67.2 
69.6 
68.4 
69 



t 
Test Track 

E 
~~ 

N ~ .. 
S· ..... ~ 

." 

W 
Socket No: F4 

Planned Depth: 2.5 
Planned Diameter: 5 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 59 
1 59 

1.5 59 
2 59 

2.5 60 
3 63 

3.5 67 
S 73 

Surface Depth to 
Location Bottom (ft) 

E 3.9 
W 3.74 
N 3.98 
S 3.76 

Center 4.1 
AvgEW 3.82 
Avg NS 3.87 

Figure A.22 
Diameter Measurements-F 4 
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N-S Diameter 
(in) 
58 
58 
59 
59 
60 
64 
73 
79 

.. 

Depth to 
Bottom (in) 

46.8 
44.88 
47.76 
45.12 
49.2 

45.84 
46.44 



t 
Test Track 

E --
A~ 

N' ~ ... }s \ .... .. 

" W 
Socket No: C4 

Planned Depth: 2.5' 
Planned Diameter: 5' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (tt) (in) 

0 58 
0.5 60 
1 60 

1.5 61 
2 60 

2.5 60 
3 61 

3.5 63 
4 66 
S 70 

Surface Depth to 
Location Bottom (tt) 

E 4.12 
W 4.03 
N 4.03 
S 4.16 

Center 4.48 
AvgEW 4.075 
AvgNS 4.095 

Figure A.23 
Diameter Measurements-C4 
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N-S Diameter 
(in) 
58 
59 

60.5 
61 
62 
61 
61 
62 
64 
66 

Depth to 
Bottom (in) 

49.44 
48.36 
48.36 
49.92 
53.76 
48.9 

49.14 



t 
Test Track 

E 
A. 

Nt .... .. ;)S \ .... ~ 

~, 

W 
Socket No: E5 

Planned Depth: 6' 
Planned Diameter: 3' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 34.5 
0.5 34.5 
1 37 

1.5 36 
2 36.5 

2.5 37.5 
3 37.5 

3.5 36.5 
4 37 

4.5 37 
5 37 

5.5 40 
S 49 

Surface Depth to 
Location Bottom (ft) 

E 6.2 
W 6.12 
N 6.19 
S 6.1 

Center 6.37 
AvgEW 6.16 
AvgNS 6.145 

Figure A.24 
Diameter Measurements-E5 
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N-S Diameter 
(in) 
35 
35 
35 
36 
38 

35.5 
36.5 
37.5 
36.5 
36.5 
36.5 
39.5 
46 

Depth to 
Bottom (in) 

74.4 
73.44 
74.28 
73.2 

76.44 
73.92 
73.74 



t 
Test Track 

E 

N ~ 
~~ 

~ 

~s 
." 

W 05 Socket No: 
Planned depth: 6' 

Planned Diameter: 3' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 34 
1 .. 34 
2 34 
3 34 
4 35.5 

4.5 35.5 
5 34· 

5.5 34 
6 35 

6.5 39 
S 44 

Surface Depth to 
Location Bottom (ft) 

E 6.98 
W 6.88 
N 6.92 
S 6.96 

Center 7.01 
AvgEW 6.93 
Avg NS 6.94 

Figure A.25 
Diameter Measurements-D5 
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N-S Diameter 
(in) 
34 
34 
34 
34 

35.5 
36 
35 

34.5 
36 

37.5 
40.5 

Depth to 
Bottom (in) 

83.76 
82.56 
83.04 
83.52 
84.12 
83.16 
83.28 



t 
Test Tracl< 

E 

N .. 
7.~ 

~ .JS 
~, 

W Socket No: E6 
Planned Depth: 3' 

Planned Diameter: 3' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 34 
0.5 34 
1 34 

1.5 34 
2 34.5 

2.5 34.5 
3 35 

3.5 37.5 
S 40.5 

Surface Depth to 
Location Bottom (ft) 

E 3.87 
W 3.82 
N 3.81 
S 3.77 

Center 4.01 
AvgEW 3.845 
AvgNS 3.79 

FigureA26 
Diameter Measurements-E6 
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~-S Diameter 
(in) 
33.5· 
34 
34 
34 
34 
34 
35 
42 
45 

Depth to 
Bottom (in) 

46.44 
45.84 
45.72 
45.24 
48.12 
46.14 
45.48 



t 
Test Track 

E 
.j~ 

N' ~ ... 
S .... ~ 

u 

W 
Socket No: D6 

Planned Depth: 3' 
Planned Diameter: 3' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 34 
0.5 34 
1 35 

