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PREFACE

This‘report presents procedures for the design of drilled shafts
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analyses.
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during the preparation of the manuscript, to Mrs. Cathy L. Collins for her
patience in the typing of the many drafts, and to Mrs. Joan Cantu for
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ABSTRACT

This report represents the culmination of a series of studies that
have been conducted on the behavior of axjally loaded drilled shafts. Of
primary interest are shafts that receive support from the soil along the
sides of the shaft.

Design procedures established from extensive research on drilled
shafts installed in clays, clay-shales, sand, and cemented fine-grained
alluvial fan deposits are evaluated and summarized. Revised correlations
between dynamic penetration resistance and undrained shear strength for
clays, and between dynamic penetration resistance and load transfer in sand
are presented. The developed computer programs SHAFT1 and BSHAFT were
developed to shorten the time involved in computing curves giving ultimate
capacity versus depth. Check design problems utjlizing SHAFT1 and BSHAFT
are included in this report.

Uncertainty of in situ soil properties remains a major obstacle in
establishing a more generalized design procedure. However, the design
procedures presented herein will give satisfactory predictions of shaft

ultimate capacities.
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SUMMARY

This study presents the design procedures for axially loaded drilled
shafts thus far developed from extensive research programs. These procedures
can be used for the design of shafts installed in clay, clay shale, sand,
or alluvial fan deposits that are cemented and fine-grained.

A review of data from previous load tests was undertaken and some
revisions in previous design procedures are suggested. A major portion of
the revisions involve the correlation between dynamic penetration resistance
and undrained shear strength of cohesive soils, and the correlation between
dynamic penetration resistance and load transfer in the case of sand.

Two computer programs are presented which can serve as time=-saving
tolls when making computations of ultimate load capacity. One program is
based on the primary design procedure for computation of ultimate load
capacity; that is, the computer program requires information on soil
properties obtained from an extensive field exploratory investigation. The
other computer program is based on the secondary design procedure for
computation of ultimate load capacity. In this instance, the computer
program only requires results from dynamic penetration tests. A detailed

explanation of each program is given, along with example problems.
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IMPLEMENTATION STATEMENT

The design procedures in this report are recommended for use in
design offices of the Texas Highway Department. The proposed design methods
and computer programs can be useful in determining the ultimate capacity for
a drilled shaft of a given size. Further, the methods can be used to inves-
tigate a number of geometries in order to achieve the most economical design.

The methods presented herein will generally give a conservative
design but the designs should be more economical than those made using
previously available methods. The engineer should employ caution, however,
when utilizing results from dynamic penetration tests because of the limited
reliability of these tests.

The methods presented in this report should not be employed for
the design of drilled shafts for areas or for soil profiles that have not
been investigated by the performance of a load test of an instrumented
drilled shaft. However, the methods will be useful in the detailed design

of the test shaft.
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CHAPTER 1. INTRODUCTION

RECENT STUDIES ON DRILLED SHAFTS

Cooperative Program in Texas

Since 1965, the Center for Highway Research at The University of
Texas at Austin, in cooperation with the State Department of Highways and
Public Transportation, has conducted extensive research on the behavior of
axially loaded drilled shafts. A series of reports has been published on
the topic, with Report No. 89-1, by Reese and Hudson (1968), laying the
foundation for the investigations.

Reese and Hudson (1968) established a plah of research for investi-
gating the load-carrying capacity of such shafts through field tests. The
scheme called for developing instrumentation to obtain information on the
soil and shaft interaction, performing full-scale load tests of drilled
shafts, determining significant soil properties, and using the results from
field and laboratory tests to develop theories of drilled shaft behavior.
Subsequently, these theories were to be verified with additional load tests
and a design procedure was to be established from the results of the
studies.

Pursuing the research objectives established by Reese and Hudson
(1968), Reese, Brown, and Dalrymple (1968) reported the conclusions of their
study involving the design, construction, and testing of instrumentation
capable of measuring lateral earth pressures along a drilled shaft. This
project produced a pressure cell that measured lateral pressures against a
drilled shaft up to 50 psi. The cell was used to measure the pressures
under curing as well as under loading conditions. The authors felt that the
lateral-pressure measuring gage was adequate for drilled shafts installed in
sand or in clay strata,

Sequentially, the Center for Highway Research published the results
of an investigation regarding the nature of moisture migration from unset

cement mortar to soil (Chuang and Reese, 1969). The study also consisted of



an investigation of the interaction between the soil and the cement mortar.
Over 200 cement mortar-soil samples were tested to determine the factors
affecting moisture migration, and another 70 such samples werz tested to
study the shear strength reduction factor for soils adjacent to fresh
concrete. Information was presented on moisture migration, and shear
strength reduction factors (o) were suggested for estimating the skin friction
of drilled shafts in homogenous clay.

Because the research project on drilled shafts also included the
need for determining soil properties, Ehlers, Reese, and Anagnos (1969)
conducted an investigation for the purpose of studying the capabilities,
limitations, and problems associated with the nuclear method of moisture
determination at depth. Nuclear equipment manufactured by Troxler Elec-
tronic Laboratories was used to make measurements of moisture change.
Briefly, the results of the investigation demonstrated that the nuclear
method was a fast and efficient means of determining the soil moisture
content. The accuracy of the method established by using results from
gravimetric testing, proved to be satisfactory. Recalibration of the
nuclear equipment was found not necessary.

Campbell and Hudson (1969) completed an investigation which involved
methods of in situ determination of soil properties. In their report, the
authors were concerned with three devices: the Menard Pressuremeter, the
Texas Highway Department cone penetrometer, and the University of Texas Im
Situ shear strength testing device. Each device was described and evaluated
in reference to equipment, testing procedure, data analysis and limitations.

A major problem in studying the interaction between s drilled shaft
and the supporting soil consists of defining the load distritution along the
length of the shaft, or the measurement of load at variocus points along the
length of the shaft. Consequently, there was a need to develop suitable
ins trumentation for measuring load in drilled shafts as a function of depth.
A total of five different instrumentation systems were tested at The Univer=
sity of Texas. One such system was adopted and used principally in the
instrumentation of test shafts for the project and is shown in Fig. 1.1.
Barker and Reese (1970) discussed the proposed load-measuring system in a

report at the Center for Highway Research.
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From 1968 to 1975, a total of 19 full-scale drilled shafts were
tested under axial load by the Center for Highway Research (CFHR). The test
shafts were installed .at sites having different soil types, such as clay,
clay shale, and sand. The majority of the shafts were located in Texas at
sites shown in Fig. 1.2. Two drilled shafts were tested in Puento Rico.

