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FOREWORD

A pile load test is often substituted for a proof test in which a load is applied to a certain factor
(most often two) times the contemplated design load. This practice requires the ability to
reliably estimate the ultimate bearing pile capacity. A practical analytical method is proposed,
capable of extrapolating the measured load-settlement relations beyond the maximum tested
load. The proposed procedure, along with two other possible methods, is evaluated.

The results obtained for 63 database cases suggest that even when the predicted ultimate capacity
is four times the maximum actual tested load, the associated risk is zero for exceeding the design
load, when using the extrapolated value with a factor of safety of 2.0.

Case history analysis of six load-tested driven piles at two sites are presented. The cases
analyzed indicate possible substantial savings when the ultimate capacity well exceeds the

maximum applied load. Moreover, the method already demonstrates its enormous importance
from aspects of engineering and economics.

This report will be of interest to geotechnical researchers and practitioners, especially individuals
dealing with structures involving driven piles.

/'J
T. Paul Teng, P.E.

Director, Office of Inffrastructure
Research and Devtlopment

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
contents or use thereof. The report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and

manufacturers’ names appear in this report only because they are considered essential to the
object of the document.
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CHAPTER 1: INTRODUCTION

1.1 OVERVIEW

The study of driven-pile foundations and their behavior under static loads dates back to
the late 19" century. Until that time, the design of driven piles was mainly based on
experience. Static load tests were the first attempt at verifying the design and
determining the ultimate capacity of a driven pile. The load test involves physically
loading the pile at specific time intervals and monitoring the settlement of the pile top
until failure. These tests are expensive and time-consuming, and as a result, are not
commonly performed.

A proof test, a limited form of the static load test, is used to determine the pile’s
performance in supporting a service load and is usually carried out to twice the design
load. The proof test does not proceed to failure and as a result, is less expensive and is
more frequently performed. The proof test does not commonly provide the ultimate pile
capacity and as such, does not contribute to improved knowledge of pile analysis,
increasing accuracy of design, or reduction in foundation costs.

Different methods exist for the interpretation of the ultimate pile capacity based on a pile
load test to failure. These methods relate to different principles, such as limiting
maximum settlement and ratio of settlement to load. Among these methods, two relate
to the shape of the load-settiement curve and hence can be conceptually used for
determining the ultimate capacity of piles from proof test information. Using these
methods, the ultimate capacity could be based on the limited load-settlement information
provided by the proof test. These methods include Chin’s method (Chin, 1971a, 1971b
and Chin and Vail, 1973) and the Brinch-Hansen method (Brinch-Hansen, 1963).

1.2 STATEMENT OF PROBLEM

Finding the ultimate pile capacity based on a proof test data is important as it allows us
to answer the following questions: (1) What is the actual pile capacity and the resulting
factor of safety? and (2) When change in design takes place, either during construction
or for existing structures, can the piles support higher loads safely? In order to answer
these questions (knowing the present state of proof testing), it is required: (1) to
determine the reliability of the aforementioned methods (Chin and Brinch-Hansen) and
(2) to develop an accurate method for determining the ultimate capacity of a pile based
on a proof test data. Both needs are addressed by the present research.

1.3 SCOPE

This report presents the procedures, anticipated accuracy, and a recommended method
of analysis allowing the prediction of the ultimate bearing capacity of a driven pile from
proof tests. The present research study is based on the above outlined needs and
consists of four major parts.



The first part (Chapter 3) describes the present research method of approach. The
principle of evaluating extrapolation methods utilizing data from piles load-tested to
failure is introduced. Two existing methods and the proposed method are presented
next. The proposed method combines the manipulation of load-settiement data with
general linear algebra. The method was first introduced by Paikowsky (1982) for one
case history. Itis examined and verified for a large data base in the present study.

The second part (Chapter 4) describes the buildup of the data set used in the analysis.
The data set contains 63 driven-pile load-settlement measurements collected during
static load tests to failure. The current methods of load-test interpretation and analysis
are discussed and implemented.

The third part (Chapters 5 and 6) presents the analysis and interpretation of both the
proposed and existing methods.

The fourth part (Chapters 7, 8, and 9) examines the performance of the proposed
method using recent case histories. Recommendations for the use and the application
of an adequate factor of safety are provided.

1.4 LIMITATIONS

All the case histories used in the present research are for driven piles only. Although
the application of the method for cast-in-place piles is expected to be valid, its
examination and verification for these cases are required in order to guarantee a safe
application.

1.5 METHOD OF APPROACH
The steps outlining the method of approach used in this research are:

(1)  Compile existing load-to-failure static load test records (data set PD/LT);

(2) Determine the representative ultimate capacity (static load) of the pile from several
commonly used methods;

(3)  Model the relationship between load and settlement using regression analysis;

(4)  Develop an analytical method (as opposed to graphical) for load-settiement
extrapolation and determining the ultimate capacity of the pile based on
Davisson’s Criterion;

(5)  Using this analytical method, extrapolate the ultimate capacity of the pile using: (a)
25%, 33%, 50%, 75%, and 100% of the previously determined static load and (b)
the same percentile of the complete load-settlement relations data points;

(6) Compare the results to the actual load settlement behavior:

(7)  Assess the performance of the method:;

(8)  Determine an appropriate Factor of Safety for the proposed method and the
associated risk;



(9) Examine the proposed method for recent case histories of piles driven for the
construction of a highway bridge; and
(10) Provide conclusions and recommendations for using the proposed method.

1.6 MANUSCRIPT LAYOUT

The following are short descriptions of each of the chapters contained in this research
report:

Chapter 2  Provides a brief background of static load test interpretation methods and
reviews the load test specification of different highway departments across
the United States.

Chapter 3  Details the various methods currently available for determining the pile
capacity from non-failed load tests and presents the proposed method.

Chapter4  Outlines the information related to data set PD/LT.

Chapter 5  Evaluates the performance of the existing methods.

Chapter 6  Provides an assessment of the proposed method and examines several
controlling factors.

Chapter 7  Details the implementation of the proposed method utilizing recent case
histories not included in the data base.

Chapter 8  Describes the engineering significance of the method.

Chapter 9  Provides a summary, conclusions, and recommendations.

1.7 CONTRIBUTIONS

The database used in this study was compiled by Paikowsky et al. (1994) and
Paikowsky and LaBelle (1994). Both sources refer to and acknowledge the contributors
of the original information.

Mary Canniff has greatly contributed to the performance of the analyses, the graphical
representation of the results, and the manuscript preparation. Her assistance and
dedication are greatly appreciated.

Geosciences Testing and Research, Inc. (GTR) of North Chelmsford, Massachusetts
and the Massachusetts Highway Department had helped in obtaining and analyzing the
case history data presented in Chapter 7. The assistance of Les Chernauskas of GTR
and Vallerie McGrath (LaBelle) and Nabil Hourani of the Massachusetts Highway
Department is acknowledged.

The assistance of the students in the Geotechnical Research Laboratory at the
University of Massachusetts-Lowell is appreciated, in particular that of Michael Buchand
and Edward Hajduk.






CHAPTER 2: BACKGROUND

2.1 DEEP FOUNDATIONS

2.1.1. Definition and Use

A deep foundation or a pile is a structural element used to transfer loads into soft soil or
through weak soil and water to underlying competent layers of soil or rock.

The use of driven piles for foundation support is a practice that dates back to prehistoric
times. The Neolithic inhabitants of Switzerland supported their homes 12,000 years ago
on wooden poles driven into shallow lakes. The ancient Egyptians depicted
manpowered pile driving operations and failures. During the Roman era, many of the
bridges spanning the Rhine River were supported with driven timber piles.

Deep foundations are used for supporting a variety of structures, including bridges, high-
rise buildings, towers, dams, and off-shore oil platforms. Deep foundations are also
used for other load-carrying purposes such as slope stabilization, resisting uplift forces,
and more.

According to their load transfer mechanism, piles can be categorized into two groups:
friction piles and end-bearing piles. Friction piles develop their resistance through the
friction that exists between the pile’s shaft and the adjacent soil. End-bearing piles
provide resistance from the pile point, which rests on firm soil or rock. Most piles
operate as a combination of the two.

2.1.2 Quality Control

The ability to predict the capacity and inspect the integrity of deep foundations (once
they are installed beneath the ground surface) is limited. Static pile design is based on
theories and assumptions related to the soil and pile material properties. The theories
used are generally ideal in nature, and back analysis and judgment are used to
determine to what degree of accuracy the idealized theories agree with the real
situation. As a result of these uncertainties and the inability to predict pile-soil
interactions, high factors of safety are used when designing deep foundations. A direct
relationship exists between the factor of safety used and the associated foundation cost.

Pile capacity may be estimated using static or dynamic analyses and may be confirmed
by static load tests. Static load tests and their analyses are described below. Dynamic
analyses predict pile capacity based on the monitored pile behavior during driving or the
simulated hammer-pile-soil system. Dynamic analyses of piles during driving are
beyond the scope of this research and do not relate to the conditions by which static
load-settlement extrapolation is possible.



2.2 STATIC LOAD TESTS

Static load testing is currently the only reliable method available to determine the actual
ultimate capacity of piles. This method involves physically loading the pile at specific
time intervals and monitoring the settlement of the pile top until failure. The results of
these tests are plotted as load versus settlement and the failure load is determined
based on several interpretation techniques. Due to the expense and time-consuming
nature of static load tests, the tests are conducted rather infrequently.

Pile load tests can be placed into two broad categories. Failure load tests are load tests
that proceed until the pile plunges, when it experiences excessive displacements under
small or no load increase. Load tests to failure are necessary to determine the pile’s
ultimate capacity. A “proof test” is used to determine the pile’s ability to support a
service load, usually taken as twice the design load. It is important to note that the proof
test does not provide the ultimate pile capacity and, therefore, does not contribute to the
effort of increasing accuracy and reducing foundation costs. Although the test is
typically carried out to twice the design load, the actual employed factor of safety may be
much higher since the ultimate capacity remains unknown. Proof testing is less
expensive than loading a pile to failure and is, therefore, frequently performed. Section
2.5 summarizes the pile load test requirements in different state highway foundation
specifications. The frequency of required proof tests, and other load tests indicated in
the table, should be noted.

The American Society for Testing and Materials (ASTM) provides guidelines for
conducting static load tests (ASTM D1143). State building codes throughout the United
States have adopted or modified these guidelines for conducting proof testing, while few
require load testing a pile to failure.

Data set PD/LT, which is presented in Chapter 4, contains cases of 63 piles load-tested
to failure. The interpretation of the test results was carried out using a variety of
methods as outlined in Section 2.3.

2.3 STATIC LOAD TEST INTERPRETATION
2.3.1 Overview

Various methods are currently available for interpreting static load test results in order to
determine the pile’s bearing capacity. The methods are based on different principles
related to a limiting settlement, maximum load, ratio of load to settlement, shape of
curve, and so on. As a result, no single unique value exists when determining the pile’s
bearing capacity based on a load test to failure. The present research study utilizes a
data set named PD/LT, comprised of 63 case histories of piles load-tested to failure.
Each of the cases was analyzed using five different interpretation methods to produce a
representative static (average) resistance for each pile. A detailed description of the
procedure and the analyses are presented by Paikowsky et al. (1994).



2.3.2 Data Manipulation and Presentation

For consistent interpretation of a load test load-settlement curve, a common scale was
implemented. The scale was based on the elastic deformation of the pile as proposed
by Vesic (1977). When plotting the load-settlement curve, the elastic deformation of a
fixed-end, free-standing, frictionless pile is expressed as:

5=PL/EA (2.1)

calculated elastic deformation of the pile
applied load

pile length

elastic modulus of the pile’s material
cross-sectional area of the pile

The elastic compression obtained by Equation 2.1 is based on the assumption that the
entire load applied to the pile top is transferred to the pile tip. To implement a scale
proportional to all settlement curves, the elastic compression line was kept inclined at an
angle of approximately 20 degrees to the load axis.

where:

>mr oo
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In order to facilitate this scale, all of the compiled load test data was digitized using the
program DIGITIZE, developed at the University of Massachusetts at Lowell by
Chernauskas and Paikowsky. The curves were then re-plotted using the graphics
software GRAPHER to produce curves that were scaled to the elastic compression of
the individual pile. Figure 1 shows an example of a scaled load-settlement curve using
the above criterion.

After re-plotting, each curve was analyzed using five common failure load interpretation
procedures outlined below: Davisson’s Criterion, the Shape of the Curve, Limited Total
Settlement Methods (A=1 inch and A=0.1B, where B = pile diameter), and DeBeer's
method.

2.3.3 Davisson’s Criterion

Davisson’s Criterion (Davisson, 1972), or the offset limits, defines the failure load of a
pile as the load corresponding to the settlement that exceeds the elastic compression of
the pile (d) by an offset (X) equal to 0.15 inches (3.8 mm) plus the pile diameter (in
inches) divided by 120:

X=0.15+B/120 (2.2)
where: X = offset displacement of the elastic
compression line
B = diameter of the pile in inches
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Figure 1. Load-Settlement Curve of Pile Case No. 5 With the Elastic Compression
Line Inclined at 20 Degrees. (Paikowsky et al., 1994)



The Davisson’s criterion line is parallel to the elastic compression line. The intersection
of Davisson’s line with the load-settlement curve provides the ultimate capacity of the
pile. Figure 2 illustrates the use of Davisson’s failure criterion for load-settlement
relations of pile case no. 5 in the present database (equivalent to case 47 by Paikowsky
et al., 1994). Davisson’s criterion yields a capacity of 625 kips (2780 kN). Davisson’s
criterion has the advantage of being deterministic (and hence objective), while being
able to consider the pile geometry and properties.

2.3.4 Shape of the Curve

The Shape of the Curve Method is a failure load approximation that usually yields a
range of values over which the pile is considered at or near failure. The boundaries of
this range can be determined by examining the minimum curvature in the load-
settlement curve through lines drawn tangent to the load-settlement curve (similar to the
method proposed by Butler and Hoy, 1977). The failure range is relatively easy to
define for load-settlement curves that exhibit general failure or plunging failure (rapid
settlement with slightly increased loads) (see Figure 2 for example). Piles that
experience local failure, or non-plunging failure, are difficult to analyze using the shape-
of-the-curve method because of the uniform changes in the slope of the lines drawn
tangent to the curve. Figure 2 illustrates the use of the shape-of-the-curve procedure,
yielding an estimated capacity range between 500 kips and 640 kips (2224 kN and 2847
kN) with a representative average of 570 kips (2535 kN) for pile case no. 5.

2.3.5 Limited Total Settlement Methods

The limited total settlement methods define the failure load as the load corresponding to
the settlements of 1 inch (A=1 inch) and 0.1 times the pile diameter (A=0.1B) (Terzaghi,
1942). These methods are not applicable in many cases. For example, the elastic
compression for a very long steel pile often exceeds 1 inch (25.4 mm) and/or 0.1B
without inducing any plastic deformation in the soil. Figure 2 presents the load-
settlement curve for pile case no. 5, a square concrete pile that experiences a plunging
failure well before a displacement of 1 inch (25.4 mm) is achieved. Also, it is obvious in
this case that a settiement of 0.1B, or 2.4 inches (61 mm), does not represent the failure
load of this pile, and, therefore, is not applicable.

2.3.6 DeBeer’s Log-Log Method

DeBeer defines the failure load as the load corresponding to the intersection of two
distinct slopes created by the load-settiement data plotted using logarithmic scales
(DeBeer, 1970). Figure 3 illustrates the use of DeBeer’s criterion for the same load-
settlement curve (pile case no. 5) presented in Figure 2, resulting in an estimated
capacity of 648 kips (2882 kN). The two slopes are especially visible for piles that
experience plunging failures, yet when using DeBeer’s method on piles that undergo
local failures, the result may be a range of values. As mentioned earlier, each load-
settlement curve was digitized from the standard linear plots that they were presented
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on and the data was stored. This data was later plotted using logarithmic scales to
utilize DeBeer's method.

2.3.7 Brinch-Hansen’s Method

Brinch-Hansen (1963) developed a method in which the failure is obtained based on the
assumption that hyperbolic relationships exist between the load and the displacement.
Two methods (90% and 80% criteria) were suggested. The first defines failure as the
load that is associated with twice the movement of the pile head as obtained for 90% of
the load. The 80% criterion defines the failure load as the load that is associated with
four times the movement of the pile head as obtained for 80% of the load (Fellenius,
1989). The criterion provides the following simple relationship when used for calculating
the pile capacity:

——— 23
e 2(c, +C,) 23)
5 =2 2.4
u_Cl ( )

where: Q. = pile load capacity (failure)
= movement at failure

C, and C; are the slope and y-intercept, respectively, of the straight line obtained by
plotting the load-settlement relations using a vertical (y) axis of ‘/% and a horizontal

axis of A, in which A is the displacement and Q is the corresponding load. Figure 4
presents these relationships for pile case no. 5. Using the approximately linear segment
(A > 0.2 inches), the corresponding failure load is 603 kips (2682 kN).