1.5 34 
2 34.5 

2.5 36 
3 39 
S 43 

Surface Depth to 
Location Bottom (ft) 

E 3.34 
W 3.33 
N 3.36 
S 3.37 

Center 3.52 
AvgEW 3.335 
AvgNS 3.365 

Figure A.27 
Diameter Measurements-D6 
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N-S Diameter 
(in) 

33.5 
34 
34 

34.5 
35 

36.5 
39.5 
44 

Depth to 
Bottom .(in) 

40.08 
39.96 
40.32 
40.44 
42.24 
40.02 
40.38 



t 
Test Track 

E 

Jjto. 

N ~ "" 'S ~ ~ 

" Vi 
Socket No: A2 

Planned Depth: 7.5 
Planned Diameter: 5 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 59 
1 60 
2 59 
3 60 
4 60 
5 60. 

5.5 61 
6 61 

6.5 61 
7 62 

7.5 65 
8 64 
S 69 

Surface Depth to 
Location Bottom (ft) 

E 9.2 
W 9.2 
N 9.1 
S 9.1 

Center 9.4 
A'1!EW 9.2 
AV!dNS 9.1 

Figure A.28 
Diameter Measurements-A2 
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N-S Diameter 
(in) 
59 
59 
59 
59 
59 
59 
61 
63 
63 
61 
62 
64 
70 

Depth to 
Bottom (in) 

110.4 
110.4 
109.2 
109.2 
112.8 
110.4 
109.2 



t 
Test Track 

E 
~ ... 

Nt ... .. }S \ ..... 
,.. 

~, 

W 
Socket No: A3 

Planned Depth: 5 
Planned Diameter: 5 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

a 58 
1 59 
2 59 
3 62 

3.5 61 
4 61 

4.5 64 
5 67 

5.5 75 
S 79 

Surface Depth to 
Location Bottom (ft) 

E 5.9 
W 6.2 
N 6 
S 6.1 

Center 6.4 
AvgEW 6.05 
AVJlNS 6.05 

Figure A.29 
Diameter Measurements-A3 
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N-S Diameter 
(in) 
.57 
57 
58 
58 
60 
61 
60 
64 
70 
80 

Depth to 
Bottom (in) 

70.8 
74.4 
72 

73.2 
76.8 
72.6 
72.6 



t 
Test Track 

E 

N .... 
"~ 

~ /s 
." 

W 
Socket No: 85 

Planned Depth: 6' 
Planned Diameter: 3' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 34 
1 34 
2 34 
3 34.5 
4 37 

4.5 37.5 
5 37.5 

5.5 41.5 
6 45 
S 48 

Surface Depth to 
Location Bottom (ft) 

E 6.38 
W 6.27 
N 6.25 
S 6.24 

Center 6.38 
AvgEW 6.325 
Avg NS 6.245 

Figure A.30 
Diameter Measurements-B5 
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N-S Diameter 
(in) 

33.5 
33 
34 

34.5 
35.5 
37.5 
39 
40 

46.5 
47 

Depth to 
Bottom (in) 

76.56 
75.24 

75 
74.88 
76.56 
75.9 

74.94 



t 
Test Track 

E -..j~ 

N ~ .. 
·}S ~ ~ 

~, 

W 
Socket No: 86 

Planned Depth: 3' 
Planned Diameter. 3' 

Bottom Elevation: 

Distance from E-W Diameter 
Bottom (ft) (in) 

0 32 
0.5 36 
1 38 

1.5 39 
2 41 

2.5 42 
S 49 

Surface Depth to 
Location Bottom (ft) 

E 2.88 
W 2.88 
N 2.97 
S 2.76 

Center 3.16 
AvgEW 2.88 
Avg NS 2.865 

Figure A.31 
Diameter Measurements-B6 
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N-S Diameter 
(in) 
36 
36 
37 
39 

40.5 
48 

50.5 

Depth to 
Bottom (in) 

34.56 
34.56 
35.64 
33.12 
37.92 
34.56 
34.38 



t 
Test Track 

E --
~ 

N' ~ _ .. 
S , ~ ~ 

~r 

W 
Socket No: 05NS Distance from E-W Diametet' N-S Diameter 

Planned Depth: 5 Bottom (ft) (in) (in) 
. Planned Diameter: 5 0 59 59 

1 59 60 
Bottom Elevation: 2 64 66 

3 64 64 
3.5 64 63 
4 64· 63 

4.5 64 61 
5 68 64 
S 71 70 

Surface Depth to Depth to 
Location Bottom (ft) Bottom (in) 