Evaluations of load tests performed primarily in clay were reported
by O0'Neill and Reese (1970), Barker and Reese (1970), and Engeling and Reese
(1974). Vijayvergiya and Reese (1969) and Aurora and Reese (1976) reported
the results of testing done in shale. Results of load tests conducted in
sand can be found in the reports by Touma and Reese (1972) and by Engeling
and Reese (1974). 1In a majority of these reports, construction procedures
are discussed as well as their effects on soil-shaft interaction.

Wooley and Reese (1975) reported a study in which a drilled shaft
supporting a bridge was instrumented and the behavior of the shaft under
in-service loading was studied. The shaft was installed in a stiff clay in
Houston and no significant settlement or change in load distribution was
observed over a two-year period.

Another of the objectives of the drilled shaft project was to
investigate the behavior of laterally loaded drilled shafts. Welch and
Reese (1972) subjected a full-scale, instrumented shaft to repeated lateral
loads. From the observations, a procedure was developed for predicting the
response of a stiff clay to short-term étatic loading or to repeated
loading.

In a separate investigation, Parker and Reese (1970) performed
combined axial and lateral load tests on small-sized piles installed in
sand. From the test results the authors generated axial and lateral inter-

action curves to be used in design.

Arizona Highway Department Studies

During the period from September 1970 to February 1973, the Arizona
Highway Department in cooperation with the Federal Highway Administration of
the U.S. Department of Transportation sponsored an extensive investigation
of the load-carrying capacity of drilled shafts (Beckwith and Bedenkop, 1973).
The objective of that study was to determine the support that drilled shafts

can derive from very coarse granular deposits and from cemented, fine-grained,
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fan deposits. This type of soils predominates in the heavily populated areas
of central and southern Arizona.

A total of 27 drilled shafts were tested during that investigation.
Seven load tests were performed in coarse granular soils and 20 tests were
conducted in cemented, alluvial fan deposits. The results of that study are

summarized in the following chapter.

SCOPE OF THIS REPORT

The purpose of this report is to review existing design procedures
for axially loaded drilled shafts and to propose any revisions deemed
desirable. In addition, two computer programs were developed to serve as
time-saving tools in the design computations of drilled-shaft foundations.

These programs, SHAFT1 and BSHAFT, are described in detail in this report.



CHAPTER 2. PREVIOUS PROCEDURES FOR THE
DESIGN OF DRILLED SHAFTS

GENERAL

For the convenience of the reader, the relevant procedures that have
been suggested for the design of drilled shafts are reviewed in this
section. Some discussions are presented of the various aspects of the

design methods.

CENTER FOR HIGHWAY RESEARCH PROCEDURE

Drilled Shafts in Clay

Research on drilled shafts conducted by the University of Texas at
Austin indicates that the ultimate side resistance and ultimate tip resistance

developed by a drilled shaft can be superimposed to obtain the total ultimate

capacity.
Uit = Qe ¥ Qglyge (2.1)
where
Qult = the total ultimate axial load capacity of
the shaft,
(QS)ult = the ultimate side resistance, and
(QB)ult = the ultimate base capacity.

For clays, the total ultimate capacity, , corresponds to the

Qult
"plunging" failure load. This is the load which will cause an increase in

settlement with no further increase in load.

The ultimate side resistance, (QS) , can be computed by the

ult
following expression:

(QS)ult = aavg s, AS = aavg(cQ + vz tan ¢Q) AS (2.2)



where

aavg = a shear strength reduction factor, which is a cor-

relation between the shear strength of a soil layer
and the shear stress mobilized within that layer.

AS = the effective surface area of the side ot
the shaft,

CQ = the undrained cohesion of the soil,

¢Q = the undrained angle of internal friction

of the soil,

¥ = the average effective density of the soil

above depth z ,

Sa = the undrained shear strength of the soil,
' and
z = depth from ground surface to center of

section considered.

The undrained shear strength, su , is obtained from the results of
laboratory tests on representative soil samples or from subsurface pene-
trometer socundings.

The undrained shear strength should be obtained from unconsolidated-
undrained triaxial tests at confining pressures equal to the field over-
burden pressures. However, if only soundings of the Texas State Department
of Highways and Public Transportation (SDHPT) dynamic cone penetrometer or
of the Standard Penetration Test are avallable, Touma and Reese (1972)

recommended the following correlations:

For the SDHPT Dynamic Penetration Test,

a = NSDHPT/ZI (2.3)



where

[}
li

the approximate undrained shear strength, tsf,

NSDHPT = the average number of blows/ft the SDHPT cone

penetrometer.

For the Standard Penetration Test,

s, = NSPT/IS (2.4)

where

NSPT = the average number of blows/ft for the Standard

Penetration Test.

The full undrained shear strength is not mobilized in skin friction
due to several factors. These include the remolding of the soil during
drilling, the opening of fissures or cracks during and after the drilling
operation, and the migration of excess water from the concrete to the
adjacent soil (0'Neill and Reese, 1970). Other elements that may contribute
to the reduction in mobilized shear strength are the mechanical interaction
between the soil near the base of the shaft and along the sides, the
shrinking of surface soils due to drying, and the use of drilling fluid
during construction of the shaft.

In design, one can account for this reduction in shear strength
through the use of the factor oévg . This parameter is actually the ratio
of the average peak mobilized shear stress to the average shear strength of
the soil. The value of Oévg will vary, depending on the construction
procedure, geometrical shape of the drilled shaft, and the type of soil.
Engeling and Reese (1974) reported values of Qévg to be used in calcu-
lating the ultimate side capacity. These values are listed in Table 2.1.