As Brinch-Hansen'’s failure criterion is based on an assumed stress-strain relationship
for the soil (represented by the load-displacement of the pile), it is reasonable to reduce
the pile top displacement by the elastic shortening of the pile segment above the ground.
In most cases, this length is very small compared to the penetration depth and hence
can be neglected.

By using assumed load-displacement relationships, the obtained mathematical

formulation can be used to extrapolate the load-displacement relations beyond the point
of maximum load. This fact was already noted by Brinch-Hansen (1963).

2.3.8 Chin’s Method
In Chin’s method (Chin, 1971a, 1971b; Chin and Vail, 1973) it is assumed that the load-

settlement (Q vs. A) relationship is hyperbolic and hence the inverse slope of a plot of
AJP (vertical axis) vs. P results in the failure value.
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A
5=Ga+Cy (2.5)

1
0, = E (2.6)
Similarly to Brinch-Hansen’s method, Chin’s method can be used, through mathematical
relationships, to extrapolate the load-settlement values beyond the maximum applied

load.

Figure 5 describes the above relationship for pile case no. 5 of data set PD/LT. Using
linear regression over the approximate linear portion of the curve (displacement greater
than 0.5 mm), the corresponding Chin’s method capacity is 748 kips (3327 kN). As with
Brinch-Hansen’s method, the proper use of Chin's method calls for the deduction of the
elastic deformation in the pile segment above the ground surface.

2.3.9 Representative Static Capacity

The capacity results from Davisson’s criterion, the Shape of the Curve, Limited Total
Settlement methods, and DeBeer’'s method were independently evaluated for each pile
based on the load-settlement curves. After considering the pile type, size, and the load
test procedure, unrealistic results were eliminated and the acceptable values were
averaged, yielding a final (representative) static pile capacity. For example, for pile case
no. 5, presented in figures 2.2 and 2.3, the considered criteria were:

Davisson’s = 625 kips (2780 kN)

Shape of Curve = 500 - 640 kips (2224 - 2847 kN)
A =1 inch = 679 kips (3020 kN)

A = 0.1B = not applicable

DeBeer’s = 648 kips (2882 kN)

Excluding the A = 1 inch settlement method, which is clearly beyond failure and the A =
0.1B method, which does not apply, the average of all acceptable criteria led to a final
static capacity of 614 kips (2731 kN).

The Chin and Brinch-Hansen methods were not considered as part of the static capacity

determination as these methods are not widely used in practice. Their capacities for
case no. 5 were 748 kips (3327 kN) and 603 kips (2677 kN), respectively.
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2.4 CURRENT PILE LOAD TEST REQUIREMENTS IN THE UNITED STATES

Pile load tests are most often being conducted in order to satisfy building codes.
Typically, two types of requirements are used in each state; one is a building code
specified by the state’s legisiator, and the other are the specifications outlined by the
state highway departments. The current Massachusetts state building code (Section
1214.4) and the Massachusetts Highway Standard Specifications for Highways and
Bridges (Section 940.62) require the application of a load test that is twice the
contemplated design load. This type of load is referred to as a “proof test.”

Table 1 summarizes the pile load test requirements as provided by the state highway
foundation specifications across the United States. The information in Table 1 is based
on a compilation of specifications prepared by the Deep Foundations Institute in two
volumes related to the western and eastern parts of the country.

Table 1
Pile Load Test Requirements Based on State Highway Foundation Specifications
HIGHWAY
STATE FOUND. SPECS. LOAD TEST REQUIREMENT

1. Alabama 505.03(b)3 Load to twice the design load, maintain for
48 hours, unload.

2. Alaska 505-3.01 Test piles driven to refusal...or to a bearing
value as specified or directed.

3. Arizona 603-1 ...pile load tests shall be performed in
accordance with...the special provisions...

4. Arkansas 805.06(b) The test pile shall be loaded to twice the
minimum bearing value...

5. California 49-1.10 Continuous loading until plunging failure...

6. Colorado None None

7. Connecticut | 616.16 Continuous loading until plunging failure...

8. Delaware 618.16 Continuous loading until plunging failure...

9. Florida 455-7.5.2 Tests shall be generally twice the design
load...

10. Georgia 520.03.D.2 Loading per ASTM D1143...or 400% of the
design load or 500 tons, whichever is the
lesser.

11. Hawaii None None

12. Idaho T-107 Loading until 2.5 times the design load.

13. lllinois 513.14(a) 50% of the load that produces a settlement
of 1/4 inch after 48 hours.

14. Indiana 701.03(d)2 50% of the load that produces a settlement
of 1/4 inch after 48 hours.

16




Table 1
Pile Load Test Requirements Based on State Highway Foundation Specifications
(continued)

HIGHWAY
STATE FOUND. SPECS. LOAD TEST REQUIREMENT

15. lowa 2501.14 Loading until free movement indicates
failure.

16. Kansas Special Provisions | As indicated in the special provisions.

17. Kentucky 604.07(c) Loading untif a settlement of 1/4” is reached
after continuous application of specified
static load. '

18. Louisiana 804.10(a) Loading until 2 times the design load is
reached, unloaded, and then reloaded to
2.5 times the design load.

19. Maine 501.04 Piles shall be tested to 3 times the design
load. :

20. Maryland 605.03.07 50% of the load that produces a settlement
of 1/4 inch after 48 hours.

21. Massachu- 940.65b.1 Load tests equal to 2 times the design load.

setts

22. Michigan 5.02.05 Piles shall be tested to 3 times the design
load.

23. Minnesota 2452.3(D3b&c) Type | - Loaded to 2 times the design load.
Type |l - Loaded to 4 times the design load.

24. Mississippi 803.06.4.2 Load shall be applied until 2.5 times the
design load is reached.

25. Missouri 702.4.9 50% of the load that produces a settlement
of 1/4 inch after 48 hours.

26. Montana None None

27. Nebraska 703.11 Load tests shall be in accordance with
ASTM D1143.

28. Nevada 508.03.07 Special Provisions

29. New 3.7.1.1.2 A test load equal to 200% of the design

Hampshire load shall be applied.

30. New Jersey 505.07(b) Load pile as directed in the Supplemental
Specifications.

31. New Mexico 505.036(8) Load pile until the yield point is reached.

32. New York 551.3.01EA11 As specified by Deputy Chief Engineer for
Structures (D.C.E.S))

33. North Carolina | 450-9 Load to not less than the design load.

34. North Dakota | None None
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Table 1
Pile Load Test Requirements Based on State Highway Foundation Specifications
(continued)

HIGHWAY
STATE FOUND. SPECS. LOAD TEST REQUIREMENT

35. Ohio 506.03 Load shall be applied until the yield point is
reached.

36. Oklahoma None None

37. Oregon None None

38. Pennsylvania | 1005.3(f) As specified in the load test proposal.

39. Rhode Island | 804.03.3 Load to 200% of the design load.

40. South 711.08 Load test piles as directed in the Special

Carolina Provisions.

41. South Dakota | None None

42. Tennessee 606.08 Load to 150% of the bearing values shown
on the contract drawings.

43. Texas 405.4 Tests loads shall be carried to failure.

44. Utah 502.04 Tests loads shall be carried to failure.

45. Vermont 505.04(b)1 Test loads shall be twice the design load.

46. Virginia 403.10 Load to 200% of the design load.

47. Washington None None

48. West Virginia | 616.8.1 50% of the load that produces a settlement
of 1/4 inch.

49. Wisconsin None None

50. Wyoming Unknown Unknown

Reference. Deep Foundations Institute, 1988a, b

The survey of Table 1 indicates that only 8 states require pile load testing to failure or
“yield,” 10 states require load testing the pile to twice the design load, and 9 states
require load testing the pile to other factors ranging from one to four times the design
load. Numerous states, while not requiring load testing to failure, have other provisions
for conducting load tests.

2.5 THE NEED FOR PILE BEARING CAPACITY EVALUATION BASED ON NON-

FAILED LOAD TESTS

Following the execution of “proof tests,” the actual pile capacity, in most cases, remains
unknown. The actual factor of safety, therefore, also remains unknown, resulting in:

e Overdesign and hence unnecessary expenses;
» An unknown factor of safety when modifications or changes in the design take place:
and
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e The inability of design engineers to gain experience with pile behavior since very little
knowledge is acquired if a pile is not tested to failure.

The necessary solution to this problem would be the modification of the building codes
to mandate load testing to failure. Being unlikely, an analysis is proposed in the form of
an analytical method capable of extrapolating the measured load-settlement relations
beyond the maximum tested load.

19






CHAPTER 3: METHOD OF APPROACH

3.1 OVERVIEW

Three different methods to extrapolate the failure load from non-failed load tests were
investigated. The methods were:

¢ Brinch-Hansen's Method.
e Chin's Method.
e The Proposed Method.

Paikowsky et al. (1994) has presented an extensive database, including cases of driven
piles load-tested to failure. Sixty-three of the failure load tests compiled in data set
PD/LT were examined using the above three methods. The three methods and their
rationales are described in this chapter. The examination of the methods was
conducted based on the principles described in the following section.

3.2 PRINCIPLE OF EVALUATION

In order to evaluate the extrapolated failure load using the above three methods, the
actual load test was analyzed as if it was carried out only to a certain point of the
existing load-displacement curve. These points were determined in two ways:

(1) By eliminating portions of the load test data. During the analysis, 25%, 33%, 50%,
75%, and 100% of the load test data was analyzed using Chin’s, Brinch-Hansen’s,
and the Proposed Methods. The analysis began with 100% of the load test data and
was subsequently decreased to 25% of the data. For each portion of the data
analyzed, the failure loads generated by Chin’s, Brinch-Hansen’s, and the Proposed
Methods were compared with the actual (real) load settlement behavior.

(2) By eliminating portions of the load test data related to 25%, 33%, 50%, 75%, and
100% of the representative pile’s static bearing capacity as discussed in Section
2.3.9.

The results of both approaches were divided by the final ultimate capacity of the pile as
determined from the actual load test using the representative capacity (see section
2.3.9), and separately, using Davisson'’s criterion. The ultimate bearing capacity taken
as the representative capacity was determined by averaging the capacity loads
generated by Davisson’s criterion, the Shape of Curve Method, the Limited Total
Settlement Methods, and DeBeer's Log-Log Method. Since Davisson’s criterion is
commonly applied and is an objective reproducible procedure, this criterion was applied
to the extrapolated load-settiement relationship. The ratio between the extrapolated
capacity and the actual one was used as an indicative measure of accuracy. A number
equal to 1 indicates perfect agreement (prediction) between the extrapolated value and
the actual load test derived capacity. A number greater than 1 indicates an
overprediction of the extrapolated value, while a number less than 1 indicates an
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underprediction. Underpredicted extrapolated values are conservative and, therefore,
more desirable than overpredicted values.

3.3 CHIN’S METHOD

The inverse slope of the plot of displacement divided by load versus displacement is the
Chin failure load. The method was previously discussed in Section 2.3.7, and is
illustrated in Figure 5.

3.4 BRINCH-HANSEN’S METHOD

The Brinch-Hansen Method, as described in Section 2.3.6, was used to analyze the
compiled to-failure pile load tests. The method was previously illustrated in Figure 4
and its ability to extrapolate pile capacity is based on the aforementioned reasons.

3.5 THE PROPOSED METHOD

The Proposed Method’s initial steps are similar to Chin's Method. Given the load versus
settlement results from the load test to failure, each displacement value is divided by its
corresponding load. Values of displacement divided by load are plotted versus
displacement (A/P vs. A). After some initial scatter, the values eventually form a straight
line. A sample plot is shown in Figure 5.

The data is then subjected to a linear regression analysis to determine the best-fit line
ratio and the coefficient of regression. The value of displacement divided by the load (x)
is considered the controlled variable, while the displacement (y) is considered to be the
dependent variable. The coefficient of regression (rz) is a measure of the dependence
of y on x. The best-fit line was developed by Gauss and the line is fitted through the
given points such that the sum of the squares of the distances to those points from the
straight line is minimal (Grossman, 1984). The distance from the point to the line is
measured in the vertical direction.

The coefficient of regression varies between zero and 1, with zero indicating that no line
is obtainable, and 1 being a perfect best-fit line. Data points at the beginning of the
plotted line (from the plot of displacement divided by load versus displacement) are
eliminated until a regression coefficient of 0.8 or greater is produced.

With a coefficient of regression of 0.8 or greater, the general obtained equation of the
line is:

y=ax+b (3.1)
A
and y=7 (3.2)
X = (3.3)
where: y = displacement divided by load
a = slope of the line
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X, A = displacement of pile top
b = intercept of the best-fit line through the y-axis
P = load corresponding to the displacement
Substituting gives:
A
P aA +b (3.4)
b
A, yields: A= (3.5)

=

The slope (m) and intercept (c) values are obtained from the linear best-fit analysis.
Using Equation 3.5, load values (from the original load test) were used and the equation
was solved for the displacement of the pile (A) for the 100%, 75%, 50%, 33%, and 25%
cases for both the percent of data and percent static load case.

Since Davisson’s criterion is often used and its rationale allows for pile geometry
considerations, Equation 3.4 was used in conjunction with Davisson’s criterion to
mathematically determine the pile’s ultimate capacity based on the constructed load-
settlement relations and Davisson'’s criterion. From Davisson’s analysis, the equation of
Davisson’s line is known to be:

A =X+ SPuetH (3.6)
where: A = displacement of pile top at the capacity

associated with Davisson’s criterion

X = 0.15 + B/120 (offset)

S = L/EA.

PumetH = extrapolated pile’s ultimate capacity load based
on Davisson’s criterion.

B = pile diameter (inches)

L = pile length

E = elastic compression of the pile material

A = cross-sectional area of the pile

Substituting Equation 3.6 into Equation 3.5, and solving for Pyety (Davisson'’s ultimate
capacity), yields:

-B+vB? +4AX
P - 3.7
METH 2 A ( )
where: PmetH = Davisson’s ultimate capacity
B = aX+b-8
A = asS
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The resultant Pyery was compared to the static load as actually measured in the original
load test. The accuracy of the method Pueth is discussed in Chapter 6: Analysis of the
Proposed Method.
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CHAPTER 4: DATABASE

4.1 DATABASE PD/ILT

The pile cases analyzed here have been gathered at the University of Massachusetts at
Lowell. The database PD/LT contains information on 120 piles monitored during driving,
followed by a static load test to failure. The data was obtained from various sources and
reflected variable combinations of soil pile driving systems.

In order to facilitate the analysis of the pile data, all of the load-displacement relations
were digitized using the program DIGITIZE, developed at the University of
Massachusetts at Lowell by Chernauskas and Paikowsky. The curves were then re-
plotted using the graphics software GRAPHER and were then analyzed.

4.2 CURRENT DATABASE

The current database includes 63 piles obtained from the PD/LT database. Thirty-six
cases were obtained from the original PD/LT database presented by Paikowsky et al.
(1994). Twenty-seven cases were obtained from the expanded database presented by
Paikowsky and LaBelle (1994). The current database includes different pile types
(open-end piles, pre-stressed concrete piles, and steel H-piles among others). Table 2
provides basic information for each analyzed pile, including pile geometry, the pile type,
the cross-sectional dimensions, and the penetration depth at the time of the analysis.
The case number is the pile number in the original data set PD/LT.
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CHAPTER 5: THE PERFORMANCE OF THE EXISTING METHODS

5.1 OVERVIEW

Chapter 3.0 presented the concept concerning the extrapolation of the load-settlement
data and the methods for its evaluation. Two of the methods available for determining
the ultimate capacity (described in Chapter 2) can also be used for the projection of the
load-settlement relations and hence the ultimate load. These methods include Chin's
Method (presented in Section 2.3.8) and Brinch-Hansen's Method (presented in Section
2.3.7). The present chapter evaluates the ability of these two methods to serve as
extrapolating methods under the proposed concept.