E 5.3 63.6 
W 5.56 66.72 
N 5.5 66 
S 5.4 64.8 

Center 5.76 69.12 
AV9_EW 5.43 65.16 
AV9_NS 5.45 65.4 

Figure A.32 
Diameter Measurements-OS NS 
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t 
Test Track 

E 
Ai" 

N' ~ .. 
')S I ,. r 

V 
---:-

W Socket No: 05 EW Distance from E-W Diameter N-S Diameter 
Planned Depth: 5 Bottom (ftl (in) (in) 

Planned Diameter: 5 0 59 59 
1 59 59 

Bottom Elevation: 2 61 ·61 
3 64 63 

3.5 63 64 
4 65 64 

4.5 65 66 
5 65 67 
S 69 68 

Surface Depth to Depth to 
Location Bottom (ft) Bottom (in) 

E 5.16 61.92 
W 5.1 61.2 
N 5.02 60.24 
S 4.96 59.52 

Center 5.18 62.16 
AvgEW 5.13 61.56 
Avg NS 4.99 59.88 

Figure A.33 
Diameter Measurements-OS EW 
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t 
Test Track 

E -
~ 

N' ..... ... 
S I .... .... 

." 

W 
Socket No: 03 EW Distance from E-W Diameter N-S Diameter 

Planned Depth: 7 Bottom (ft) (in) (in) 
Planned Diameter: 40" 0 38 39 

1 42 42 
Bottom Elevation: 2 43 44 

3 42 43 
4 43 43 

4.5 42 42 
5 43 43 

5.5 46 47 
6 51 48 

6.5 58 55 
S 65 60 

Surface Depth to Depth to 
Location Bottom (ft) Bottom (in) 

E 6.8 81.6 
W 6.7 8004 
N 6.8 81.6 
S 6.8 81.6 

Center 7.06 84.72 
AvgEW 6.75 81 
AVQNS 6.8 81.6 

Figure A.34 
Diameter Measurements-D3 EW 
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t 
Test Track 

E 

N .... '~s 
~ 

,.~ 
W Socket No: 
Planned Depth: 

Planned Diameter: 

Bottom Elevation: 

03NS Distance from E-W Diameter 
6' Bottom (ft) (in) 
3' 0 34 

1 34 
2 35 
3 37 
4 35 

4.5 35 
5 35.5 

5.5 37.5 
6 39 

6.5 42 
S 45 

Surface Depth to 
Location Bottom (ft) 

E 6.98 
W 6.91 
N 6.97 
S 6.96 

Center 7.02 
AvgEW 6.945 
Avg NS 6.965 

Figure A.35 
Diameter Measurements-03 NS 
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N-S Diameter 
(in) 
34 
36 
36 
37 
38 
36 
36 

37.5 
41 
45 
48 

Depth to 
Bottom (in) 

83.76 
82.92 
83.64 
83.52 
84.24 
83.34 
83.58 



F2 E-~ F2 N-S 
1-1 w--6'-9.-_00-l1 r-6'-3'---l°1 

---.-...., ~--- --..,......... ,..---

7'-10 13/16 

II-. ___ C_~, E_-_~ ___ __II 

-..--...., 

\ 

8'-4 13/16' 

7'-8 3/8 

C2 N-S 
11-1---6'-1' -----II 

8'-6 5/16' 

l-4'-U.-I 

Figure A.36 
Shaft Cross Section-F2 & C2 
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1-
F3 E-IJ 
5'-10' . I 

C3 E-\f ..-1---6'-6'----1-/ 

5'-8 112' 

l _____ 
1---4'-l1'~ 

F3 N-S 
II-.. __ -6'-2'-----i1 

C3 N-S 
~6'-O 1/2'-1 

~~ ------

5'-W[ L--___ ----

t---""-11' • I 

Figure A.37 
Shaft Cross Section-F3 & C3 
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F4 E-'v/ 

1~.--6'-1' -_ .. ...ll 

~'-o 5/16' 

L:---,-~-
f-4'-1l'~ 

C4 E-'w' 
,,-1"--5'-10'--1 .. 1 

F4 N-S 

11-_--6'-7'-----11 
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