Results from load tests of drilled shafts have demonstrated that the
top 5 feet of soil generally contribute no support against the sides of the
shaft. Therefore, it follows that one should regard that portion as con-
tributing no resistance to the ultimate side capacity (0'Neill and Reese,
1970). Furthermore, some test shafts showed little side resistance along

the bottom few feet in straight shafts. An underreamed drilled shaft that
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TABLE 2.1. DESIGN PARAMETERS FOR DRILLED SHAFTS IN CILAY
(After Engeling and Reese, 1974)

Design Category*
Parameter A.1 A.2 B.1 B.2 C D
o 0.6 0.3 0.3 0.15° 0 0
Side Resistance ave
in Clay Limit on Side b d
Shear (tsf) 2.0 0.5 0.5 0.3 0 0
N, 9 9 9 9 9 9
Tip Resistance p (SPT) 1.6 1.6 1.6 1.6 1.6 1.6
in Clay
p (SDHPT :
penetrometer) 2.8 2.8 2.8 2.8 2.8 2.8

* As described in the text later in this chapter.

a May be increased to Category A.l value for segments of shaft drilled
dry

b Limiting side shear = 2.0 tsf for segments of shaft drilled dry

¢ May be increased to Category B.l value for segments of shaft drilled
dry

d Limiting side shear = 0.5 tsf for segments of shaft drilled dry
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was tested, also, demonstrated that as much as 5 feet of the stem immediately
above the bell obtained no support from the surrounding soil (Fig 2.1). Yet
other tests (Engeling and Reese, 1974) indicated no such phenomenom. For in-
stance, load tests 1n shales (Vijayvergiya, Hudson, and Reese, 1969; Aurora and
Reese, 1976) revealed that a large percentage of the side resistance was ac-
quired over all of the bottom portion of the straight shaft where a shale
layer was situated. Insuch a case, an extremely conservative and uneconomi-
cal design would result had one disregarded the bottom 5 feet of soil because
it offered no support. Consequently, the amount of lower length of shaft to
be ignored in computing the side resistance depends on the founding type of
soil and is a matter to be studied as further research is conducted. The re-
commendations of 0'Neill and Reese (1970) and Engeling and Reese (1974) are
shown in Fig. 2.1.

To calculate the ultimate base capacity, one can use the following

bearing capacity equation:

=N c A (2.5)
Cc

(QB)ult QB

where

c = the average undrained cohesion of the
soil for a depth of two base diameters
beneath the base. The undrained shear
strength, su , can be substituted for
c_, for soils with an undrained angle of

internal friction of 10 degrees or less

(psf),

Nc = a bearing capacity factor, and

AB = the area of the base (sq ft).

If unconsolidated-undrained triaxial test results are not available,
0'Neill and Reese (1970) recommended the following correlations for dynamic

penetration test blow counts:

= — AB (2.6)
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where

N = the average number of blows/ft from either the
SDHPT cone penetration test or the Standard Pene-
tration Test for a distance of two base diameters
below the tip,

= the correlation factor as shown in Table 2.1, and

AB = the area of the base (sq ft).

This correlation was proposed for clays with soil properties similar
to those of Beaumont Clay.

As mentioned earlier in this chapter, the geometry of a drilled
shaft as well as its method of construction will invariably affect the load
transfer characteristics of the shaft. For this reason, the design
criteria have been classified into four major categories according to the
shaft geometry and type of founding soil. Two major categories are sub-
divided into minor groups in order to consider the effects of the construc-
tion method of installation (0'Neill and Reese, 1970). The different types

of construction methods of shaft installation are discussed in Appendix C.

Category A: Straight-sided shafts in homogeneous or layered soil
with no soil of exceptional stiffness relative to soil around the stem,
below the base.

Subcategory A.l: Shafts installed dry or by the slurry dis-

placement method.

Subcategory A.2: Shafts installed with drilling mud along

some portion of the hole such that entrapment of drilling mud be-

tween the sides of the shaft and the natural soill is possible.

Category B: Underreamed drilled shaft in either homogeneous or
layered clay with no soil of exceptional stiffness relative to the soil
around the stem, below the base.

Subcategory B.l: Shafts installed dry or by the slurry dis-

placement method.

Subcategory B.2: Shafts installed with drilling mud along some

portion of the hole such that entrapment of drilling mud between the

sides of the shaft and the natural soil is possible.
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Category C: Straight-sided shafts with base resting on soil signi-
ficantly stiffer than the soil around the stem. The stiffer soil will not
allow the shaft side resistance to be developed. '

Category D: Underreamed shaft with base resting on soil signifi-
cantly stiffer than the soil around the stem. The stiffer soil will not

allow the shaft side resistance to be developed.

The design criteria for each design category are fourd in Table 2.1.
Once the ultimate axial capacity of a drilled shaft is determined, one must
apply an appropriate factor of safety to the failure load. FReese and
0'Neill (1971) suggested that a factor of safety of not less than 2.2 be
applied to the total ultimate capacity Qult’ to obtain one working load
for highway bridges. Then, to insure against excessive immeciate settlement
that may occur for large diameter shafts, a factor of safety of 1.0 should
be applied to the ultimate side resistance and a factor of safety of 3.0
should be applied to the ultimate tip capacity to obtain a second working
load. The smaller of the two working capacities is selected as the design

load.

Drilled Shafts in Clay-Shale

Early in 1976, Aurora and Reese published the results of a series
of load tests that were performed on drilled shafts installed in clay-
shales. The term ''clay-shale'" used here is in accordance with the classifi-
cation method suggested by Morgenstern and Eigenbrod (1974). The knowledge
obtained from the study permitted the researchers to suggest a rational
approach for designing shafts in such soil. However, since all the shafts
tested were less than 30 feet long, Aurora and Reese carefully limited
the proposed design criteria for drilled shafts of comparable lengths that
penetrate approximately 5 feet into a shale stratum.

From the investigation, Aurora and Reese (1976) concluded that
shaft construction procedures had a marked effect on the load transfer
characteristics of the deep foundation. For drilled shafts installed by the
dry method, it was suggested that the shear strength reduction factor, a,
could be as high as 0.75 in shale. On the other hand, this value must be
reduced to 0.5 for shafts installed by the casing method or by the slurry
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displacement method.

The shear strength of the clay-shale was investigated by in situ
methods and by testing "undisturbed" samples in the laboratory. The
undrained shear strength was obtained from laboratory triaxial tests; how-
ever, field tests using the static cone gave results reasonable close to
those from laboratory testing. Because of the difficulty of sampling clay-
shale and because it is strongly anisotropic, the shear strength determina-
tions must be considered to be somewhat uncertain. Therefore, the value
of o for the clay-shale must be considered as approximate.

To determine the bearing capacity of drilled shafts in shales, it
was suggested that a value of 7.0 be used for the bearing capacity factor,
NC, for shafts built by the slurry displacement method. This value can be
increased to 8.0 when shafts are constructed by the casing method or by the
dry method.