5.2 CHIN’S METHOD

Section 3.3 outlined the use of Chin's method in predicting the ultimate capacity of the
pile. Using Chin’s method, each of the 63 pile load test cases in data set PD/LT was
analyzed individually in two ways: (1) using 25%, 33%, 50%, 75%, and 100% of the
load-settlement curve's data points and (2) using the same ratios of the designated
ultimate capacity. '

Table 3 provides the results obtained from applying Chin’s analysis to the entire set of
load-displacement data points for the 63 pile cases analyzed. The first column lists the
pile number in the current research study. The second column lists the case number as
referenced in the complete data set PD/LT provided in the Federal Highway
Administration Report by Paikowsky et al. (1994) (see Section 4.1 Data Base PDI/LT).
The third column lists the percentage of data points analyzed (25%, 33%, 50%, 75%,
and 100%). The fourth column lists the slope of the best-fit line from the plot of
displacement divided by load versus displacement. The slope of the line was obtained
using all the load-displacement data points. The fifth column lists the designated static
capacity of the pile determined from the five methods described in Section 2.3. The
sixth column lists the inverse of the slope (fourth column), which is the ultimate capacity
of the pile according to Chin's method. The seventh column lists the ratio between the
ultimate capacity determined by Chin's method and the designated static bearing
capacity. A number equal to 1 indicates perfect agreement between the designated
static capacity and the Chin capacity. A number greater than 1 indicates a capacity by
Chin's method greater than the designated static capacity.
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data

Pile | Case Data Slope Static Chin's Ultimate | .., of Chin's to
No. | No. |Analyzed (%)|(in/kipfin) x10°| Capacity | PileCapacity | g 0 capacity
of Pile (kip) {kip)
1 [twat-1)| 100 0.28 1300 3571 275
75 0.26 3846 2.96
50 0.26 3846 2.96
33 0.26 3846 2.96
25 0.22 4545 3.50
2 |[wb(t2)] 100 0.19 1225 5263 4.30
75 0.18 5556 . 454
50 0.23 4348 3.55
33 0.33 3003 2.45
25 058 1727 1.41
3 | ot 100 2.01 345 498 1.44
75 1.87 535 155
50 0.95 1057 3.06
33 215 — _
25 20.48 — ~
4 | o 100 1.44 535 693 1.29
75 1.38 724 1.35
50 1665 606 113
33 2.05 487 0.91
25 2.05 488 0.91
5 | o3 100 1.35 614 743 1.21
75 1.35 741 1.21
50 1.47 681 RE
33 2.05 487 0.79
25 274 365 0.59
8 | W5 100 156 315 641 2.04
75 1.70 588 187
50 213 470 1.49
3 3.07 306 0.97
25 439 228 072
7 | W10 100 0.97 313 1033 3.30
75 110 908 2.90
50 1.14 874 279
33 1.50 666 213
25 217 461 1.47
8 | fmn2 700 0.86 740 1159 1.57
75 0.64 1563 211
50 0.71 1406 1.90
33 0.78 1287 1.74
25 0.77 1307 177
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data
(continued)

Pile | Case Data :‘.‘;lqpe . C::aaat:i:ty C:illr; scg‘l)t:;:;e Ratio. of Chin'§ to
No. No. |Analyzed (%) |(in/kip/in) x10 of Pile (kip) (kip) Static Capacity
9 fp5 100 2.68 227 373 1.64
75 2.24 447 1.97
50 2.27 440 1.94
33 3.68 272 1.20
25 5.59 179 0.79
10 fkg 100 1.18 465 845 : 1.82
75 1.05 949 2.04
50 1.54 648 - 1.39
33 2.56 390 0.84
25 3.56 281 0.60
11 ca3/8 100 2.40 230 416 1.81
75 2.35 425 1.85
50 2.90 345 1.50
33 3.97 252 1.10
25 4.08 245 1.07
12 wc3 100 1.02 610 981 1.61
75 1.02 984 1.61
50 1.27 790 1.29
33 1.62 617 1.01
25 1.89 530 0.87
13 wb9 100 0.95 884 1056 1.20
75 0.92 1092 1.23
50 0.93 1079 1.22
33 1.08 925 1.05
25 1.27 787 0.89
14 | wb15 100 1.08 7686 922 1.20
75 1.02 984 1.29
50 0.76 1310 1.71
33 . 0.14 7146 9.33
25 0.40 2492 3.25
15 35-1 100 2.26 325 443 1.36
75 217 460 1.42
50 1.63 612 1.88
33 1.03 ' 972 2.99
25 -0.11 - --
16 354 100 2.59 320 386 1.21
75 2.59 ' 387 1.21
50 2.68 373 1.17
33 3.61 277 0.87
25 478 209 0.65
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data
(continued)

. Static Chin's Ultimate . ..
:l::e c;:e Anall;::i (%) (inlkﬁ)ll(i)s)e x10°| Capacity | Pile Capacity Réfii?fcf.ﬁ?c?tf
' : of Pile (kip) (kip)
17 | 355 100 130 600 770 128
75 0.98 1026 171
50 0.49 2033 3.39
33 0.67 1486 2.48
25 0.45 2222 3.70
18 | 3556 100 152 530 659 104
75 146 685 1.29
50 158 631 119
33 1.94 514 0.97
25 254 394 0.74
19 | 357 100 463 142 216 152
75 474 211 1.49
50 4.80 208 147
33 4.94 202 143
25 4.94 203 143
20 | 35-10 100 1.68 400 531 133
75 197 508 127
50 187 535 134
33 2.00 501 1.25
25 2.08 480 120
21 | a54 100 0.79 638 1263 198
75 0.75 1326 2.08
50 0.86 1167 183
33 0.96 1047 1.64
25 0.79 1271 1.99
22 | ala7 100 1.8 552 784 1.42
75 0.72 1385 251
50 0.72 1397 2.53
33 0.79 1259 2.08
25 120 833 151
23 | a3 100 0.83 939 1203 128
75 0.82 1224 130
50 0.90 1116 119
33 0.86 1159 123
25 0.79 1263 1.35
24 | a25 100 0.80 800 1244 155
75 0.81 1241 155
50 0.88 1131 141
33 0.86 1168 146
25 0.70 1425 1.78
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: Table 3 -
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data

(continued)
Pile | Case Data . _Slc?pe s c::;aat::?ty cll:i|I2 %g:::i:;e Ratio.of Chin'§ to
No. No. |Analyzed (%)|(in/kip/in) x10 of Pile (kip) (kip) Static Capacity
25 | fsb16 100 4.99 308 200 0.65
75 4.82 207 0.67
50 3.85 260 0.84
33 2.36 423 1.37
25 3.57 280 0.91
26 ad1 100 1.59 530 627 . 1.18
75 1.50 665 1.26
50 1.24 807 1.52
33 0.80 1247 2.35
25 1.47 682 1.29
27 | a101 100 0.66 810 1522 1.88
75 0.78 1280 - 1.58
50 1.14 880 1.09
33 1.53 652 0.81
25 1.92 522 0.64
28 | a133 100 0.81 826 1238 1.50
75 0.91 1102 1.55
50 1.32 760 1.07
33 1.88 532 0.79
25 2.01 498 0.63
29 | a145 100 0.62 940 1623 1.73
75 0.74 1344 1.43
50 1.11 898 0.96
33 1.44 695 0.74
25 1.76 568 0.60
30 cb3 100 1.65 484 607 1.25
75 1.59 628 1.30
50 1.57 638 1.32
33 1.54 650 1.34
25 1.28 783 1.62
Ky cb11 100 0.54 1400 1841 1.31
75 0.37 2713 1.94
50 0.43 2305 1.65
33 0.49 2021 1.44
25 0.63 1575 1.13
32 cb17 100 0.46 1453 2158 1.49
75 0.37 2732 1.88
50 : 0.42 2400 1.65
33 0.53 1893 1.30
25 0.66 1520 1.05
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data
(continued)

Pile | Case Data . §I<_>pe . C:;aat:i:ty c:ill: scg‘l)t;g:;e Ratio' of Chin'§ to
No. No. [Analyzed (%) |(in/kipfin) x10 of Pile (kip) (kip) Static Capacity
33 ch23 100 1.08 702 926 1.32
75 1.21 826 1.18
50 1.53 652 0.93
33 1.98 504 0.72
25 2.19 457 0.65
34 cb29 100 1.78 926 563 : 0.61
75 1.73 579 0.63
50 1.90 527 - 0.57
33 2.15 466 0.50
25 3.49 286 0.31
35 cb35 100 0.96 1437 1041 0.72
75 0.91 1101 0.77
50 1.11 899 0.63
33 1.28 780 0.54
25 1.43 698 0.49
36 cb41 100 0.93 1396 1070 0.77
75 0.97 1031 0.74
50 1.40 714 0.51
33 1.85 540 0.39
25 2.09 478 0.34
37 cha1 100 1.04 647 957 1.48
75 1.14 874 1.35
50 1.58 632 0.98
33 2.42 413 0.64
25 3.19 314 0.48
38 chad 100 2.23 504 448 0.89
75 2.04 490 0.97
50 1.85 541 1.07
33 2.75 363 0.72
25 3.63 , 275 0.55
39 | chb2 100 1.37 315 731 2.32
75 1.55 647 2.05
50 1.87 535 1.70
33 1.84 544 1.73
25 2.02 496 1.57
40 chb3 100 2.68 214 374 1.75
75 2.88 348 1.62
50 3.02 332 1.55
33 2.78 359 1.68
25 1.89 529 2.47
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data
(continued)

Pile | Case Data . §Iope s C:;aat:i:ty C:;:; Z:;;t;?i:;e Ratio_ of Chin'§ to
No. No. |Analyzed (%) |(in/kip/in) x10 of Pile (kip) (kip) Static Capacity
4 chc3 100 1.84 237 542 2.29
75 1.89 528 2.23
50 1.82 550 2,32
33 1.42 705 2.98
25 1.42 707 2.98
42 ch4 100 2.23 364 448 : 1.23
75 2.04 490 1.35
50 1.85 541 : 1.49
33 2.75 363 1.00
25 3.63 275 0.76
43 ch39 100 0.97 656 1035 1.58
75 1.29 777 1.18
50 2.01 498 0.76
33 3.02 331 0.51
25 3.90 257 0.39
44 |chB-5b 100 1.89 372 529 1.42
75 2.30 435 1.17
50 2.97 337 0.91
33 3.52 284 0.76
- 25 3.77 265 0.71
45 | ch95b 100 1.23 554 812 1.46
75 1.22 817 1.48
50 1.72 583 1.05
33 2.48 404 0.73
25 3.14 318 0.57
46 | ch256 100 1.20 552 836 1.51
75 1.15 867 1.57
50 1.72 581 1.05
33 2.70 370 0.67
25 3.53 283 . 0.51
47 | ch351 100 1.13 568 887 1.56
75 1.47 679 1.20
50 217 461 0.81
33 3.23 309 0.54
25 4.48 223 0.39
48 po2 100 2.59 284 387 1.36
75 2.77 361 1.27
50 2,75 363 1.28
33 2.64 379 1.33
25 3.39 285 1.04
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data

(continued)
Pile | Case Data . §Iope s C:::aat:i:ty c:,‘;; z:::;:;e Ratio_ of Chin'§ to
No. No. |{Analyzed (%)](in/kip/in) x10 of Pile (kip) (kip) Static Capacity
49 erd 100 0.94 830 1065 1.28
' 75 0.77 1300 1.57
50 0.55 1827 2.20
33 0.51 1967 2.37
25 0.71 1402 1.69
50 | bb13 100 0.68 988 1468 , 1.49
75 0.64 1554 1.57
50 0.70 1438 1.46
33 1.09 918 0.93
25 1.38 726 0.73
51 bb19 100 0.52 1146 1918 1.67
75 0.54 1866 1.63
50 0.59 1699 1.48
33 0.58 1715 1.50
25 0.51 1952 1.70
52 | bb24 100 0.72 1094 1393 1.27
75 0.39 2596 2.37
50 0.29 3466 3.17
33 0.34 2940 2.69
25 0.28 3546 3.24
53 | bb29 100 0.563 1134 1898 1.67
75 0.43 2326 2.05
50 - 0.24 4214 3.72
33 0.06 17648 15.56
25 -1.18 —~ -
54 abf6 100 1.01 816 995 1.22
75 1.01 987 1.21
50 0.93 1076 1.32
33 0.92 1093 1.34
25 0.97 1029 1.26
55 |abg13 100 0.62 1052 1601 1.52
75 0.66 1511 1.44
50 0.75 1326 1.26
33 0.76 1310 1.25
25 0.79 1266 1.20
§6 | abh2 100 1.24 584 809 1.38
75 1.18 851 1.46
50 1.07 936 1.60
33 0.35 2892 4.95
25 -2.22 — ~
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Table 3
Analysis of Chin’s Method Performance Using Ratios of Available Load-Test Data
(continued)

Pile | Case Data _ §Iope . C::)aatcl;?ty C:i':; ‘:':::;Ti:;e Ratio. of Chin'.s to
No. No. |Analyzed (%)|(in/kip/in) x10 of Pile (kip) (kip) Static Capacity
57 d1 100 13.09 67 76 1.14
75 13.40 75 1.11
50 12.66 79 1.18
33 8.50 118 1.76
25 8.34 120 1.79
58 d2 100 6.88 124 145 1.17
75 ' 6.69 149 1.21
50 5.44 184 1.48
33 472 212 1.71
25 4.71 212 1.71
59 d3 100 3.43 223 291 1.31
75 3.42 293 1.31
50 3.07 326 1.46
33 2.47 406 1.82
25 2.38 420 1.88
60 d5 100 3.23 228 310 1.36
75 3.17 316 1.38
50 2.95 339 1.49
33 3.07 326 1.43
25 3.81 263 1.15
61 mb1 100 0.60 819 1678 2.05
75 0.62 1622 1.98
50 0.78 1278 1.56
33 0.84 1194 1.46
25 0.89 1119 1.37
62 mb2 100 0.31 872 3192 3.66
75 0.21 4713 5.40
50 0.20 5061 5.80
33 0.30 3373 3.87
25 0.34 - 2938 3.37
63 mb3 100 0.83 928 1211 1.30
75 1.00 999 1.08
50 1.27 788 "~ 0.85
33 1.63 652 0.70
25 1.82 550 0.59

Table 4 is similar in its structure to Table 3. The data in Table 4 that was used to
determine the slope relates to the load-settlement data corresponding to the 25%, 33%,
50%, 75%, and 100% of the designated ultimate static capacity (while relating to
percentile data in Table 3). As in Table 3, the predicted ultimate loads based on Chin’s
method are compared to the designated static load, presenting the ratio of the two.
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Table 4

Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity
. % of Static - . . .
:l::e c;se Designated (inlkisplzg;a x10°| Capacity Pi?: gasp:(l:tiltr;?ltiep) Rgtt:i:fc(;::c?t;o
: | capacity of Pile (kip)
1 |twa(t1) 100 0.26 1300 3832 295
75 0.20 4927 379
50 0.05 20356 15.66
33 ~ _ —
25 _ — -
2 |fwb (t2)] 100 0.19 1225 5181 4.23
75 0.18 5464 446
50 0.23 4348 3.55
R 0.33 3003 245
25 0.58 1727 1.41
3 | ctl 100 1.53 345 655 1.90
75 1.39 719 2.08
50 0.39 2586 7.50
33 — _ —
25 3.99 250 073
4 | o2 100 1.39 535 718 1.34
75 1.70 589 1.10
50 2.07 482 0.90
33 1.80 554 1.04
25 1.36 733 137
5 | o3 100 141 614 708 115
75 1.81 552 0.90
50 272 368 0.60
3 4.6 234 0.38
25 5.81 172 0.28
6 | ~i5 100 1.81 315 554 1.76
75 229 437 1.39
50 3.48 287 0.91
33 547 183 0.58
25 7.30 137 0.43
7 | W10 100 0.89 313 1124 3.50
75 063 1594 5.09
50 0.55 1830 5.85
33 1.80 556 178
25 3.01 333 1.06
8 | fmn2 100 0.64 740 1560 211
75 0.68 1464 1.98
50 0.78 1289 1.74
33 077 1301 1.76
25 0.8 3537 478
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Table 4
Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
Pile | Case Desoi/;::te dl §Iope . C::)aat:i:ty _Chin's Ult_imat_e Ratio' of Chin'<_s to
No. No. Capacity (in/kip/in) x10 of Pile (Kip) Pile Capacity (kip)| Static Capacity
9 fp5 100 1.60 227 626 2.76
75 1.29 776 3.42
50 1.30 767 3.38
33 2.92 343 1.51
25 3.50 286 1.26
10 fkg 100 0.76 465 1316 : 2.83
75 0.85 1178 2.53
50 1.34 744 - 1.60
33 1.52 657 1.41
25 1.58 629 1.35
11 ca3/8 100 2.37 230 422 1.84
75 2.74 366 1.59
50 3.78 264 1.15
33 4.11 243 1.06
25 438 228 0.99
12 wc3 100 1.33 610 750 1.23
75 1.75 573 0.94
50 2.43 411 0.67
33 3.32 302 0.49
25 4.08 245 0.40
13 wb9 100 0.91 884 1100 1.24
75 0.97 1026 1.16
50 1.20 835 0.94
33 1.53 653 0.74
25 1.49 669 0.76
14 | wbib 100 0.79 766 1262 1.65
75 0.71 1406 1.84
50 0.53 1890 2.47
33 -- - -
25 - - -
15 35-1 100 1.88 325 532 1.64
75 1.88 533 1.64
50 1.87 534 1.64
33 0.11 8873 27.30
25 -- - -
16 354 100 2.68 320 373 1.16
75 3.38 296 0.92
50 5.17 193 0.60
33 8.29 121 0.38
25 11.21 89 0.28
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Table 4
Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
Pile | Case Des:’;::te 4| Stope c:f:(':‘i’ty Chin's Ultimate |Ratio of Chin's to
No. No. Capacity (in/kip/in) x10 of Pile (kip) Pile Capacity (kip)| Static Capacity
17 35-5 100 0.80 600 1257 2.08
75 0.71 1405 2.34
50 0.61 1653 2.75
33 0.71 1401 2.33
25 0.56 1777 2.96
18 35-6 100 1.44 530 695 1.31
75 1.61 620 1.17
50 2.06 486 0.92
33 3.28 305 0.58
25 447 224 0.42
19 35-7 100 4.91 142 204 1.43
75 4.94 203 - 1.43
50 4.33 231 1.63
33 6.21 161 1.13
25 8.16 123 0.86
20 | 35-10 100 1.83 400 546 1.37
75 1.97 507 1.27
50 227 441 1.10
33 3.23 : 310 0.77
25 4.16 240 0.60
21 ab4 100 0.75 638 1327 2.08
75 0.82 1225 : 1.92
50 0.92 1083 1.70
33 0.79 1271 1.99
25 0.64 1567 2.46
22 | at47 100 0.79 552 1261 2.29
75 0.73 1375 2.49
50 1.01 989 1.79
33 1.40 - 715 1.30
25 - - -
23 a3 100 . 1.04 939 964 1.03
75 1.33 750 0.80
50 2.01 499 0.53
33 2.89 346 0.37
25 - - -
24 a25 100 1.16 800 861 1.08
75 1.55 647 0.81
50 2.39 419 0.52
33 : 3.37 297 0.37
25 ' 415 241 0.30
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Table 4.
Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
Pile | Case De;i/;:;te 4| siope cf;:":i’ty Chin's Ultimate |[Ratio of Chin's to
No. No. Capacity (in/kip/in) x10 of Pile (kip) Pile Capacity (kip)| Static Capacity
25 | fsb16 100 499 308 200 0.65
75 4.99 200 0.65
50 4.92 203 0.66
33 4.35 230 0.75
25 3.85 260 0.84
26 ad 100 1.09 530 922 1.74
75 - - -
50 - - -
33 - - -—
25 - - -
27 | a101 100 0.86 810 1161 1.43
75 1.10 912 1.13
50 1.67 600 0.74
33 2.44 410 0.51
25 3.26 307 0.38
28 | a133 100 0.81 826 1227 1.49
75 1.00 1002 1.10
50 1.37 729 0.73
33 1.72 581 0.50
25 2.01 498 0.37
29 | a145 100 0.82 940 1224 1.30
75 1.08 929 0.99
50 1.70 587 0.62
33 2.50 400 0.43
25 3.29 304 0.32
30 cb3 100 1.65 484 607 1.25
75 1.59 628 1.30
50 1.58 633 1.31
33 1.54 650 1.34
25 1.54 650 1.34
31 | cb1 100 0.46 1400 2188 1.56
75 0.37 2681 1.91
50 0.43 2304 -~ 1.65
33 0.54 1859 1.33
25 0.64 1575 1.12
32 | cb17 100 0.39 1453 2591 1.78
75 0.40 2513 1.73
50 0.49 2024 1.39
33 0.66 1520 1.05
25 0.78 1289 0.89
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Table 4

Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
. % of Static . . . .
me c;: ° | Designated (inlkis;:;i,r':; x10°?| Capacity Pi(I:: gasp::lt? (al:?p) R;tt:t’i: fc?;:cft;o
) ) Capacity of Pile (kip)
33 cb23 100 1.24 702 806 1.15
75 1.53 652 0.93
50 1.99 504 0.72
33 2.19 457 0.65
25 2.56 391 0.56
34 cb29 100 0.85 926 1175 1.27
75 0.91 1094 1.18
50 1.07 932 1.01
33 1.30 767 0.83
25 1.75 572 0.62
35 cb35 100 0.43 1437 2326 1.62
75 0.49 2028 . 1.41
50 0.56 1799 1.25
33 0.60 1658 1.15
25 0.72 1397 0.97
36 cb41 100 0.62 1396 1610 1.15
75 0.85 1179 0.84
50 1.26 792 0.57
33 1.97 509 0.36
25 242 413 0.30
37 cha1 100 1.04 647 965 1.49
75 1.29 774 1.20
50 1.91 524 0.81
33 2.91 344 0.53
25 3.84 261 0.40
38 cha4d 100 1.27 504 785 1.56
75 1.37 730 1.45
50 1.27 789 1.57
33 0.45 2232 4.43
25 - , - -
39 chb2 100 1.92 315 520 1.65
75 1.92 520 1.65
50 2.40 417 1.32
33 2.88 347 1.10
25 1.42 704 224
40 chb3 100 2.84 214 352 1.65
75 1.49 673 3.15
50 - - -
33 - - -
25 - - -




Table 4
Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
Pile | Case Des‘;’;::te g | stope C::)aat:i:ty Chin's Ultimate |Ratio of Chin's to
No. No. Capacity (in/kip/in) x10 of Pile (Kip) Pile Capacity (kip)| Static Capacity
41 | chc3 100 1.49 237 671 2.83
75 1.39 719 3.04
50 2.07 484 2.04
33 410 244 1.03
25 6.67 150 0.63
42 chd 100 1.79 364 558 1.53
75 2.36 423 1.16
50 3.69 271 0.74
33 6.27 159 0.44
25 9.56 105 0.29
43 | ch39 100 0.96 656 1047 1.60
75 1.32 757 1.15
50 2.13 470 0.72
33 3.26 306 0.47
25 433 231 0.35
44 | ch6-5b 100 1.91 372 525 1.41
75 2.49 402 1.08
50 3.22 311 0.84
33 3.68 272 0.73
25 3.73 268 0.72
45 | ch95b 100 1.13 554 883 1.59
75 1.46 684 1.23
50 2.09 479 0.86
33 2.97 336 0.61
25 3.70 271 0.49
46 | ch256 100 1.24 552 807 1.46
75 1.76 569 1.03
50 263 381 0.69
33 3.72 269 0.49
25 4.95 202 0.37
47 | ch351 100 1.19 568 838 1.47
75 1.65 605 1.07
50 2.43 412 0.72
33 3.76 266 0.47
25 526 190 0.33
48 po2 100 2.79 284 359 1.26
75 2.64 379 1.33
50 3.85 260 0.91
33 - — -
25 - - -
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Table 4
Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
% of Static . R - .
Pile | Case ! Slope . Chin's Ultimate |Ratio of Chin's to
No. | No. Dg‘:'s:;:;d (inlkipliz) x10° of;ﬁ:‘(’;d“; ) |Pile Capacity (kip)| Static Capacity
49 ers 100 0.93 830 1080 1.30
75 0.81 1229 1.48
50 0.71 1406 1.69
33 1.03 968 1.17
25 2.58 388 0.47
50 bb13 100 0.90 988 1115 1.13
75 1.10 912 0.92
50 1.93 519 . 0.53
33 2.78 360 0.36
25 4.19 239 0.24
51 bb19 100 0.78 1146 1279 1.12
75 1.04 961 0.84
50 1.58 631 0.55
33 - - -
25 - - -
52 bb24 100 0.84 1094 1198 1.09
75 1.02 978 0.89
50 1.24 809 0.74
33 0.83 : 1211 1.11
25 - - -
53 bb29 100 0.48 1134 2088 1.84
75 0.48 2083 1.84
50 0.55 1821 1.61
33 0.66 1617 1.34
25 0.73 1374 1.21
54 abfé 100 1.08 816 926 1.13
75 1.24 810 0.99
50 1.28 784 0.96
33 1.56 641 0.79
25 1.75 572 0.70
55 | abg13 100 0.65 1052 15636 1.46
75 0.72 1383 1.31
50 0.77 1299 1.23
33 0.78 1280 1.22
25 0.84 1190 1.13
56 abh2 100 1.33 584 754 1.29
75 1.73 578 0.99
50 2.06 486 0.83
33 2.01 498 0.85
25 213 469 0.80
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Table 4
Analysis of Chin’s Method Performance Using Ratios of the Designated Ultimate

Capacity (continued)
Pile | Case Desoilog::te dal §lc_>pe . C::aaat::‘i:ty Phin's Ult.imat_e Ratio. of Chin'_s to
No. No. Capacity {in/kip/in) x10 of Pile (kip) Pile Capacity (kip)| Static Capacity
57 d1 100 10.86 67 92 1.37
75 8.45 118 1.77
50 7.57 132 1.97
33 -- — --
25 -~ - -
58 d2 100 5.34 124 187 1.51
75 472 212 1.71
50 4.14 242 1.95
33 -- - -
25 -~ -- --
59 d3 100 2.66 223 376 1.68
‘ 75 2.41 415 1.86
50 2.43 412 1.85
33 0.98 1016 4.56
25 -~ -- -
60 d5 100 2.84 228 352 1.55
75 3.51 285 1.25
50 4.68 214 0.94
33 6.08 165 0.72
25 7.00 143 0.63
61 mb1 100 0.66 819 1508 1.84
75 0.79 1269 1.55
50 0.84 1196 1.46
33 1.00 998 1.22
25 1.28 779 0.95
62 mb2 100 0.24 872 4202 4.82
75 0.19 5348 6.13
50 0.33 3012 3.45
33 0.53 1880 2.16
25 0.52 1942 2.23
63 mb3 100 0.77 928 1299 1.40
75 0.93 1074 1.16
50 1.20 833 0.90
33 1.42 706 0.76
25 1.67 600 0.65

Tables 5 and 6 provide a statistical analysis of Chin's prediction method based on the
results presented in Tables 3 and 4, respectively. The tables list the average value and
standard deviation for each data or load percentage analyzed. The number of cases is
not identical for all load or data ratios as some rendered the method invalid.
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Table 5
Average and Standard Deviation of the Ratio Between Chin’s Method Capacity
Prediction and the Designated Static Capacity Using Percentages of the Load-

Settlement Data
Percentage of 100% | 75% | 50% | 33% | 25%
Data
Number of 63 63 63 62 59
Cases

Average 156 | 164 | 162 | 1.81 | 1.29

Standard 062 | 0.77 | 090 | 2.21 | 0.85
Deviation

Table 6
Average and Standard Deviation of the Ratio Between Chin’s Method Capacity
Prediction and the Designated Static Capacity Using Percentages of the Static

Capacity
Percentage of | ,550. | 750 | 50% | 33% | 25%
Data
Number of 63 | 62 | 61 | 56 | 49
Cases
Average 169 | 167 | 1.68 | 1.58 | 0.92
Standard | .5 | 405 | 518 | 367 | 0.82
Deviation

The information presented in Table 5, for the analysis using percentile of the load-
settlement data, suggests that the average value for each category is greater than 1,
with the greatest occurring at 33% of the data (1.81) and the least occurring at 25% of
the data (1.29). The standard deviation is high for all cases, with the greatest occurring
at 33% of the data and the least occurring at 100% of the data.

Examining Table 6 when using percentile of the designated static capacity, the results of
Chin’s method did not show better performance. The average for each percentage of
the designated capacity is greater than 1, with an exception at 25% of the designated
static capacity. At 25% of the designated static capacity, the average value is 0.92.

The standard deviation is high for all cases and is the greatest at 33% and the lowest at
100%.

The data in Tables 5 and 6 indicates that Chin’s method, on average, significantly
overpredicts the designated static capacity of the pile. While more erratic values of the
average and standard deviation may be expected as the percentage of data decreases,
generally a reasonable correlation could be expected in the 100% case. As seen in
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Tables 5 and 6, for the 100% case, the average ratio between Chin's method and the
designated static capacity was 1.56 and 1.69, respectively. Chin's method
overestimated the static capacity of the pile by more than 50%. The ratio increases as
the percentage of data decreases (with the exception of 25% of the data), resulting in a
greater overprediction. Additionally, in each table, in the 100% case, the standard
deviations were 0.62 and 0.73, indicating large variations of the method performance for
the analyzed piles. The obtained results suggest, therefore, that interpretation of pile
capacity based on Chin's method either for a full load-displacement curve (pile loaded to
failure) or for extrapolation purposes is inaccurate and unreliable.

5.3 BRINCH-HANSEN’S METHOD

Sections 2.3.7 and 3.4 outlined the use of the Brinch-Hansen method in interpreting and
predicting the ultimate capacity of a pile. Using the Brinch-Hansen method, each of the
63 pile load test cases in data set PD/LT was analyzed individually using 25%, 33%,
50%, 75%, and 100% of the ioad-displacement test data. The data from the initial load
test was plotted as the square root of displacement divided by load versus
displacement. To remain consistent with Chin’s method and the method proposed in this
research, data were eliminated until a coefficient of regression of 0.8 or greater was
obtained for the plotted relationship. The inverse slope of the remaining data points
(when plotted as the square root of displacement divided by load versus displacement)
was used to determine the Brinch-Hansen failure load. The process was completed
analytically by solving the general equation of the line (Equation 3.1, Section 3.5),
substituted into Equation 3.7 and using the program MathCad to solve it.

As described in Chapter 2, the Brinch-Hansen method was not analyzed using
percentages of the designated static load, but the percentage of the data only.

Table 7 provides the results obtained from applying the Brinch-Hansen analysis to the
63 pile cases analyzed. The first column lists the pile number in the current research
study. The second column lists the case number as referenced in the complete data set
PD/LT provided in the Federal Highway Administration report by Paikowsky et al. (1994)
(see Section 4.1, Data Base PD/LT). The third column lists the percentage of data
analyzed. The fourth column lists the slope of the best-fit line of the plot of displacement
divided by load versus displacement, squared. The fifth column lists the designated
static capacity of the pile determined from the five methods described in Section 2.3.
The sixth column lists the capacity of the pile as determined by the Brinch-Hansen
method. The seventh and last column lists the ratio of the ultimate capacity determined
by Brinch-Hansen’s method and the designated static bearing capacity. A number equal
to 1 indicates perfect agreement between the designated static capacity and the
capacity determined by the Brinch-Hansen method. A number greater than 1 indicates a
capacity by the Brinch-Hansen method of greater than the designated static capacity.
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Table 7
Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available
Load-Test Data

Pile Case Data CStaati?ty B:-?cré;ll:::;e Ratiz g: z.'im“
apaci 1He {] L]
No. | No. |Analyzed (%)| ool (kip) (ki:) Capacity
1 [fwa (1) 100 1300 1522 147
75 1504 116
50 1544 119
33 1529 118
25 1426 110
2 |mwb(t2)] 100 1225 1794 1.46
75 1727 1.41
50 1532 1.25
33 1210 0.99
25 928 0.76
3 ot 100 345 358 1.04
75 366 1.06
50 486 .41
33 1349 3.91
25 875 2.54
2 o2 100 535 522 0.98
75 554 1.04
50 802 1.50
33 3554 6.64
25 3784 7.07
5 o3 100 614 603 0.98
75 628 1.02
50 859 1.40
33 1672 2.72
25 1021 1.66
6 | ~i5 100 315 330 1.05
75 331 1.05
50 330 1.05
33 334 1.06
25 333 1.06
7 | W10 100 313 323 1.03
75 335 1.07
50 1763 5.63
33 1100 3.51
25 858 2.74
8 | fmn2 100 740 767 1.04
75 789 1.07
50 1094 1.48
33 3177 4.29
25 2785 3.76
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Table 7
Analysis of Brinch-Hansen's Method Performance Using Ratios of Available
Load-Test Data (continued)

Pile | Case Data Statit:': Bri.nch UItin?ate Ratio of B!'inch
No. No. |Analyzed (%) Ca?aclty Pile Ca.lpamty to Stat.lc
of Pile (kip) (kip) Capacity

9 fp5. 100 227 270 1.19
75 293 1.29

50 439 1.93

33 1023 4.51

25 790 3.48

10 fkg 100 465 448 0.96
75 258 0.55

50 301 0.65

33 1832 3.94

25 1373 2.95

11 ca3/8 100 230 289 1.26
75 303 1.32

50 384 1.67

33 2121 9.22

25 2022 8.79

12 wc3 100 610 614 1.01
75 617 1.01

50 624 1.02

33 88 0.14

25 636 1.04

13 wb9 100 884 904 1.02
75 914 1.03

50 978 1.11

33 1198 1.36

25 1587 1.80

14 wb15 100 766 827 . 1.08
75 892 1.16

50 2744 3.58

33 842 1.10

25 516 0.67

16 35-1 100 325 278 0.86
75 280 0.86

50 334 1.03

33 1044 3.21

25 775 2.38

16 354 100 320 321 1.00
75 322 1.01

50 340 1.06

33 470 1.47

25 2499 7.81
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Table 7
Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available
Load-Test Data (continued)

Pile Case Data CStati?ty B;i_:\:téglt; rg:;e Ratig gft aBt::nCh
apaci 1 ]
No. No. |Analyzed (%) of PiFI,e (kip) (kig) Capacity
17 35-5 100 600 584 0.97
75 609 1.02
50 4478 7.46
33 1715 2.86
25 1479 247
18 35-6 100 530 605 1.14
75 4478 '8.45
50 3016 5.69
33 1062 2.00
25 649 1.22
19 35-7 100 142 110 0.77
75 109 0.77
50 109 0.77
33 114 0.80
25 128 0.90
20 35-10 100 400 337 0.84
75 339 0.85
50 424 1.06
33 , 826 2.07
25 429 1.07
21 a54 100 638 646 1.01
75 659 1.03
50 690 1.08
33 700 1.10
25 700 1.10
22 a147 100 552 531 0.96
75 589 1.07
50 3195 5.79
33 2739 4.96
25 . 2239 4.06
23 a3 100 939 886 0.94
75 923 0.98
50 994 1.06
33 1155 1.23
25 1239 1.32
24 a25 100 800 730 0.91
75 725 0.91
50 728 0.91
33 731 0.91
25 731 0.91
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Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available