The research program of shafts in clay~shales also resulted in the
establishing of correlations between dynamic-penetration-resistance data and
unconsolidated-undrained shear strength of shales, and between dynamic
penetration resistance and unit base resistance. For the shear strength

correlation, the following equation was suggested:

N
SDHPT
c = = .
Q 75 (2.7
where
CQ = the unconsolidated-undrained shear strength of
the clay-shale, tsf, and
NSDHPT = the average number of blows/ft from the SDHPT cone
penetrometer test for a distance of two base dia-
meters below the tip.
For the bearing capacity correlation, the following equation was
suggested:
N
SDHPT
= =2k 2.8
Iy 10 (2.8)
where

unit base resistance, tsf.

fa
o
It
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These correlations are discussed in more detail in the next chapter and are
summarized in Table 3.2

Aurora and Reese (1976) proposed that the working load be computed
by applying a factor of safety of 2.0 to the ultimate base capacity, (QB)ult’
and a factor of safety of 1.0 to the ultimate side resistance, (Qs)ult'
This design recommendation was suggested for shafts with total lengths under
30 feet and penetrating 5 feet into clay-shale. The designer should be
aware that such a recommendation results in an overall factor of safety of
less than 2.0 with respect to the total ultimate shaft capacity. Consequent-
ly, suitable adjustments should be made for variability in scil conditions,

and to meet shaft movement requirements.

Drilled Shafts in Sand

From 1970 to 1971, a total of five load tests were performed on
drilled shafts installed at sites with soil profiles containing sand. Touma
and Reese (1972) reported the results of this research project. The
following sections briefly discuss the recommendations which were made for
the design of shafts in sand.

To calculate the total ultimate capacity of a drillec shaft in

sand, the same equation for drilled shaft in clay is used:

Q = (Q) Q)

ult s’ult + B ult (2.1)

However, because the load-settlement characteristics of a drilled shaft in
sand differ significantly from those of one in clay, the "plunging" load

of a shaft in sand must be defined differently. In the load tests, research-
ers observed the long, sweeping nature of the load-settlement: curves for
shafts in sand. Furthermore, it was discovered that large settlements were
necessary to mobilize a large fraction of the ultimate axial capacity.

The entire side resistance was generally mobilized at displacements of 0.25
to 0.50 inch, whereas a large portion of the tip resistance was not mobilized
until the shaft achieved a tip movement of approximately 5.0 percent of the
tip diameter. Therefore, Touma and Reese (1972) recommended that the

"plunging" load be designated at a shaft displacement of 5.0 percent of the
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diameter and the "failure" load be defined at a shaft displacement of 1.0
inch. One could then calculate a working load by applying a factor of
safety of 2.0 to the "failure" load. This "failure" load is the ultimate

axial capacity, for drilled shafts installed in sand.

Qult’
To find the ultimate side resistance supporting a shaft, one can

use the following expression:

H
= P n 2.9
Q)¢ aang £ p tan ¢ dz (2.9)
where
C = circumference of the shaft, ft,
H = total depth of embedment of the shaft in sand, ft,
dz = differential element of length, ft,
I = effective friction angle, degree,
5 = effective overburden pressure, psf, and
aavg = correlation factor between the shear strength of
a soil layer and the shear stress mobilized
within that layer.
Results from the load tests indicated that L. decreased with
depth. Thus, Touma and Reese (1972) suggested that a value for o of

avg
0.70 be used in sand up to a depth of 25 ft; 0.60 from 25 ft to 40 ft; and

0.50 for depths greater than 40 feet.

It is very difficult to recover sand samples that are representative
of field conditions, but the angle of internal friction, ¢, can be estimated
from the results of the SDHPT cone penetration test or the Standard
Penetration Test using charts such as those in Fig. 2.2 and Fig. 2.3.

For obtaining the base resistance, (QB)ult’ in sand at a shaft down-

ward displacement of one inch, the following expression is suggested:

) - nDZ

Qe = 7k % (2.10)
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where

D = base diameter, ft,
k = 1.0 for D € 1.67; k = 0.6D for D > 1.67; and
9 = base capacity at five percent tip movement.

For loose sand, 9 is taken as 0 psf; for medium
dense sand, as 32,000 psf; for very dense sand,
as 80,000 psf. These values are for tips at

depths greater than 10 shaft diameters.

The term, k, which is shown in Eq. 2.10, reduces the tip
capacity for shafts with a base diameter larger than 20 inches so as to limit

the shaft settlement to one inch.

TEXAS STATE DEPARTMENT OF HIGHWAYS AND PUBLIC TRANSPORTATION

The Texas State Department of Highways and. Public Transportation has
published a foundation manual which presents several methods of designing
drilled shafts. Basically, the different methods of computirg the shaft
working loads depend on the procedures used in obtaining shear and bearing
strength values of the supporting soils. The State Departmert of Highways
and Public Transportation determines the shear and bearing strength of a
soil from the results of the transmatic triaxial test (TAT) znd the SDHPT
cone penetrometer test (SDHPT Manual, 1972). Since the majority of the lab-
oratory testing programs for drilled shaft projects did not involve perfor-
mance of the TAT test, we can compare CFHR design methods with those of the
State Department of Highways and Public Transportation only by making use of
the SDHPT cone penetrometer results.

Over the years, the State Department of Highways and Public
Transportation has developed empirical relationships between their cone
penetrometer values and soil strength. These correlations are presently
being used to determine design shear strengths to be used in computing shaft
side resistance as well as allowable unit bearing resistance. Figures 2.4

through 2.7 are from the State Department of Highway and Public Transporta-



S-Design Stress or I/2 Shear Strength of Soil in Tons/Ft2

21

Based on Triaxial Tests of Clays & Sand Clays

Empirical Equation: S=N/C
C (Constants)

1.50 —

CH 50 cL
1.40 o ™ .
sC 70

1.30 — Other 80

All other soils
1.20 —

LIO— Skin Friction

8
|

0.90 —

0.80—

0.70 —

o
;

0.50—

040—

0.30—

0.20—

0.10—

I I 1 | | I | | | |
.00
0.0 0 0 20 30 40 50 60 70 80 90 I00

N-Blows/Ft (SDHPT Cone Penetrometer Test)

Fig. 2.4 Drilled Shaft Side Resistance Design
(Texas SDHPT Foundation Exploration
and Design Manual, 1972)



22

2) in tons / ft2

*P— Allowable Point Bearing Load per Unit Area (F.S.

Empirical Equation:P=

S_ . N__
F(@) ~C F(0)

)

- 0°

10°
20°

F(Q

) Curve Nc.3

0.276 @ = 20° (Hord Sandy Clays &
0.233 Shaley Clays)

0.158 ‘

I B

C ( Constant)=70

Curve No. 2
® = 10° (Stiff Plastic Ciays &
Sand Clays)

Curve No. |
@:= 0° (Soft Plastic Clays)

*Based on Mohr's strength theory assuming submerged
density = 60 Ib/ft3

Poisson's Ratio = 0.5

@ = Angle of Internal Friction of soil

I A IR N S R

0 20 30 40 50 60 70 80 90 100
N-Blows/Ft (SDHPT Cone Penetrometer Test)

Fig. 2.5 Drilled Shaft Base Resistance Design
(Texas SDHPT Foundation Exploration and
Design Manual, 1972)



2+) tons/ft2

P-Allowable Point Bearing Load per Unit Area (FS:

35

S

25

20

10

23

S-Allowable Frictional Load per Unit Area (FS=3)
tons / ft2
| 2 3 4 5 6
/
/
/
- - /' A\~Fritztionul
// For use in estimating Allowable
/ Point Bearing plus Frictional Load
/ on straight drilled shafis where it
i / is desirable to combine point
/ bearing and frictional resistance
~ /
//
|
/
/
_ /
/
/
/
/
/
— /
ll
I Point
' Bearing
|
— I
Rocks & Shales -
] Clays & Sand Clays
—t -
! ! | ! | | | | | I | |
0 I 2 3 4 5 6 7 8 9 10 i 12

N-inches of Penetration/!00 Blows
(SDHPT Cone Penetrometer Test)

Fig. 2.6 Drilled Shaft Side and Base Resistance Design
{(Texas SDHPT Foundation Explorationm and
Design Manual, 1972)



24

N-Blows/Ft (SDPHT Cone Penetrometer Test)

Very Loose

20

30

40

50

60

70

80

90

100(i2")-100

100(11")- 110

100(10")-120

130

100(9")-

140

100(8")-150

Slightly
Compact

Compact \ Dense \ Very Dense }

]LOOSC

L1 | | | | l | | | | J

28 30 32 34 36 38 40 42 44 46 48 50 52

Angle of Shearing Resistance @ (degrees)

Fig. 2.7 SDHPT Cone Penetrometer Test versus Angle of Internal
Friction of Cohesionless Soils (Texas SDHPT Foundation
Exploration and Design Manual, 1972)



25

tion Bridge Division Foundation Exploration and Design Manual (1972).

Figures 2.4 and 2.5 are used for soils with NSDHPT values that exceed 100
blows per ft. 1In order to obtain the angle of internal friction of a
cohesionless soil, one can refer to Fig. 2.7 if SDHPT cone penetrometer data
are available.

In conjunction with the above figures (and Equations 2.1, 2.2, 2.5, 2.9,

2.10) an engineer is required to employa strength reduction factor a as follows:

(1) a = 0.6 for shafts that are drilled dry without casing
and where the concrete is placed normally.

(2) o = 0.5 for portions of shafts requiring casing with or
without drilling mud and where the concrete is placed normally.
a = 0.6 can be employed below the casing if the lower portion

is drilled dry.

(3) o« = 0.5 for shafts where concrete is placed under water or
where casing and/or drilling mud is required.

(4) For underreamed drilled shafts, the three preceding criteria
also apply. However, side resistance is discounted for a
distance of one base diameter above tip.

In Chapter 3, working loads computed by the SDHPT procedure

are compared with working loads computed by other procedures.

ARIZONA DESIGN PROCEDURES

The drilled shaft load test project completed for the Arizona
Highway Department (Beckwith and Bedenkop, 1973) was a significant contribu-
tion to the understanding of the load-carrying characteristics of shafts in
soils possessing engineering properties quite different from those which were

tested by the Center for Highway Research.
Drilled shafts were installed at three different sites designated

as A, B, and C, which are described in the following sections.

The sole purpose for testing shafts at site A was to determine
the relationship between width of a loaded area and settlement under a series
of bearing pressures. The bearing stratum was located at a depth of
approximately 15 feet. This soil, termed SGC, consisted predominately of
sandy gravel and cobbles with a small amount of silt and was found to
classify as GP in the Unified Soil Classification system. The soil typically

contained particles of up to 12 inches and scattered boulders of up to
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24 inches. The SGC soil had a high percentage of quartzite, chert, and other
hard materials, and it was found to be uncemented. Empirical curves were
established for use as design aids.

The load tests that were performed at sites B and C are of primary
interest because the majority of the shafts tested at those sites acquired
resistance from soil along the sides as well as at the base. Some other
shafts were tested for "side shear" only or for "end bearing'" only. Moreover,
a few shafts were drilled with shear ccllers belled at various depths to in-
vestigate any benefit such a geometry might offer in increasing axial capacity.
Only results of the tests Band C will be presented in this report.

The soil profile at site B consisted of weakly cemented, moderately
firm, silty clays with a few stratifications of silty sand and clayey sand
to a depth of 19 feet. Underlaying these soils were hard, strongly cemented,
highly plastic clays, silty clays, and sandy silts which extended to
approximately 27 feet. Below this depth there existed moderately to strongly
cemented, firm silty clays, sandy silts, and clayey sands. A generalized
soil profile is shown in Fig. A.23 of Appendix A.

The soil at site C was similar to that found at site B. The first
stratum was a moderately firm, weakly to moderately cemented, silty clay
two to three feet thick. Below this stratum, highly stratified clayey sands
and sandy clays of medium to high plasticity extended to a depth of 30 feet.
Generally, these soils were found to be moderately to strongly cemented
with lime and to contain varying amounts of gravel. A generalized soil
profile of the site is in Fig. A.25 of Appendix A.

Atboth sites B and C, there existed great variations in the soil
profile in both the vertical and horizontal directions. Furthermore,
because of the texture of the soil at these sites, it was difficult to
recover undisturbed samples representative of field conditions. Direct
shear tests greatly underestimated the actual field strengths. Pressuremeter
tests conducted in the field gave a better representation of the actual soil
engineering characteristics.

The soils that were tested by the Center for Highway Research for the
drilled shaft investigation were entirely different from those found in

Arizona., If the CFHR design criteria were applied to the Arizona soils
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using the measured direct shear strength results, the ultimate axial
capacities of the shafts would be greatly underestimated. Therefore, the

main procedures suggested by Beckwith and Bedenkop (1973) are presented

in the following sections.

Investigated Design Procedures

Due to the fact that undisturbed soil samples could not be recovered,
the criteria that were established were basically empirical. In order to
determine the best possible method of calculating the total ultimate
capacity of a drilled shaft in the Arizona cemented alluvial fan deposits,
Beckwith and Bedenkop (1973) considered eight different methods of analysis.