Table 7

Load-Test Data (continued)

Pile | Case Data CStatic_:ty BFr’i_TcIcl:Ultin!:;e Ratig g:aBtr‘i:nch
apaci tle Lapacl! 1
No. | No. |Analyzed (%)| ,cpije (kip) (ki:) Capacity
25 | fsbi6 100 308 144 0.47
75 153 0.50
50 253 0.82
33 1123 3.65
25 895 291
26 | a4l 100 530 499 0.94
75 494 0.93
50 496 0.94
33 517 0.98
25 518 0.98
27 | alol 100 810 679 0.84
75 778 0.96
50 3624 447
33 3234 3.99
25 2913 3.60
28 | a133 100 826 705 0.85
75 702 0.94
50 692 439
33 699 392
25 703 353
29 | ald5 100 940 914 0.97
75 935 0.99
50 942 1.00
33 954 1.01
25 962 1.02
30 | cb3 100 484 521 1.08
75 637 132
50 795 164
33 716 148
25 2323 4.80
31 | obil 100 1400 1244 0.89
75 1315 0.94
50 9064 6.47
33 6360 4.54
25 5760 411
32 | obl7 100 1453 1332 0.92
75 1326 0.91
50 1532 1.05
33 1795 124
25 2156 148
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Table 7
Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available
Load-Test Data (continued)

Pile Case Data Statir_; Bri.nch Ultimate | Ratio of B!'inch
No. No. |Analyzed (%) Ca!:aclt_y Pile (:?pacity to Stat.uc
' of Pile (kip) (kip) Capacity
33 cb23 100 702 586 0.83
75 593 0.84
50 594 0.85
33 600 0.85
25 ' 587 0.84
34 ch29 100 926 381 0.41
75 387 '0.42
50 411 0.44
33 477 ' 0.52
25 607 0.66
35 cb35 100 1437 592 0.41
75 594 0.41
50 617 ' 0.43
33 624 0.43
25 633 0.44
36 cb41 100 1396 582 0.42
75 572 0.41
50 566 0.41
33 566 0.41
25 562 0.40
37 chai 100 647 797 1.23
75 1006 1.55
50 6264 9.68
33 ' 3276 5.06
25 6286 9.72
38 cha4 100 504 682 1.15
75 736 1.46
50 810 1.61
33 1245 2.47
25 751 1.49
39 chb2 100 315 330 1.05
75 324 1.03
50 319 1.01
33 313 0.99
25 314 1.00
40 chb3 100 214 190 0.89
75 357 1.67
50 127 0.59
33 129 0.60
25 129 0.60
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Table 7
Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available
Load-Test Data (continued)

Pile Case Data Statit': Bri.nch Ultin!ate Ratio of B‘rinch
No. No. |Analyzed (%) Ca?acuty Pile Cépaclty to Stat.lc
of Pile (kip) (kip) Capacity
41 chc3 100 237 168 0.67
75 167 0.66
50 156 0.66
33 165 0.65
25 154 0.65
42 ch4 100 364 383 1.05
75 388 1.07
50 435 1.20
33 1990 ' 5.47
25 1122 3.08
43 ch39 100 656 707 1.08
75 1020 1.55
50 4609 7.03
33 4048 6.17
25 4845 7.39
44 | chB6-5b 100 372 - NA
75 - NA
50 - NA
33 -- NA
25 - NA
45 ch95b 100 554 - NA
75 - NA
50 - NA
33 - NA
25 - NA
46 ch256 100 552 663 1.20
75 769 1.39
50 2783 5.04
33 1321 2.39
25 1115 2.02
47 ch351 100 568 1586 2.79
75 1190 2.10
50 1190 2.10
33 1268 2.23
25 1247 2.20
48 po2 100 284 292 1.03
75 287 1.01
50 347 1.22
33 2446 8.61
25 1292 4.55
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Table 7
Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available
Load-Test Data (continued)

. Static Brinch Ultimate | Ratio of Brinch
:"Le C;:e AnaI?{:;:I (%) Capacity Pile Capacity to Static
) ) of Pile (kip) (kip) Capacity
49 erd 100 830 810 0.98
75 892 1.07
50 2660 3.20
33 1592 1.92
25 1573 1.90
50 bb13 100 988 951 0.96
75 961 0.97
50 974 0.99
33 1127 1.14
25 1704 1.72
51 bb19 100 1146 1140 0.99
75 1138 1.17
50 1167 0.98
33 1242 0.98
25 1343 1.02
52 bb24 100 1094 1120 1.02
75 1118 1.02
50 1171 1.07
33 1617 1.39
25 1804 1.65
53 bb29 100 1134 728 0.64
75 767 0.68
50 949 0.84
33 2031 1.79
25 1255 1.11
54 abf6 100 816 1029 1.26
75 1048 1.28
50 1168 1.43
33 1362 1.67
25 1455 1.78
55 abg13 100 1052 1029 0.98
75 1048 1.00
50 1168 1.14
33 1362 1.29
25 1455 1.38
56 abh2 100 584 523 0.90
75 522 0.89
50 539 0.92
33 650 1.11
25 705 1.21
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Table 7
Analysis of Brinch-Hansen’s Method Performance Using Ratios of Available
Load-Test Data (continued)

Pile | Case Data CStati?ty B;i_rl'nclé Ultirr.nta;e Ratig git’zr‘i:nch
apaci ile Capaci i
No. | No. |Analyzed (%) cpnc (kip) (ki::) Capacity
57 d1 100 67 66 0.99
75 67 1.00
50 67 1.00
33 67 1.00
25 73 1.08
58 d2 100 124 123 0.99
75 123 0.99
50 126 1.02
33 _ 157 1.27
25 235 1.90
59 d3 100 223 226 1.01
75 225 1.01
50 226 1.01
33 240 1.08
25 274 1.23
60 d5 100 228 234 1.03
75 234 1.03
50 239 1.05
33 273 1.20
25 416 1.82
61 mb1 100 819 808 0.99
75 814 0.99
50 823 1.00
33 836 1.02
25 837 1.02
62 mb2 100 872 963 1.10
75 1055 1.21
50 4603 5.28
33 3703 4.25
25 3174 3.64
63 mb3 100 928 798 0.86
75 787 0.85
50 792 0.85
33 796 0.86
25 813 0.88
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Table 8 presents statistical analyses based on the information presented in Table 7 and
lists the mean and standard deviation of the ratio between the capacity determined by
Brinch-Hansen's method to the designated static capacity, for the 63 cases analyzed.
As can be seen from the data presented in Table 7, the average for each percentage of
data analyzed exceeds 1, except for the 100% case, where the average was 0.99. The
method presents a good agreement with the designated capacity when applied to the
analysis of load tests to failure. A large overprediction and/or unacceptable scatter was
obtained, however, for incomplete data when used for extrapolation purposes. The
standard deviation for each percentage of data varies widely, with the lowest standard
deviation occurring in the 100% of the data case (0.31) and the greatest deviation
occurring in the 25% of the data case (2.08).

Based on the above, it can be concluded that the Brinch-Hansen method, while reliable
as a capacity interpretation method, cannot serve as a method for extrapolating non-
failed load tests.

Table 8
Average and Standard Deviation of the Ratio Between Brinch-Hansen’s Method,
Capacity Prediction, and Designated Static Capacity Using Percentage of Load-
Settlement Data.

Percg:;ge of 1100% | 75% | 50% | 33% | 25%

Number of Cases| 61 61 61 61 61
Average 099 | 115 | 2.06 | 2.37 | 2.35

Standard
Deviation 0.31 0.99 207 | 200 | 2.08
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CHAPTER 6: ANALYSIS OF THE PROPOSED METHOD

6.1 OVERVIEW

This chapter presents the analyses of the proposed pile load-test extrapolation method,
utilizing the pile cases in data set PD/LT. The analyses are carried out in the following
stages:

(1) Determination of the ultimate capacity based on the ratios of available load-test
data and ratios of the designated known ultimate capacity.

(2) Examination of the correlation between the prediction ratio of the results from the
proposed method and the designated pile capacity and varying factors such as pile
stiffness and pile slenderness.

(3) Statistical analyses of the obtained results, evaluating the performance of the
proposed method and the associated risk of application, allowing the establishment
of conclusions and recommendations.

6.2 PILE CAPACITY EVALUATION

6.2.1 The Analyzed Ranges

During a typical proof test, the actual capacity of the pile remains unknown. Therefore,
the amount of load-displacement data necessary to complete the load test and the load
test graph (the plot of load versus displacement) remains unknown as well. To account
for this unknown, data was decreased from the original data (the 100% case) to ranges
of the load and displacement data. The proposed method was repeated for each
subsequent decrease in the range of data or load. The calculated capacity extrapolated
for each range was then compared to the designated static capacity.

The performance evaluation of the proposed method was carried out in five ranges
related to: (1) available data points for the entire load-settiement relations and (2) the
designated ultimate capacity. The ranges include . 25%, 33%, 50%, 75%, and 100% of
either all the load-test data or the data related to the designated load. For the data-
related cases, the 100% analysis means that the entire load-displacement relations were
used. The 75% case under this category means that 75% of the available data points
were used arbitrarily, regardiess of its meaning in relation to the load-displacement
relations. The other ranges of 50%, 33%, and 25% follow the same logic.

For the capacity-related cases, the 100% analysis means that the load-displacement
data up to the designated static capacity was used. The 75% case under this category
means that the data related to the load-settiement relationship from the start of the
loading to the value of 75% of the designated pile capacity was used for the analysis.
The other ranges of 50%, 33%, and 25% follow the same logic regardless of the actual
number of data points associated with the analyzed loading level.
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6.2.2 Detailed Procedures and Calculations

The results of the proposed method using ranges of the load-settlement data are
presented in Table 9. See Section 3.5 for details of the equations used in the
calculations. The first column provides the pile number. The second column lists the
range of data used in the analysis. The third column lists the pile's stiffness, EA/L
(elastic modulus of pile material multiplied by the cross-sectional area, all divided by pile
length) of the pile. The fourth and fifth columns list the slope (a) and y-intercept (b) of
the best-fit line from the plot of displacement divided by load versus displacement. The
sixth column lists Davisson’s offset line (X), which is equal to the pile diameter divided
by 120, added to 0.15 inches (3.81 mm). The seventh column lists (S), which is the
inverse of EA/L. The eighth column provides the values of coefficient A used in the
analysis. Coefficient A is defined as the slope of the best-fit line (a) multiplied by the
inverse of EA/L (S). The ninth column lists the values of coefficient B. Coefficient B is
defined as the slope of the best-fit line (a) multiplied by Davisson'’s offset line (X) plus
the y-intercept (b) minus S. Using the above variables, the calculated ultimate capacity
of the proposed method is listed in the tenth column. The designated static capacity of
the pile, calculated from the five methods listed in Section 2.3, is presented in the
eleventh column. Davisson’s ultimate pile capacity is listed in the twelfth column. The
last column presents the ratio of the pile's capacity based on the proposed method to
Davisson’s pile capacity.

The results of the analysis using ranges of the static capacity are presented in Table 10.
The table format is identical to that of Table 9. The results of Table 10, as described
later in this chapter, have been adjusted considering such factors as pile stiffness and
the length of the pile above the ground. The values presented in Table 9 have not been
adjusted.

6.2.3 Elastic Modulus and Free-Length Adjustments

(a) Elastic Modulus Adjustments

The data for several of the concrete-filled steel piles listed in Table 10 had been
adjusted to account for the combined elastic modulus. A combined modulus of elasticity
was computed as a combination of a modulus of elasticity of 3000 pounds per square
inch (psi) (20.67 MPa) for concrete and 30,000 psi (206.7 MPa) for steel. The following
procedures were carried out:

(1) Determine the thickness of the steel pipe, based on the known cross-sectional area
and outside diameter.
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(2) Determine the combined modulus of elasticity:

_ (Astoel XEsteel )+ (Aooncreta )(Emﬂcrete ) (6 1)

Emmm Astael + Aooncrete

where: Eeombines = combined modulus of elasticity (kips per square inch)
Asteel = area of steel pipe pile (square inch)
Aconcrete = area of concrete (square inch)
Esteel = steel modulus of elasticity (kips per square inch)
Econcrete = concrete modulus of elasticity (kips per square inch)

The combined modulus of elasticity is used to compute EA/L. Piles with an adjusted
EA/L have been marked in Table 10 with a single asterisk.

(b) Free-Length Adjustments

Data for piles in Table 10 have also been adjusted for the pile length above the ground
surface, known as “free length”. The proposed curve-fitting method is based on
hyperbolic load-deformation relations. Pile sections outside of the soil will experience
linear elastic deformation, which should reasonably be subtracted prior to curve fitting.
The influence of this adjustment depends on the free length relative to the pile’s
penetration. For typical piles, this adjustment is not required; however, in the case of
long, free, unsupported lengths (e.g., offshore piles), this adjustment may be of
significant importance.

The displacement in the load test is adjusted using the equation:

Brow = Ay s ~ P Lres) 6.2)
EA

where: Anew = adjusted displacement value (inch)
Avadtest = unadjusted load-test displacement (inch)
P = load corresponding to unadjusted displacement (kip)
Lfree = length of pile above ground surface (inch)
E = modulus of elasticity (kips per inch)
A = cross-sectional area of pile (square inch)

The plot of Anew versus A/P is plotted using the new displacement values, and the
coefficient of determination of the best-fit line is obtained. Piles for which the free length
above the mud-line was greater or equal to 20% of the total length were examined and
reevaluated using the above procedure. The piles adjusted for free length are indicated
in Table 10 with a double asterisk.
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The above adjustment was applied to 12 relevant cases and the results are shown in
Table 11. The first column lists the pile number in the present research, the second
column lists the range of the static capacity that was analyzed, the third column provides
the length of the pile, the fourth column lists the free length of the pile (above ground
surface), the fifth column lists the unadjusted method predicted capacity, the sixth
column lists the adjusted method predicted capacity, the seventh column lists
Davisson’s capacity, the eighth column lists the ratio of the unadjusted method capacity
to Davisson’s capacity, and the final column provides the adjusted method capacity to
Davisson’s capacity.

By inspection, the results were not greatly affected due to the adjustment. In two cases
(pile nos. 23 and 26), the questionable performance is the result of a 0.5 inch (12.7 mm)
subtraction of initial deformation as specified by the geotechnical report. In some other
cases, a less desirable performance is indicated for the lower load ratios, while in some
cases, better performance was certainly achieved. For pile no. 52, an adjustment of -
63.7 feet (19.4 m) of the free-standing portion of the pile resulted in a substantially better
performance. In conclusion, the free-length adjustment should be applied cautiously.

6.3 EXAMPLES
6.3.1 Overview

The proposed method is illustrated through the analysis of two cases chosen from the
database. Both cases are analyzed step-by-step using both procedures of load and
data ranges. The first example relates to a square concrete pile and the second
example relates to a large-diameter round concrete pile.

6.3.2 Example No. 1 - Pile No. 4
(a) Analysis Based on Ranges of Data

e An 18-inch- (45.72-cm-) square pre-stressed concrete pile, driven to a depth of 75
feet (22.86 m) in Alabama. The pile was loaded until failure. The load test results
are shown as a graph of load versus displacement in Figure 6. The presented axes
were chosen such that the elastic compression line is inclined at about 20° from the
horizontal.

o The displacements are divided by the corresponding load. The resulting values are
then plotted versus displacement. The plot is shown in Figure 7. A regression
analysis is then conducted on the data points to determine the coefficient of
determination. The results of the regression analysis are shown in Figure 7. The
coefficient of determination (r®) is 0.99798, and hence, no elimination of data points
at the beginning of the plot is necessary. This is considered the 100% of the data
case. The slope (0.00144) and the y-intercept (0.00023) of the best-fit line through
the data points are also provided in the figure.

86



Ge0 Sv'0 1474 €9¢ T4
Sr'0 £5°0 v9€ 8y €€
190 90 96 (445 as
€80 LL0 v.9 ¥Z9 Gl
160 980 Zi8 88/ 69 9 88 00l 2
- - - - 14
- -- - - 33
- - -- - 0S
- ZLi - G8S Gl
€Ll ¥6°0 <4 065 €6V 6€ L6 001 14
¥€'0 oLy ove LE62 14
) 8zl 962 €16 €€
850 €60 eiy 899 0S
980 160 8L9 Z69 G/l
oL'L 00’} GLL 88/ 4V 80y 901 001 ve
- S0'L - €001 Gz
9e’0 ¥6°0 gve 106 €€
zs0 680 4 718 05
9.0 88°0 Gzl £v8 G/
¥6°0 Z6°0 856 206 88 9'0¢ v6 00} [
8E0 .50 €eT 8re T4
ov'0 90 €82 16€ €€
190 €L0 €/€ 144 0S
180 980 £6¥ /25 Gl
660 160 019 €09 €65 602 114 004 4!
peisnipy pajsnipeun uossiaeq | 9 POWOW | d Poulsi (3) wbue| () | Aoeden | -oN
"AeQ/d POYlal | "AeQ/d POYIB ’ pajsnlpy | pajsnipeun aaly4 yibua (oneis Jo % | elid

yibuaT ajid paysnipy pue jemay Buisn (d poyssn) poyiay pasodoud ays Aq Ayoede ajid pejejodesyxg

L1 3lqel

87



- 160 -- A 14
- 90l -- LEZL €e
0S50 16°0 685 1501 0S
080 S6°0 626 SOLL G/l
€0'1 86°0 2oLl veLL Zril 629 6’15l 001 LS
€20 6€0 o€z £6€ 6z
GE0 950 LGE 655 €€
60 9.0 L6V 197 0S
€80 Z6'0 Le8 0€6 Gl
860 660 900} 686 100} 88l 6'Ehl 00} 0S
Zro G50 19g Zly T4
160 660 ££8 .8 £e
9g'} ov'L €911 1021 05
4" Ge'l ZEol lG1L1 Gl
80’1 €Ll GG8 o9z6 G96 88l ¥01 00l (14
620 150 80V 122 14
GE0 960 00§ 16/ €€
¥S0 690 09/ 996 0S
10 €80 801 Tl Gl
00’1 16°0 oLvi sovl 6821 9'/¢ €201 00l 9¢
00 €70 162 Gly 14
80 0S50 Gle ggy €€
¥5°0 €90 825 G19 0S
6.0 Z8'0 vl 66/ Gl
Zro z6°0 9/6 Ly 968 }'62 zel 004 62
paisnipy paisnipeun uossiaeg | 9 POWRW | d PoLjel (W) wbuse| () | Aioedepy | ‘oN
‘AeQ/d POYISN | "AeQ/d POUIPl ; paysnipy | paysnipeun aal4 ybue |oneISjo % | °ld

yibuan ajid paysnipy pue jenjoy Buisn (d poylsw) poyleN pasodoid ayy Aq Aioede) ajid pajejodenx3

(penunuo)

L4 diqel

88



"d S,uossiAeQ Aq papIAIp jinsal d poule peisnipy — paisnipy ‘Aed/d "Uiew

'd s,uossineq Aq pepIAIp JInsal d poyisy paisnipeun) — pajsnipeun ‘Aeqa/d "Yiew
‘uolield suossiaeq Aq paulwisiep se Ajoeded ejid ajewnin — 4 s,uossiAeq

‘WBus| 83y Jo} paysnipe ‘Ajoeded ajewnin poyjew Jussaid — 4 PoYiep paisnipy
‘Yibus) aayy 1o pajsnipeun ‘Ajoededs sjewnin polyiew jussaid — d POYIeW paisnipeun
‘aoeuns punoib aAoge ejid Jo Yibue — yibus) sai4

a|id Jo Yibusj |ejo — yibus

690 160 8Ls €€/ 6z
9.0 €0'L G.S €Ll €e
260 oL’} 689 GZ8 0S
¥6'0 00’} 80/ GG/ Gl
G0l Z0'L zs. 98/ G9/ GEl L2 00} )
— 9,0 - 0s8 s¢
90'L 95t 6/11 GELL €e
120 8yl €6/ 0594 , 0S
98'0 LS'L £56 £891 Gl
v0'l 8z} viLL 9611 (444" L'€9 6'Erl 00l s
paisnipy pajsnipeun uossineq | 9 POWISN |  d Poujen (W) wbua| (y) | Ayoedey | -oN
"AeQ/d POYIal | "AeQ/d POYIaN : pajsnipy | paisnipeun sa14 yibua | onesg Jo % | opd

(panunuo)
ybua ajid peysnipy pue jen3oy Buisn (d poylew) poyisiy pesodoid ays Aq Ayoedens ajig pajejodetyxg
Ll 8l1qe]

89



Load (MZN)

1
00_ i [ 'l llll‘il I. I yl ‘I ‘l 'll lI ll lv { VII o

0.2 —

10

©
>
|

Displacement (mm)

N
o

Displacement (inches)
| ]

1.0 = 25

30

1.2 .'.'.'.'I';’.';.'i;;;.'l'.';.'.'
0 200 400 600 800

Load (kips)

Figure 6. Load-Displacement Relationship for Pile Case No. 4 With Scaled Axes for
Elastic Compression Line Inclined at Approximately 20 Degrees.
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The variable (S) is calculated as L/EA (0.0004) using the modulus of elasticity, the
pile area, and the pile length. Davisson’s offset limit (X) is then calculated as the pile
diameter divided by 120 added to a constant of 0.15, which equals 0.30 inches (7.62
mm).

With the slope (a), the y-intercept (b), Davisson'’s offset limit, and (S) all known for
100% of the analyzed data, the variables A (0.0000006) and B (0.00023) are
calculated and inserted into Equation 3.7.

The proposed method'’s pile capacity is calculated as 532 kips (2365 kN). This
capacity compares well to the designated pile capacity of 535 kips (2378 kN) or the
Davisson's criterion capacity of 550 kips (2445 kN).

To proceed, 25% of the data points from the end of the displacement divided by load
versus displacement piot are eliminated. This is now the 75% of the data case. A
regression analysis is conducted on 75% of the data, and the slope (0.00138) and y-
intercept (0.00024) of the best-fit line through the data points are obtained. It should
be noted that a coefficient of determination of 0.80 or greater is not necessary at this
stage of the analysis. The pile area, pile length, Davisson’s offset limit, and S all
remain constant. The variables A (0.0000006) and B (0.00022) are recalculated with
the new slope and y-intercept substituted into Equation 3.7 and the equation is
solved for the proposed method’s capacity of the pile, given 75% of the available
data (546 kip [2427 kN]J).

Next, 25% of the data points from the end of the displacement divided by load versus
displacement plot are eliminated from the previously analyzed 75% data case. This
is now the 50% of the data case. A regression analysis is conducted on 50% of the
data, and the slope (0.00165) and y-intercept (0.00022) are obtained. The variables
A (0.0000007) and B (0.00028) are calculated (pile area, pile length, (S), and (X) do
not change) and substituted into Equation 3.7. The equation is solved for the
capacity of the pile, which is 479 kips (2129 kN). The process is continued for the
33% and 25% of the data cases, and the capacities are obtained (402 and 404 kips
[1787 and 1796 kN1 respectively).

The extrapolated load-settlement relations for all five ranges of data percentage used
in the analysis are shown graphically in Figure 8. Note on the graph that the load-
settlement relations for the 25% and 33% of the data case fall on the same line. As
can be seen from the plot, even in the 25% of the data case, the plot compares
favorably with the actual load-test curve.

(b) Analysis Based on Ranges of Load

This analysis uses the designated static capacity (failure) as the controlling factor.
The static failure load was determined to be 535 kips (2378 kN). The 100% case
analyzed included, therefore, all load-displacement data from 0 through 535 kips (0
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Figure 8. Actual and Extrapolated L.oad-Settiement Relations for Pile Case No. 4
Using Ranges of | oad-Settlement Data.
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through 2378 kN). Using this data range, the displacement is divided by its
corresponding load and plotted as the calculated ratio versus displacement. As
before, a regression analysis ensues and the coefficient of determination of the best-
fit line through the data is obtained. Data are eliminated as needed to obtain a
regression coefficient of 0.8 or greater. From the regression analysis, the slope (a)
and y-intercept (b) of the best-fit line are obtained (0.00139 and 0.00024,
respectively).

The variables S and X, the pile area, and pile iength, calculated or used during the
100% of the data case, do not change and are used, along with the new values of a
and b to determine the variables A (0.0000006) and B (0.00023). With the variables
a, b, S, A and B known, the ultimate capacity of the pile is calculated as 542 kips
(2409 kN).

The analysis continued using 75% of the static capacity, which is equal to 401 kips
(1783 kN). Using the data range of 0 through 401 kips (0 though 1738 kN), the
displacement is divided by its corresponding load and plotted as the calculated ratio
versus displacement. The slope (0.00170) and intercept (0.00022) of the best-fit line
through the data are obtained, the variables A (0.0000007) and B (0.00030) are
recalculated, and the ultimate capacity is determined to be 469 kips (1951 kN).

Next, 50% of the static capacity, or 268 kips (1191 kN), is used in the analysis. For
the data range of 0 through 268 kips (0 through 1191 kN), the displacement is
divided by its corresponding load and plotted as the calculated ratio versus
displacement. The slope (0.00207) and intercept (0.00020) of the best-fit line
through the data are obtained, the variables A (0.0000009) and B (0.00039) are
recalculated, and the ultimate capacity is determined to be 399 kips (1774 kN).

The analysis continues similarly with data related to 33% and 25% of the ‘static load,
177 and 134 kips (787 and 595 kN), respectively. Using the proposed method, the
ultimate capacities for the 33% and 25% cases were 449 kips and 569 kips (1996
and 2530 kN), respectively.

Figure 9 presents graphically the above extrapolation and analysis procedures
related to the load ranges. The extrapolated curves show a very good agreement to
the actual load-displacement relations even when the pile would have been loaded to
a small portion (25%) of the designated bearing capacity. More so, the extrapolated
relations produced consistently conservative results on the safe side.

6.3.3 Example No. 2 - Pile No. 14

(a) Analysis Based on Ranges of Data

A 30-inch- (76.20-cm-) diameter pre-stressed concrete pile driven to a depth of 104
feet (31.70 m) in West Bay, Florida. The pile was loaded until failure. The load-test
results are shown as a graph of load versus displacement in Figure 10. The
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presented axis was chosen such that the elastic compression line is inclined at about
20° from the horizontal.

The displacements are divided by the corresponding load and then plotted versus
displacement. Figure 11 shows this plot, along with the coefficients of determination
for each range of data analyzed. Since the coefficient of determination was 0.8 or
greater, no elimination of data was necessary and the analysis could proceed. The
regression analysis for all five ranges of data resulted in the slope and y-intercept for
each case.

Using the slope and y-intercept determined from the regression analysis, the capacity
of the pile is evaluated based on Equation 3.7 for each case. The obtained

capacities are:

Pile Capacity based on Davisson’s criterion 820 kips (3646 kN)

P for 100% of the data = 815 kips (3623 kN)
P for 75% of the data = 853 kips (3792 kN)
P for 50% of the data = 1074 kips (4775 kN)
P for 33% of the data = 1251 kips (5562 kN)
P for 25% of the data = 1871 kips (8319 kN)

The extrapolated capacities for the 33% and 25% cases are approximately 1.5 and
2.3 times the capacity of the pile, respectively, based on Davisson's criterion. The
erroneous values for the last two cases are believed to have been caused by a low
coefficient of determination present in the 50%, 33%, and 25% of the data cases. A
graphical representation of the resulits is shown in Figure 12. The extrapolated load
settlement relations for the 50%, 33%, and 25% cases are above and extend farther
than the actual load-settlement relation.

(b) Revised Analysis Based on Higher Qualily Regression

The pile was reanalyzed, with more data eliminated from the beginning of the
displacement divided by load versus displacement graph to obtain a higher
coefficient of determination. During the first analysis of this pile, 541 data points
were analyzed in the 100% of the data case. During the subsequent analysis, 295
data points from the beginning of the plot were eliminated, and the remaining 246
data points were used in the 100% of the data regression analysis.

Using this limited data, the following coefficients of determination were-obtained:

100% of data= 0.9999
75% of data = 0.9998
50% of data = 0.9998
33% of data = 0.9998
25% of data = 0.9998
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e The capacities obtained using the slopes and y-intercepts generated from the above
values are the following (see also pile no. 14 of Table 9):

Pile Capacity based on Davisson’s criterion
P for 100% of the data
P for 75% of the data

820 kips (3646 kN)
824 kips (3665 kN)
825 kips (3669 kN)

P for 50% of the data 821 kips (3652 kN)
P for 33% of the data 816 kips (3630 kN)
P for 25% of the data 813 kips (3616 kN)

e As can be seen, the extrapolated capacities are in very good agreement with the
actual measured static capacity. A graphical representation of the results of the re-
analysis of pile no. 14 is shown in Figure 13. The extrapolated load-settlement
relations are very similar to the actual load-settlement plot.

(c) Analysis Based on Ranges of Load

 This analysis used the designated static capacity (failure) of 766 kips (3407 kN) as
the controlling factor. The 100% case analysis included, therefore, all load-
displacement data from O to 766 kips (0 to 3407kN) and resulted in an extrapolated
capacity of 1042 kips (4635 kN). The pile exhibited a general failure behavior, and
hence, a clear change in the load-displacement response took place at the
designated failure point. The extrapolations using 75% and 50% of the failure load
resulted in predicted capacities of 1142 kips (5080 kN) and 1476 kips (6565 kN),
respectively (see Table 10, pile no. 14). A smaller data segment related to less than
50% of the designated capacity could not be analyzed. A graphical representation of
the obtained extrapolations is presented in Figure 14. The presented results suggest
that using a small segment of the data resulted in extrapolation on the unsafe side.
Observing the load-displacement relations of pile no. 14, it seems that the initial
segment of the digitized curve is unreliable. The major conclusion of this example is
that accurate data must be obtained, especially within the initial load-displacement
relationship.

6.4 THE EXTRAPOLATED CAPACITY FOR THE DATABASE PILES
6.4.1 Detailed Results

The results of the proposed method were previously presented in Tables 9 and 10. The
tables also list the static capacity of the pile as determined by the five load-test
interpretation methods presented in Section 2.3, including the capacity according to the
Davisson criterion. The last column in the tables provides the ratio of the proposed
method capacity to the Davisson capacity. The Davisson method for determining the
capacity of a pile can account for the pile size and it is an objective approach resulting in
a unique value. The ratio of the proposed method capacity to the Davisson capacity is
provided for all the ranges of the analyzed data. A ratio equal to 1 indicates perfect
agreement between the proposed method and the Davisson criterion. A number less
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than 1 indicates that the proposed method has underpredicted the capacity (the
conservative case), while a number greater than 1 indicates an overprediction of the

capacity.

A statistical analysis of the obtained results was performed in order to quantify the
accuracy of the proposed method. The range, mean, and standard deviation of the ratio
between the extrapolated capacity based on the proposed method and the actual
capacity (both determined using Davisson’s criterion) were evaluated.

6.4.2 Statistical Analysis

Table 12 presents the results of the statistical analysis for the proposed method using
ranges of load-displacement data points. Rows 4 and 5 list the mean and standard
deviation for each range of data analyzed. The average values for the 100% to 75%
cases are nearly 1.0, indicating aimost perfect agreement with the actual load-test
results. As expected, the 256% case was the least accurate, with an average value of
0.78. The standard deviation for all cases ranged from 0.21 for the 100% case to 0.33
for the 25% case. The mean values for the five ranges of data analyzed were all below
1.0, indicating that the proposed method is conservative in its results and hence,
consistently on the safe side.

Table 13 presents the results of the statistical analysis for the proposed method using
ranges of the static capacity. Again, rows 4 and 5 list the mean and standard deviation
for each range of analyzed load. The mean value for the 100% case is slightly greater
than 1. The mean for the 75% case is nearly 1, with the mean values falling further from
1 as the percentages of static load decreases. The mean value is least in the 25%
case. The standard deviations are similar to those obtained when analyzing ranges of

load data.

Table 12
Mean and Standard Deviation of the Ratio Between the Extrapolated Capacity
Based on the Proposed Method and the Actual Capacity (Both Determined by
Davisson’s Criterion) Using Ranges of Load-Settlement Data

Range of Data 100% 75% 50% 33% 25%
No. of Cases 63 63 63 62 60
Range 013-152|0.38-154{0.31-1.92(0.26 —1.82[0.24 ~ 1.94
Mean 0.96 0.99 0.96 0.87 0.78
Standard
Deviation 0.21 0.21 0.27 0.30 0.33
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Table 13
Mean and Standard Deviation of the Ratio Between the Extrapolated Capacity
Based on the Proposed Method and the Actual Capacity (Both Determined by

Davisson’s Criterion) Using Ranges of the Designated Static Capacity

Range of Data 100% 75% 50% 33% 25%
No. of Cases 63 62 61 54 48
Rangi 026-1721047-206{047-274|0.34—-2.87|0.23-2.73
Mean 1.02 0.99 0.89 0.74 0.64
Standard 0.21 0.26 0.41 0.46 0.44
Deviation

The initial statistical analyses presented in Tables 12 and 13 suggest the following:

The proposed method is very accurate and can be used with any available data.
The accuracy of the prediction decreases with a decrease in the available loading
range compared to the failure load.

e The extrapolated values are conservative, and hence, even when predicting four
times the tested load, these values can be used safely.

Additional insight into the method is presented in the following sections through a
detailed statistical analysis and a correlation study.

6.4.3 Histograms

Figures 15 through 19 present the histograms and frequency distributions for each range
set of data. This presentation allows visual inspection of the match between the actual
distribution of the data and the normal distribution function related to the parameters
presented in Table 12. The presented data suggests the following:

e The scatter of the extrapolated load is smaller compared to the normal distribution for
the cases in which 50% to 100% of the data were used. The actual data matches
reasonably well with the normal distribution for the cases in which 33% and 25% of
the data were analyzed.

o As the data ranges become smaller, a greater number of cases of overprediction
seem to take place. In no range did the overprediction exceed the ratio of 2, and the
number of cases exceeding the ratio of 1.5 was in the worst case 2 (out of 60 cases).