The basic approach involves the use of Eq. 2.1,

@1 = QI F Q1 (2.1)

Method 1. For the first method of analysis, the direct shear test

data are utilized and side shear is computed:

= A - 2.11
(QS)ult s (otccd + k vz tan §) ( )
where
Cd = the cohesion shear strength obtained from direct
shear test results
AS = the peripheral surface area,
@, = cohesion reduction factor, assumed equal to 1.0,
§ = angle of friction between soil and surface of
shaft, assumed equal to ¢,
ko = earth pressure coefficient, assumed equal to 1.0,
Y = average effective density of soil above depth z, and
z = depth from ground surface to center of section

considered.
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End-bearing was determined using the following equation:

= g +
(QB)ult Ag (e N, DYNq) (2.12)
where
Cd = cohesive shear strength,
D = depth of the shaft,
Y = average effective density of soil above depth D, and
NC and Nq = dimensionless bearing capacity factors, as proposed

by various investigators, which depend on the angle
of internal friction, ¢, the geometry of the drilled
shaft, the shape of the failure plane, and the

roughness of the base.

For this first method, the average values of strength parameters from the
direct shear tests were used in computing the ultimate side resistance.

Values of NC (Terzaghi, 1943) and Nq (Vesic, 1965) were employed in Eq. 2.12

to compute base resistance.

Method 2. The second method that was considered involves using
the upper range of the shear strength from direct shear tests in estimating

the side shear by use of Eqs. 211 and 2.12.

Method 3 and Method 4. Both of these methods of analysis use the

same equations to define the ultimate load transfer and the ultimate bearing

pressure. The ultimate peripheral unit load transfer, q s is determined by

q - (2.13)
S avg

where

w
[]

the average shear strength obtained from the direct

shear test (Method 3 and Method 4).

avg



29

To compute the unit bearing pressure, qg» an empirical relation is used as
shown in Eq. 2.14:

q = 10s (2.14)

b

where

s = g (Method 3) and

avg
s = upper range of shear strength from direct shear

tests (Method 4).

Method 5 and Method 6. These two methods make use of pressuremeter

test results to estimate the total ultimate capacity. In Method 5, the
altimate unit side shear, qg> is defined by 8, which is the shear strength

computed from pressuremeter test; that is,
q = S (2-15)

Therefore, the ultimate side resistance is determined in the following

‘manner :

Q) = A_¢q (2.16)

s’ ult s s

End-bearing by Method 5 involves the use of

= 2.17
(QB)ult AB 1y ( )
where
a4 = 1.4 P
P = the limit pressure determined from pressuremeter

tests.

Method 6 is merely a more conservative version of Method 5. This
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computation procedure places the following limitations on side shear:

q < 7.0 ksf for shafts with a rough surface texture

{as occurred at site C) and

=l
I A

5.0 skf for shafts with a relatively smooth

surface texture (as occurred at site B).

Maximum end-bearing pressure was limited to the limit pressure, Py such

that

_ . 2.19
1y P (in ksf) ( )

Method 7. An effort was made to correlate the Standard Penetration

Test blow count, NSPT’ with the unit side resistance and the unit base

resistance. The study resulted in the following relationships:

q - i (2.20)
s NSPT/ 10 (in ksf)
and
4 = NSPT {in ksi) (2.21)
where
dq < 7.0 ksf for shafts with a rough suriace texture
(as occurred at site C),
q < 5.0 ksf for shafts with a smooth surface texture
{as occurred at site B), and
qy < 75.0 ksf.

Method 8. For shaft drilled shafts like some tested at site B
where samples could be obtained at shallow depths to run unconfined

compression tests, capacity computations were suggested using the following
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equations:

q = qu/4 (2.22)
and

qy = 4.5 q (2.23)
where

q = the unconfined compressive strength

Recommended Design Procedures

Of the methods used in the Arizona study for computing ultimate
capacity, four procedures stand out as the most reliable, Methods 3 through
6. Explanations for rejection of the other methods are given in the
following paragraphs.

Methods 1 and 2 proved to be highly sensitive to the angle of internal
friction, ¢, which cannot be determined with the required precision from
the results of the direct shear test. In these cases, the direct shear test
gave values of ¢, which when used in the analysis, greatly overestimated the
ultimate bearing capacity, (QB)ult'

Method 7, which is based on Standard Penetration Test data, tended
to predict capacities very conservatively and, thus, uneconomically.

Method 8 was rejected mainly because of the difficulty in obtaining
undisturbed samples from the cemented soil deposits for perforﬁing unconfined
compression tests. However, should a technique be developed for obtaining
samples representative of actual soil conditions, further study of this
method would be desirable.

The study by Beckwith and Bedenkop (1973) indicates that the
pressuremeter can give reliable estimates of the engineering properties of the
soils they tested. Methods 5 and 6 for computing ultimate capacities are

based on such pressuremeter testing. On major construction projects where
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a large number of pressuremeter tests can be performed, pressuremeter test

results can be used to calculate the ultimate axial capacity, Q

summary of the equations is given below:

Q) =

s"ult

ult

where

ale” A
q A (2.16)
s, (2.15)
a, (2.17)
l.4p, (2.18)
Q)16 * Qu1¢ (2.1)

load transfer along pheriphery of shaft, psf,

average shear strength computed from the pressure-

meter data, psf,
peripheral area of shaft, sq ft,
ultimate bearing pressure, psf,

limit pressure determined from pressuremeter

tests, psf, and

area of the base of the shaft, sq ft.

However, in cases where only a few pressuremeter tests can be performed, the

factor of 1.4 is dropped from Eq. 2.18 and load transfer is limited to the

following values:

Nal
1A

Nal
I A

7.0 ksf for shafts with a rough surfact texture and

5.0 ksf for shafts with a smooth surfact texture.
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When pressuremeter tests are not available, Beckwith and Bedenkop
(1973) recommed the use of results from the direct shear tests in the
following manner. Combining Methods 3 and 4 into one procedure gives the

following relationship for computing side resistance:

s T Savg (2.19)

where

savg = the average strength from results of the direct

shear test,

q = the unit load transfer.
For computing the ultimate bearing pressure,

9p = 10s (2.20)
where

s = the average direct shear strength for weakly
cemented soils, or the upper limit of data from

direct shear tests for strongly cemented soils.

Table 2.2 summarizes the recommended design procedures for drilled shafts
as installed in cemented alluvial fan deposits by the Arizona investigators.
Because of the erratic variations' that occurred in the soil profile
across the sites, a factor safety of 3.0 was suggested for design. This
criterion limits working stresses to the elastic portion of the load-

deformation curves, keeping settlements to a maximum of 0.25 inch.