6.5 INVESTIGATION OF CONTROLLING FACTORS
Two different types of possible correlations were investigated for the piles of data set

PDILT, examining the influence different factors may have on the performance of the
proposed method. The two categories and their rationales are presented below.
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6.5.1 Pile Stiffness

Pile stiffness is a measure of the compressibility of the pile material. Assuming uniform
geometry and pile material, the stiffness is computed by calculating the elastic modules
of the pile times the area of the pile, divided by the length of the pile (EA/L).

Figures 20 through 24 present the relationship between the ratio of the extrapolated
capacity based on the proposed method and the actual capacity (both interpreted using
Davisson's criterion), and the stiffness of the corresponding pile. Each figure
corresponds to a range of data analyzed (100%, 75%, 50%, 33%, and 25%) for each
pile.

Based on inspection of Figures 20 through 24, no clear correlation seems to exist
between the accuracy of the proposed method and the pile stiffness.

6.5.2 Pile Slenderness
Pile slenderness can be defined as the ratio of pile length divided by pile diameter (L/B).

Figures 25 through 29 present the relationship between the ratio of the extrapolated
capacity based on the proposed method and the capacity based on Davisson's criterion
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to the corresponding pile slenderness. Each figure represents a range of the data
analyzed.

A substantial scatter exists in each figure with no clear correlation between the accuracy
of the proposed method and pile slenderness.

6.6 RISK ANALYSIS

Risk (R) is generally defined as the probability (Peros) that the proposed method
predicted ultimate capacity (P) divided by the factor of safety (F.S.) exceeds the ultimate
capacity determined by Davisson's criterion (Ppavisson) from the actual load test:

R= PProb({P/F-S-} > Ppavisson) (6.4)

The factor of safety in current use is the factor applied to the predicted pile capacity
such that the allowable load is free from meaningful risk.

The prediction ratio as presented throughout this research study is the ratio of the
proposed method predicted capacity (for each range of data analyzed) to the capacity as
determined by Davisson (from the actual load test). Equation 6.4 can be rewritten in the
following format related to the associated risk:

R = Pprob{(Ppred/ PDalvisson) xF.S.} (6.5)

As construction cost is directly related to the factor of safety, the following should be
considered when determining an appropriate factor of safety:

e What is the minimum factor of safety that will allow absolute safety (zero risk)?

e What is the risk associated with each factor of safety?

o What is the actual factor of safety when considering the inaccuracy of the prediction
method?

To address the above concerns, the following analysis was undertaken:

The data set was used to prepare the relationships between the applied factor of safety
and its associated risk. The procedure was described by Briaud and Tucker (1988) and
contains the following steps:

(1) Select an arbitrary Factor of Safety (F.S.).

(2) Calculate the risk of failure as the ratio between the number of piles in the data set
for which the P/Ppavisson ratio is greater than the F.S. over the total number of piles
in the data set.

(3) Repeat steps 1 and 2 for different F.S. values.

(4) Plot the obtained relations between the applied F.S. and the associated risk.
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This analysis was carried out for the proposed prediction method using the piles in data
set PD/LT. Table 14 presents a summary of the results of the analysis for the ranges of
data analyzed. The use of a factor of safety of 1.6 for example will be associated with
an actual factor of safety of 3.11 and a risk of 1.69 percent. From the risk analysis, a
factor of safety of 2.0 will allow absolute safety (zero risk) for data set PD/LT.

Table 14
Factor of Safety and Associated Risk Based on Ranges of Data
% of data 100% 75% 50% 33% 25%
FS=1
Count 27.00 30.00 | 26.00 | 19.00 | 15.00
Risk (%) 42.86 47.62 | 41.27 | 30.65 | 2542
Mean 1.11 1.13 1.18 1.21 1.21
Actual F.S. 1.11 1.13 1.18 1.21 1.21
FS=1.2
Count 4.00 7.00 9.00 7.00 6.00
Risk (%) 6.35 11.11 | 1429 | 11.29 | 10.17
Mean 1.30 1.32 1.42 1.42 1.44
Actual F.S. 1.56 1.59 1.70 1.70 1.72
FS=1.4
Count 1.00 1.00 400 | 3.00 3.00
Risk (%) 1.59 1.59 6.35 4.84 5.08
Mean 1.52 1.54 1.59 1.57 1.64
Actual F.S. 2.13 2.16 2.22 2.19 2.30
FS=1.6
Count 0.00 0.00 1.00 1.00 1.00
Risk (%) 0.00 0.00 1.59 1.61 1.69
Mean NA NA 1.92 1.82 1.94
Actual F.S. NA NA 3.08 2.91 3.11
FS=1.8
Count 0.00 0.00 1.00 1.00 1.00
Risk (%) 0.00 0.00 1.59 1.61 1.69
Mean NA NA 1.92 1.82 1.94
Actual F.S. NA NA 3.46 3.27 3.50
FS=2.0
Count 0.00 0.00 0.00 0.00 0.00
Risk (%) 0.00 0.00 0.00 0.00 0.00
Mean NA NA NA NA NA
Actual F.S. NA NA NA NA NA

Count - number of prediction ratios greater than F.S.

Prediction ratio - Ratio of proposed method capacity to actual capacity using
Davisson's failure criterion.

Mean - the mean of all values greater than the initial F.S.

Actual F.S. - Initial F.S. multiplied by the mean.
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Table 15 presents a summary of the results of analysis for the ranges of the designated
static load.

Table 15
Factor of Safety and Associated Risk Based on Ranges of Static Load
% Static Load 100% 75% 50% 33% 25%
FS=1
Count 37.00 23.00 | 17.00 8.00 6.00
Risk (%) 568.73 37.10 | 27.87 | 15.09 | 12.50
iMean 1.13 1.25 1.38 1.61 1.83
Actual F.S. 1.13 . 1.25 1.38 1.51 1.53
FS=1.2
{Count 8.00 14.00 | 9.00 3.00 | 4.00
Risk (%) 12.70 2258 | 14.75 5.66 8.33
{Mean 1.33 1.37 1.66 2.28 1.77
Actual F.S. 1.59 1.64 1.99 274 213
FS=1.4
[Count 1.00 4.00 4.00 3.00 2.00
Risk (%) 1.59 645 | 656 | 566 | 4.17
IMean 1.72 1.67 2.06 2.28 2.26
Actual F.S. 2.41 2.34 2.89 3.20 3.16
FS=1.6
Count 1.00 2.00 4.00 2.00 2.00
Risk (%) 1.59 3.23 6.56 3.77 4.17
iMean 1.72 1.88 2.06 271 2.26
Actual F.S. 276 3.01 3.30 433 3.61
FS=1.8
Count 0.00 1.00 2.00 2.00 1.00
Risk (%) 0.00 1.61 3.28 3.77 2.08
{Mean NA 2.06 2.39 2.71 273
Actual F.S. NA 3.71 4.31 4.87 492
FS=2.0
Count 0.00 1.00 2.00 2.00 1.00
Risk (%) 0.00 1.61 3.28 3.77 2.08
iMean NA 2.06 2.39 271 | 273
ctual F.S. NA 412 478 5.41 5.46
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Table 15
Factor of Safety and Associated Risk Based on Ranges of Static Load (continued)

% Static Load 100% 75% 50% 33% 25%
FS=2.8

Count 0.00 0.00 0.00 0.00 0.00

Risk (%) 0.00 0.00 0.00 0.00 0.00

Mean NA NA NA NA NA

Actual F.S. NA NA NA NA NA

Count - number of prediction ratios greater than F.S.

Prediction ratio - Ratio of proposed method capacity to actual capacity using
Davisson's failure criterion.

Mean - the mean of all values greater than the initial F.S.

Actual F.S. - Initial F.S. multiplied by the mean.
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CHAPTER 7: CASE HISTORIES

7.1 OVERVIEW

The Massachusetts Building Code (Massachusetts Building Code, 1998) and the
Massachusetts Highway Department Specifications (Massachusetts Highway
Department, 1995) call for a pile load test to at least twice the design load. The
application of the proposed method to six recently completed pile load tests at two sites
in the Boston area is demonstrated. All case histories were obtained from GeoSciences
Testing and Research (GTR) Inc. of North Chelmsford, MA. Three different pile types.in
these cases were loaded beyond the necessary minimum of twice the design load. The
analysis of these cases considered only the loads typically known in a project, i.e., up to
and including twice the design load. The extrapolated pile behavior based on the
analyses were then compared to the actual load-test results and conclusions were
drawn. The presented cases are not part of the analyzed database, hence, they
represent an independent examination of the method.

7.2 CASE HISTORY NO. 1
7.2.1 Overview

Case History No. 1 is comprised of three H-piles and two pipe piles. Details are provided
in two reports, Static Load Test Report, Steel H-Piles, Bridge N-10-15, Newbury,
Massachusetts (Geosciences Testing and Research, Inc., 1996a) and Static Load Test
Report, Steel Pipe Piles, Bridge N-10-15, Newbury, Massachusetts (GeoSciences
Testing and Research, Inc., 1996b). The site is located in northeastern Massachusetts
in the Town of Newbury. A multi-span reinforced bridge was demolished prior to the pile
driving. A new multi-span bridge was constructed on five bents (two piers each) and two
abutments. Approximately 300 H-piles (vertical and batter) are supporting the
abutments and piers. Three test piles, designated as TP2, TP3, and TP4, were installed
to test the capacity of the H-piles utilized for the abutments and piers.

Five retaining walls at the site are used to support the new roadway approach
embankments and ramp. Approximately 400 vertical and 3:1 batter pipe piles support
these retaining walls. Two test piles, designated as TP1 and TPS, were driven to test
the capacity of the pipe piles needed for the retaining walls.

The subsurface profile at the site generally consists of:

5 to 10 feet (1.5 to 3.0 m) of dense granular fill.

0 to 1 foot (0 to 0.3 m) of soft organic silt and peat.

30 to 40 feet (9.1 to 12.2 m) of soft Boston Blue Clay.

30 to 70 feet (9.1 to 21.3 m) of silt, fine sand, and silty clay.
5 to 20 feet (1.5 to 6.1 m) of glacial till.

Bedrock.
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Groundwater was observed approximately 15 feet (4.6 m) below grade.
7.2.2 Test Piles TP2, TP3, and TP4 (H-Piles)

The required ultimate capacity of the 12- by 74-inch (305- by 1880-mm) H-piles is 300
kips (150 tons, 1334 kN), based on a design load of 150 kips (75 tons, 667 kN) and a
factor of safety of 2. Test pile TP4 was installed on June 24, 1996, while test piles TP2
and TP3 were driven the next day, on June 25. The driven lengths (depth below ground
surface) for the three piles were TP2 = 112 feet (34.1 m), TP3 = 108.5 feet (33.1 m),
and TP4 = 105.5 feet (32.2 m).

The static load tests for TP2, TP3, and TP4 were performed on July 3, 8, and 12, 1996,
respectively. The tests were carried out in accordance with ASTM D1143-81, and
Section 940.62 of the Massachusetts Highway Department's Standard Specifications for
Highways and Bridges. The load-displacement relationship for different locations along
the pile obtained from the static load tests are presented in Figures 30, 31, and 32 for
TP2, TP3, and TP4, respectively. The presented load-settlement relations suggest that
TP3 and TP4 were loaded mostly within the zone of the elastic response, while TP2
indicates a response closer toward failure.

7.2.3 Extrapolation Analyses

The load-displacement relationships for TP2, TP3, and TP4 for the 0- to 300-kip (0- to
1334-kN) range (twice the design load) were analyzed. The obtained relations for the
displacement over the corresponding load versus the displacements are presented in
Figures 33, 34, and 35 for TP2, TP3, and TP4, respectively. The plotted data indicates
that in all three cases, questionable initial pile response exists within a zone for which
the top displacement is smaller than 0.2 inches (5 mm). The load-displacement
relationship within this zone represents initial loading, including the slack in the reaction
and load application system. Hence, this zone is not reliable for representing the actual
pile-soil response for loading and the extrapolation was carried out for the zone beyond
a pile top displacement of 0.2 inches (5 mm).

The load tests were performed as short-duration tests where the load is being applied in
22.5-ton increments (25% of 90 tons) and maintained for approximately 30 minutes
under each load increment. Such procedures result in a varied displacement
(settlement) for a single load and, hence, the plotted relationships in Figures 33, 34, and
35 present a cluster of points around a single displacement value. The extrapolation
analysis of the relevant information (e.g., displacement greater than 0.2 inches [5 mm])
can be carried out in this case in four ways:

(1) Find the best-fit line through all the available points.

(2) Refer to the final settlement under each loading, i.e., including all plastic
deformation and, hence, extrapolate the load-settlement curve in the most
conservative way.
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Figure 33. Relations Between Displacement Over Load Versus Displacement
for Loads 0 to 300 kips (0 to 150 tons, 0 to 1334 kN)
for Case History No. 1, Pile TP2.
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Figure 34. Relations Between Displacement Over Load Versus Displacement

for Loads 0 to 300 kips (0 to 150 tons, 0 to 1334 kN)
for Case History No. 1, Pile TP3.
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Displacement/Load (inches/kip) [x*10°]
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Figure 35. Relations Between Displacement Over Load Versus Displacement

for Loads 0 to 300 kips (0 to 50 tons, 0 to 1334 kN)
for Case History No. 1, Pile TP4.
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(3) Refer to the initial settlement under each loading, i.e., including the plastic
settlement of the previous points only, and refer to a load-settlement line through
the initial loading.

(4) Refer to the initial settlement under each loading in a re-instituted curve subtracted
for creep, i.e., the previous cumulative plastic deformation is reduced for any initial
displacement under the applied load. This procedure results in the most
unconservative extrapolation, analogous to a quick-loading procedure in which no
time is provided for displacement as a result of creep.

Figures 36, 37, and 38 present the relations between displacement over load versus
displacement for displacements greater than 0.2 inches (6 mm) for TP2, TP3, and TP4,
respectively. The minimum square, first order, and best-fit lines of all four possibilities
are presented in the figures as well. The obtained relations suggest a coefficient of
determination well above 0.80, which is assumed to be the lowest for which the analysis
can reliably be carried out. The obtained siope and intercept of the best-fit line were
substituted in Equation 3.7 to calculate the predicted ultimate capacity of the pile based

on Davisson’s failure criterion.

Table 16 summarizes the extrapolation process and presents the intermediate
calculated values as well as the final ultimate predicted capacity. Relatively small
variations in predicted capacity exist between the different ways in which the method
can be applied. For cases in which very little creep takes place within the loaded zones
(e.g., TP2, TP3, and TP4), all ways of extrapolation will provide similar results as
indicated in Table 16. Under different conditions, analyzing the two extremes (initial
loading points reduced for creep and final loading point) should provide the entire
possible range of extrapolation. The use of all points can be a simple and most efficient
procedure to obtain representative extrapolation predictions. The designation
"extrapolated load” in Table 16 was chosen as the average of the capacities obtained by

the different procedures.

Table 16
Extrapolated Pile Capacities for Case History No. 1

Extrapolated Capacity in Relation to Data o

{Disp. >0.2 in load <300 kips) o
[P
o . . . - . Initial Loading | & &
E All Points Fma; (I).i:::mg Imtn:loLi:;dmg Points Reduced 3 £
H for Creep 53T
A # ¥ ¥ ' 23

P P P g

of | P h of r? . of r . of s P | £

» pts kips ots kips pts kips pts 0
TP2 |30 [0.9541 [ 386 |5 0.9862 [ 380 |5 0.9668 | 387 | 4 0.9500 | 435 | 397
TP3 |31 [0.7752 [ 345 | 6 0.7777 [ 326 |6 0.9313 [ 345 |5 0.9304 | 526 | 386
TP4 |30 (09226 485 |5 0.9402 (506 |5 0.89249 1488 |5 0.9293 | 536 | 504
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Figure 36. Relations Between Displacement Over Load Versus Displacement for Displacements

Greater Than 0.2 inches (5 mm) and Loads Between 0 and 300 kips
(0 and 150 tons, U and 1334 kN) for Case History No. 1, Pile TP2.
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Table 17 presents the extrapolated values compared to the actual load-testing resuilts.
Table 17 also presents the predicted allowable capacity using a factor of safety of 2.0
when applied to the predicted ultimate capacity.

Table 17
Extrapolated and Actual Pile Capacities for Case History No. 1, Piles TP2, TP3,
and TP4

TP2 | TP3 | TP4
Ultimate Capacity Based on Actual Load Test | 405 | 425 >500°

(kips)
Predicted Ultimate Capacity (kips)' 397 | 386 | 504
Ratio of Predicted to Actual Capacity’ 0.98 |0.91 | <1.01

Allowable Capacity Using F.S. = 2.0 (kips)® | 199 |[193 | 252

Capacities determined using Davisson’s criterion.

'Predicted Ultimate Capacity using only twice the design load data (300 kips).

?Ratio is determined by dividing the Predicted Ultimate Capacity by the Ultimate Capacity
Based on Actual Load Test results.

3Allowable capacity was determined by dividing the Predicted Ultimate Capacity by a factor of
2.0.

“Load test not completed to failure, 500 kips represents maximum load tested.

Figures 39, 40, and 41 present the extrapolated load-displacement curves based on the
described procedure in comparison with the actual load-settiement relations. The load-
displacement relations beyond 300 kips (150 tons, 1334 kN) in Figures 39, 40, and 41
are the assumed unknown, indicating that a good conservative agreement exists
between the extrapolated load-settlement relations and those observed in the zone
beyond twice the design load.

7.2.4 Reliability of Results

The reliability of the predicted results was calculated using the risk analysis procedures
outlined in Section 6.6. Since the ratios of assumed maximum applied load to the
predicted ultimate capacity for TP2, TP3, and TP4 are between 0.60 to 0.78, the
prediction method indicates that the ultimate capacities for the three piles are in the
predicted zone of 50% to 75% and, hence, the 397, 386, and 504 kips (1766, 1717, and
2242 kN), respectively, are predicted with a risk of 1.6 to 3.2% (1 to 2 cases out of 63).
Using a factor of safety (F.S.) of 2, as determined in Section 6.6 for all the tests in data
set PD/LT, the allowable capacities of the three H-piles vary from 193 kips (858 kN)
(TP3) to 252 kips (1121 kN) (TP4), in comparison with the 150-kip (667-kN) design load.
The actual prediction accuracy for these piles is between 0.91 to 1.01, which suggests a
very accurate performance.
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7.2.5 Test Piles TP1 and TP5 (Pipe Piles)

The required ultimate capacity of the 12.75-inch (324-mm) outside diameter (3/8-inch
wall thickness) pipe piles is 240 kips (120 tons or 1.07 MN), based on a design load of
120 kips (60 tons or 0.53 MN) and a factor of safety of 2.0. Test pile TP5 was installed
on August 9, 1996 and test pile TP1 was installed on August 20, 1996. The driven
lengths for TP1 and TP5 are 58 feet (17.68 m) and 111 feet (33.83 m), respectively.
The static load tests were performed on September 16 and 19, 1996 for TP1 and TP5,
respectively. The tests were carried out in accordance with ASTM D1143-81, and
Section 940.62 of the Massachusetts Highway Department’s Standard Specifications for
Highways and Bridges. The static load test results are presented in Figures 42 and 43
for TP1 and TP5, respectively. The load-displacement relations for TP1 indicate a
mostly elastic response, whereas those of TP5 suggest loading close to failure with
substantially higher settlement under the same loads when compared to TP1.

7.2.6 Extrapolation Analyses

The load-displacement relationships for TP1 and TPS for the 0- to 270-kip (0- to 1200-
kN) range (twice the design load) were analyzed. The obtained relations for the
displacement over the corresponding load versus the displacements are presented in
Figures 44 and 45 for TP1 and TPS5, respectively. The plotted data indicates once more
the existence of a questionable initial pile response within a zone for which the top
displacement is smaller than 0.01 inches (0.25 mm) for TP1 and 0.1 inches to 0.2
inches (2.5 to 5 mm) for TP5. Figures 46 and 47 present the relations between
displacement over load versus displacement for displacements greater than 0.01 inches
(0.25 mm) for TP1 and 0.2 inches (5 mm) for TP4, respectively. The minimum square,
first order, and best-fit lines of all the aforementioned possibilities of data analyses are
presented in the figures as well.

The obtained relations suggest a coefficient of determination well above 0.80, assumed
to be the lowest for which the analysis can reliably be carried out. The obtained slope
and intercept of the best-fit line were substituted in Equation 3.7 to calculate the
predicted ultimate capacity of the pile based on Davisson’s failure criterion.

Table 18 summarizes the extrapolation process and presents the intermediate
calculated values as well as the final ultimate predicted capacities. Relatively small
variations in the predicted capacity exist between the different ways in which the method
can be applied in the case of test pile TP1. Very little creep takes place within the
loaded zones of TP1, and the different ways in which the extrapolation can be applied
lead to similar results as indicated in Table 18. TP5, for which substantially higher
settlements took place, leads to varied results according to the application. The
reduced-for-creep data results in an extrapolation typical of quick loading without
settlement with time. The analysis based on the initial point loading, results in the lowest
possible extrapolated load, similar to the analysis results using all data points. Again,
very little variation exists between the different possible applications, with the exception
of the reduced-for-creep analysis. As such, analysis of the two extremes, i.e., initial
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loading points reduced for creep and final loading point, should provide the entire
possible range of extrapolation as previously discussed in Section 7.2.3. The use of all
points is demonstrated to be a simple and most efficient procedure to obtain
representative extrapolation predictions for both cases TP1 and TP5. The designation
“extrapolated load” in Table 18 was chosen as the average of the different procedures.

Table 18
Extrapolated Pile Capacities for Case History No. 1, TP1 and TP5

Extrapolated Capacity in Relation to Data
(P<270 kips) o
o . L n . Initial Loading £
a All Points Final Loading Initial Loading Points reduced for | o 'a
v Points Points o
[ - creep &
= # # # # *
P P P P w
of ? . of r ) of r? . of r? )
pts kips ots Kips pts kips pts kips
TP1' |34 [0.9789 {427 |6 0.9799 |422 |6 09876 426 |7 0.9570 | 486 | 440
TP5° |30 [ 09110 [309 |5 [0.9485 | 307 |5 0.9396 | 312 |6 0.9083 | 418 | 337

Analysls for displacements greater than 0.02 inches (0.51 mm).
2Analysis for displacements greater than 0.1 inches (2.54 mm).

Table 19 presents the extrapolated values compared to the actual load-testing results.
The values presented in Table 19 also indicate the allowable capacity using a factor of
safety of 2.0 compared to the extrapolated values.

Table 19
Extrapolated and Actual Pile Capacities for Case History No. 1, TP1 and TP5
TP1 TP5
Ultimate Capacity Based on Actual Load Test |>500" | 310
(kips)
Predicted Ultimate Capacity (kips)’ 440 337
Ratio of Predicted to Actual Capacity” 0.88 |1.09
Allowable Capacity Using F.S. = 2.0 (kips)° 1220 168

Capacntues determined using Davisson'’s criterion.
Pred|cted Ultimate Capacity using only twice the design load data.
?Ratio is determined by dividing the Predicted Ultimate Capacity by the Ultimate
Capacity Based on Actual Load Test results.
3Allowable capacity was determined by dividing the Predicted Uitimate Capacity by
a factor of 2.0.

“Load test not completed to failure, 500 kips (2224 kN) represents maximum load
tested.

Figures 48 and 49 present the extrapolated load-settlement relations based on the
presented analysis in comparison with the actual load-settlement relations observed
during the tests. The presented relations convey graphically the data presented in Table
17 and discussed above.
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7.2.7 Reliability of Results

The reliability of the predicted results was calculated using the risk analysis procedures
outlined in Section 6.6. Since the ratios of the assumed maximum applied load to the
predicted ultimate capacity for TP1 and TP5 are between 0.61 and 0.80, the prediction
method indicates that the ultimate capacities for the three piles are in the prediction zone
of 50% to 75% and, hence, the 440 and 337 kips (1957 and 1499 kN), respectively, are
predicted with a risk of 1.6% to 3.2%. Using a factor of safety (F.S.) of 2, as determined
in Section 6.6 for all the tests in data set PD/LT, the allowable capacities of the two pipe
piles are 220 kips (979 kN) (TP1) and 168 kips (747 kN) (TP5). The actual prediction
accuracy for these piles is 0.88 and 1.09, which suggests very accurate performance.

7.3 CASE HISTORY NO. 2

7.3.1 Overview

Case History No. 2 is comprised of one square 16-inch (406-mm) precast prestressed
concrete (PPC) pipe pile, designated as Pile No. 375. Details are provided in a report
entitled Static Load Test Report, Pile 375, CO7D2 Arrivals Tunnel, East Boston,
Massachusetts (GeoSciences Testing and Research, Inc., 1997). The site is located at
Boston International Airport, in East Boston, Massachusetts. A mat foundation is
planned to be installed and supported by an estimated 500 piles. Approximately 5 feet
(1.5 m) of clay exist below grade. Glacial deposits consisting of various amounts of
sand, gravel, silt, and clay underlie the clay.

Pile No. 375 was preaugured to a depth of 20 feet (6.1 m) and driven the remaining 32
feet (9.8 m) for a total penetration depth of 52 feet (15.8 m) below ground surface.

7.3.2 Pile No. 375 (Precast Concrete)

The required ultimate capacity of the 16-inch (406-mm) pile is 775 kips (387.5 tons or
3.4 MN), with a design capacity of 310 kips (1.4 MN) and a factor of safety of 2.5. The
static load test was conducted in accordance with Section 940.62 of the Massachusetts
Highway Department’s Standard Specifications for Highways and Bridges. The static
load-test results are presented in the form of load-settlement relations in Figure 50. The
loading sequence was performed as follows:

1. Load was applied in increments of 77.5 kips (344.7 kN) to a maximum of 620 kips
(2.8 MN).

2. An unload-reload cycle was performed at 310 kips (1.4 MN) (100% of design
load) and 465 kips (2.1 MN) (150% of design load).

3. Load was removed in four increments of 155 kips (0.7 MN) (50% of design load)
to complete unloading.

4. The pile was reloaded to 620 kips (2.8 MN) (200% of design load) in five equal
increments of 31 kips (0.1 MN).
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5. Load was removed in four increments of 193.8 kips (0.9 MN) to complete
unloading.

The extrapolation analysis utilized the first load cycle, which was applied to 310 kips (1.4
MN). The obtained relations for the displacement over the corresponding load versus
the displacements are presented in Figure 51. The plotted data indicates once more on
the existence of a questionable initial pile response within a zone for which the top
displacement is smaller than 0.10 inches (2.54 mm). Figure 52 presents the relations
between displacement over load versus displacement for displacements greater than
0.10 inches (2.54 mm) and loads smaller than 300 kips (150 tons or 1334 kN). The
minimum square, first order, best-fit lines of all the interpretations are presented in
Figure 52. When using individual data points (e.g., initial loading points), the obtained
coefficient of determination is well above 0.80. However, when using all data points, the
coefficient of determination is about 0.75 due to the relatively large settlement under
constant loads resulting in “step”-type data point distributions. The obtained slope and
intercept of the best-fit line were substituted in Equation 3.7 to calculate the predicted
ultimate capacity of the pile based on Davisson'’s failure criterion. Table 20 summarizes
the extrapolation process and presents the intermediate calculated values as well as the
final average ultimate predicted capacity.

Large variations in the predicted capacity exist between the different ways in which the
method can be applied in the case of pile no. 375. As large settlements takes place
within the loaded zones, the different ways in which the extrapolation can be applied
lead to extreme results as indicated in Table 20. The reduced for creep data and the
final loading points resulted in high extrapolation values. The initial point loading similarly
to the all points resulted in the lowest possible load. These unexpected results are
probably the consequence of the untypical cyclic loading. The use of the last cycle as a
typical representative load-test condition would have probably resulted in a more
representative case. The designation “extrapolated load” in Table 20 was chosen as the
average of the different procedures.

The results of the analysis are provided in Table 20.

Table 20
Extrapolated Pile Capacity for Case History No. 2.

Extrapolated Capacity in Relation to Data o
g (Disp. > 0.1 inches) §
z 3
= . . <o . Initial Loading ®
Q. . Final Loading Initial Loading . =
§ All Points Points Points Pm;vts Reduced e
2 or Creep g
# # # # X

of r P | of s P | of r P | of r P

pts pts pts pts

375 |18 [ 07496 [ 490 |3 |0.9875 | 9413 0.9125 [ 464 | 4 0.6366 | 811 | 677
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Table 21 presents the extrapolated values compared to the actual load-testing resuits.
The values presented in Table 21 also indicate the allowable capacity using a factor of
safety of 2.0 compared to the extrapolated values.

Table 21
Results of Prediction Analysis for Case History No. 2.

Pile No. 375
Ultimate Capacity Based on Actual Load Test |>775"
(kips)
Predicted Ultimate Capacity (kips)’ 677
Ratio of Predicted to Actual Capacity” 0.87
Allowable Capacity Using F.S. = 2.0 (kips)” 338

Capacities determined using Davisson's criterion.

'Predicted Ultimate Capacity using only 0.5 times the design load data.

2Ratio is determined by dividing the Ultimate Capacity Based on Actual Load Test
results by the Predicted Ultimate Capacity.

3Allowable capacity determined by dividing the Predicted Ultimate Capacity by a
factor of 2.0. ‘

“Load test not completed to failure, 775 kips (3.4 MN) represents maximum load
tested.

The predicted allowable capacity (338 kips [1503 kN}) of the pile is higher than the
required allowable capacity (310 kips [1379 kN]). The nature of the loading and
unloading of this pile may have affected the accuracy of the prediction results. Figure
53 presents the extrapolated load-settlement curves compared to the actual load-testing
results. The presented information elucidates the values presented for the case history
and in Table 21.
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Figure 53. Predicted Load-Settlement Behavior for Case History No. 2, Pile No. 375.
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CHAPTER 8: ENGINEERING SIGNIFICANCE

8.1 OVERVIEW

The current building codes and State highway specifications throughout the country
(see Section 2.4) call for the application of a load test that is mostly limited to twice the
contemplated design load. As a result, the actual factor of safety remains unknown.
This chapter will examine the significance of the proposed method of evaluating pile
capacity from non-failed load tests in relation to the prevailing engineering practice.

8.2 ENGINEERING SIGNIFICANCE

The ability to have a method in which the capacity can be assessed beyond the
maximum carried load has an enormous importance from engineering and financial
standpoints. The proposed method enables the user to both evaluate the ultimate
capacity beyond the load for which the pile was tested and to assess the reliability of
that evaluation. In other words, if a pile was loaded to 400 kips (1779 kN) (the design
load being 200 kips [890 kN]), the method, for example, can indicate that the ultimate
capacity is 500 kips (2224 kN) with a reliability of 87% or, with a reliability of 100%, the
ultimate load is 450 kips (2002 kN). The result can be a load application of 225 kips
(1001 kN) to the same pile, while maintaining a minimum factor of safety of 2.0.

For example, using the piles in Case History No. 1 and assuming that the load tests
were terminated at the minimum required load (twice the design load), the savings ratio
can be calculated as shown in Table 22.

Table 22
Savings Ratio for the Piles of Case History No. 1
Current Maximum | Extrapolated Maximum
Pile | Available | Possible Predicted | Recommended | Allowable | Savings
No. Load' Load? Capacity® F.s.* Loading® Ratio®
(kips) (kips) (kips) (kips)

TP1 240 120 440 2.0 220 1.83

TP2 300 150 397 2.0 198 1.32

TP3 300 150 386 2.0 193 1.29

TP4 300 150 504 2.0 252 1.68

TPS 240 120 337 2.0 168 1.40
.,M 276 138 412 - 206 - 1.50

Current available load assumes that the load test was terminated at twice the design load.

Max1mum possible load is calculated as current available load divided by 2.0 (Mass Building Code).

Predlcted Capacities based on the proposed method presented in Chapter 7.

Mmlmum Factor of Safety (F.S.) as determined in Chapter 6.

®Maximum allowable load determined by dividing the extrapolated predicted capacity by the
recommended F.S.

®Savings Ratio is calculated as the maximum allowable load divided by the maximum possible load.
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The data in Table 22 indicates that TP1 can be loaded an additional 83% above its
previous maximum allowed load while other piles can be loaded between 29% and 68%
while maintaining a factor of safety of 2.0.

As the construction cost is closely related to the factor of safety used, the above savings
ratios have the potential for a significant cost-savings impact on many pile projects.

152



CHAPTER 9: RECOMMENDATIONS
9.1 RECOMMENDATIONS FOR IMPLEMENTATION
General

The simplicity of the proposed method, together with its high accuracy, make it an ideal
method of analysis to extrapolate pile capacity from non-failed load tests. The details of
the method's implementation are provided in Chapter 6. Chapter 7 provides analyses of
six case histories. Discussions and examples are provided as to the influence of the
chosen data points from the load test.

Factor of Safety

Based on the risk analysis presented in Section 6.6, the following factor of safety is
recommended for use with the proposed method: F.S. = 2.0 for all piles in all cases.

Influencing Factors

No clear correlations were found between the pile stiffness and pile slenderness and the
performance of the extrapolation method.

Pile-Length Adjustment

The present curve-fitting method is based on assumed hyperbolic load-deformation
relations. Pile sections outside of the soil will experience elastic deformation, which is
required to be subtracted prior to curve fitting. Analysis of such cases in Chapter 6
suggests that only extensive free length (on an order of greater than 20% of the pile
embedment) affects the extrapolation prediction.

Coefficient of Determination

It is recommended that a coefficient of determination of 0.8 or greater be established for
the plot of settliement divided by load versus displacement, prior to proceeding with the
proposed method.

Initial Load-Settlement Relations

Due to various technical details associated with load-testing set-up, the initial load-
settlement relations do not accurately represent the actual behavior and, hence, the
relations appropriate for extrapolation. Inspection of the relations plotted as
displacement over load versus displacement allow inspection and identification of these
points that require omission prior to the data analysis.
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