Other Recommendations

Beckwith and Bedenkop (1973) also investigated the effect of cleaning

the base and the effect shear collars might have on load capacity.
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TABLE 2.2, DESIGN PARAMETERS FOR DRILLED SHAFTS IN ARIZONA
CEMENTED FINE-GRAINED ALLUVIAL FAN DEFOSITS

SOIL TESTING METHOD 9 (kst) 4 (ksf) REMAERKS
Pressuremeter Test: So = aversage shear
strength computed
Large number of tests 5, 1.4pL from pressuremeter
performed , data
pL = limit pressure

determined from
pressuremeter data

Pressuremeter Test:

Small number of tests s * p same
o L
performed
Direct Shear Test S v 10s S, ve - 2verage of the direct
g & shear test results
s = average of direct

shear test results
for weakly cemented
soll, or the upper
limic of direct shear
test data for
strongly cemented
soil

*qs < 7.0 ksf for shafts with a rough surface texture and

q. < 5.0 ksf for shafts with a smooth surface texture
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Two drilled shafts were used to study the effect of cleaning the base
on ultimate capacity. One shaft was completely cleaned while the companion
shaft was left with approximately 3 inches of cuttings on the base, which
is the amount it is estimated '"machine cleaning'" generally leaves on the
base. Upon completion of the load testing, it was observed that the "machine
cleaned" shaft settled much more than the hand cleaned shaft for the same
working loads. However, some contractors have claimed that in some soils
careful techniques in "machine cleaning" can reduce the amount of cuttings
left at the base to as little as one inch, or less. Therefore, cleaning
techniques should be considered when design capacities are computed.

The investigation of the use of shear collars proved to be inconclu-
sive. Numerous shafts installed with shear collars were tested and compared
with companion straight-stemmed shafts. Some shafts with shear collars
failed at greater capacities than their companion shafts while in other cases
the straight-stemmed shafts exceeded the capacity of the drilled shafts
with shear collars. In some cases both types of shafts sustained the same
ultimate capacities. Consequently, the use of shear collars may not be
economically justified, especially for the soils involved, because of extra
machine time required as well as because of the need to mobilize additional

equipment.



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



CHAPTER 3. RECOMMENDED DESIGN PROCEDURES

INTRODUCTION

A reevaluation was made of the current design procedures for drilled
shafts in clay, clay-shale, sand, and fine-~grained alluvial fan deposits.
This study revealed a need for modifying certain current recommendations
for the design of shafts in clay and in sand. These modifications are
presented in the following sections.

Throughout the discussions that follow, design procedures are
classified under two main categories: primary design procedure and secondary
design procedure. The term "primary design procedure" refers to the
procedure employed in computing the total ultimate resistance of a shaft
when the engineer has reasonably good information on soil properties. Know-
ledge of these properties is obtained from an extensive field exploration
effort combined with a complete laboratory testing program. For
example, a sufficient number of samples should be recovered from a substan-
tial number of borings, and laboratory tests should be performed in order
to make a good estimate of actual soil conditions in the field. Details
of laboratory testing will not be discussed, but, with regard to cohesive
soils, unconsolidated-undrained triaxial tests at confining pressures equal
to field overburden pressures should be run to determine the undrained
shear strength parameters.

Many times a situation arises where an engineer has very little
informaton regarding actual soil engineering properties obtained from
laboratory tests. The only information available may be results from a
dynamic penetration test, and, from such meager data, an engineer must try
to determine the soil properties necessary to design drilled shafts. The
term ''secondary design procedure" refers to such a method of designing
drilled shafts. 1In clays and clay-shales, the principal difference between
the primary and secondary procedures is that dynamic penetration tests are
employed in the secondary procedure to obtain the shear strengths. The

ultimate base resistance in the secondary procedure is computed through use

37
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of an ultimate unit bearing pressure obtained from a direct correlation
with dynamic penetrometer blowcounts.

Touma and Reese (1972) has suggested the use of Eq. 2.3 or 2.4 for
estimating the undrained shear strength of clay from dynamic penetration
tests. Later, Hamoudi, et al, (1974) made a more thorough investigation
in correlating results from the SDHPT cone penetration tests with results
from unconsolidated-undrained triaxial tests. A substantial number of
tests were performed on a variety of soil samples which consisted of silty
clays (CL), sandy clays (CL), homogenous clays of high plasticity (CH), and
clays (CH) with a well-developed secondary structure. The Hamoudi correla-
tions for silty clays (CL), sandy clays (CL), and homogeneous clays (CH)
were adopted because in this study it was felt that the correlations gave
better values for the undrained shear strength of these cohesive soils
than did the relationships suggested by Touma and Reese. However, the
correlation for clays (CH) with a well-developed secondary structure was
not adopted because it seemed to underestimate greatly the undrained shear
strengths of such soils.

The shear strength correlations adopted for clay-shales are those
recommended by Aurora and Reese (1976).

For drilled shafts installed in sand, the primary procedures involves
the use of the angle of internal friction which is determined by the best
available method. The secondary procedure involves the use of correlations
between blowcount and load transfer. These correlations were developed from
the Texas load test program and are discussed in later sections of this
chapﬁer.

The nature of the design procedures for drilled shafts installed in
fine-grained alluvial fan deposits, such as those tested in Arizona, did
not warrant classification into a primary design procedure and a secondary
design procedure as defined in the beginning of this chapter. Consequently,

the Arizona design procedures were treated separately.

In the following sections of this chapter, recommended design
procedures are presented for drilled shafts in soils thus far tested. 1In

employing the suggested methods, the designer should appropriately modify
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parameters in cases where the soil profile and soil engineering properties
differ significantly from those which were encountered in the research
projects. Furthermore, such a situation should also call for a load test

at the shaft installation site. In general, load tests are advisable at

a site where correlations have not been obtained between load transfer
characteristics and soil properties. Internal instrumentation should normal-
ly be used for obtaining the distribution of load with depth. The design
correlations that follow will prove useful in designing such load tests

and in exceptional circumstances may be useful in making final designs.

DESIGN PROCEDURES FOR CLAY

Primary Design Procedure

The routines of the computer program, SHAFT1, are based on the
primary design procedures. Documentation of the program is presented in
the next chapter. As shown below in Table 3.1, computations with SHAFT1 were
used to develop a revised primary design procedure. I making the computations
the top 5 feet of clay immediately below the ground surface was ignored
because it was considered to contribute no side resistance. Furthermore,
if the bottom portion of the shaft was embedded in clay, one diameter
above the tip was regarded as offering no peripheral resistance (this differs
from the 5 feet recommended by 0'Neill and Reese, 1970).

For test shafts embedded in a soil whose profile included both
clay and sand, the load transfer in clay layers was obtained from load-
distribution curves developed from the field experiments. With the criteria
stated above, SHAFT1 was used to compute the ultimate side resistance from
undrained shear strengths, assuming the value of the shear strength reduc-
tion factor, o, to be equal to one. The top 5 feet of each shaft and one
diameter above the tip were ignored in making the computations. The actual
measured side resistance, reduced by the measured load transfer in sand
for those shafts in layered soils, was divided by the computed side resis-
tance to obtain aavg

For computing base resistance by the primary design procedure, the
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TABLE 3.1. VALUES OF aavg BASED ON LOAD TESTS

(ignoring top 5 ft. and bottom one diameter)

Effective Measured Computed

Test Shaft Diameter Depth in Side Sice o
Designation Clay Resistance Resistance ave

(in) (ft) (tons) (tons)
Us59 30 4 70 47 1.49
HH 24 6 45 93 0.48
Gl 36 28 130 261 0.50
G2 30 65 490 773 0.63
BB 30 25 225 258 0.87
s1 30 16 90 141 0.64
52 30 11 90 90 1.0
53 30 17 54 " 161 0.38
S4 30 38 179 358 0.50
Bryan 30 35 240 455 0.53
HBT 33.5 44 588 980 0.60

Note: 1. Weighted average value of aavg = 0.61

2. Two load tests conducted in Puerto Rico were not included because
the shafts were not loaded to failure.

3. See Tahle 3.10 for detailed information on these tests.
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parameters used in the current design procedure are recommended.

Suggested design parameters for computing side and bearing
resistances in clay are listed in Table 3.2. The design categories shown
in Table 3.2 are the same as those discussed in Chapter 2 in relation to
Table 2.1. In subcategory A.l, the suggested value for aavg has been rounded
from 0.61 to 0.60. 1In considering the reduction in load transfer due to
shaft construction procedures, shaft geometry, and abrupt changes in soil
strength with depth, O'Neill and Reese (1970) recommended reduced values of
aavg’ which are also presented in Table 3.2 under different subcategories.
Portions of the shaft to be ignored in computing side resistance are shown
in the figure in Table 3.2.

To obtain a design load in clay, two working loads are computed
and the lower of the two is selected as the design load. One working load
is calculated by applying an overall factor of safety of 2.2 to the total
ultimate capacity. To obtain the other working load, a factor of safety
of one is used in computing the side resistance and a factor of safety of
3.0 is used in computing the base resistance. In selecting a factor of
safety, one should keep in mind that as the base diameter increases in size,
the factor of safety of the base must be increased because more settlement
will be required to mobilize a given percentage of the base capacity.

Reese and 0'Neill (1971) have proposed that in clays, for base diameters
greater than 9 ft, the factor of safety of 3.0 be increased linearly up to
a value of 4.0 for shafts with a base diameter of 15 feet. The use of
larger factors of safety for base resistance will insure that the load
corresponding to a settlement of one inch will be no greater than 2.2 times

the working load.

Secondary Design Procedure

As mentioned earlier in this chapter, the secondary procedure for
designing drilled shafts in clay is based on obtaining undrained shear
strengths and ultimate unit base resistances from dynamic penetrometer blow-
counts. The following expressions were adopted from correlations suggested

by Hamoudi, et al. (1974) for the SDHPT cone penetration tests.
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TABLE 3.2. REVISED DESIGN PARAMETERS FOR DRILLED SHAFTS IN CLAY
(Primary Design Procedure)
Design Category

Parameter A.l A.2 B.1 B.2 c D
Side Resistance*
. a c
in clay a 0.6 0.3 0.3 0.15 0 0

avg

Limit on

side shear b q

(tsf) 2.0 0.5 0.5 0.3 0 0
Tip Resistance**
in clay NC 9 9 9 9 9 9

a May be increased to
b Limiting side shear
¢ May be increased to

d Limiting side shear

*Equation for computing side resistance:

**Equation for computing base resistance:

category A.l value for
= 2.0 tsf for segments
category B.1l value for

= 0.5 tsf for segments

|

|

Top 5 ft.
Noncontributing

A

|

Bottom
One Diameter
Noncontributing

@)
Q)

segments
of shaft
segments

of shaft

ult

ult

of shaft drilled dry.
drilled dry.
of shafts drilled dry.
drilled dry.

a s A
avg u's

= NcA
c

QB

i

One Stem Diameter
Above the Bell
Noncontributing

|

A
Periphery of Bell
Noncontributing

Y




43

For homogeneous clays (CH),

s, = O'O?NSDHPT (3.1)

For silty clays (CL),

s, = 0.063?5!5DHPT (3.2)

For sandy clays (CL),

S, = 0.053NSDHPT (3.3)
where

S, = the undrained shear strength, tsf, and

NSDHPT = SDHPT cone penetrometer blowcount, blows/ft.

To establish similar correlations for results from the Standard

Penetration Test, the following relationship (Touma and Reese, 1972) can

be used:
NSPT = 0.70 NSDHPT (3.4)
where
NSPT = the Standard Penetration Test blowcount, blows/ft,
and
NSDHPT = the SDHPT cone penetrometer blowcount, blows/ft.

Substituting Eq. 3.4 into Eqs. 3.1 through 3.3 gives the following relation-
ships for SPT results.

For homogeneous calys (CH),

s = 0.10N (3.5)
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For silty clay (CL),

s, = O.OQNSPT (3.6)
For sandy clay (CL),
s, = 0.0?6NSPT (3.7

In using the above correlations to obtain load transfer, one must
select an appropriate value of aavgfrom Table 3.2.

Table 3.3 includes the necessary parameters for computing base
resistance from the results of dynamic penetrometer tests. The parameters are
identical to those found on Table 2.1 except that an upper limit of 35 tsf
is shown for the bearing pressure to keep within the range of our load test
results for clays. The limiting pressure can be increased if it is justified

by future research,

TABLE 3.3. DESIGN PARAMETERS FOR BASE RESISTANCE FOR DRILLED SHAFTS IN CLAY

‘ (Secondary Design Procedure)

Parameter Design Category

Al A.2 B.1 B.2 C D
p (SPT) 1.6 1.6 1.6 1.6 1.6 1.6
p (SDHPT) 2.8 2.8 2.8 2.8 2.8 2.8
Limit on bearing
pressure (tsf) 35 35 35 35 35 35
Note: Equation for computing base resistance; (QB)ult = EAB

DESIGN PROCEDURES FOR CLAY-SHALE

The procedures discussed in Chapter 2 are recommended for the design
of drilled shafts in clay-shale. The parameters to be used in the primary

design procedure are presented in Table 3.4.
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TABLE 3.4. DESIGN PARAMETERS FOR DRILLED SHAFTS IN CLAY-SHALE

(Primary Design Procedure)

Design Category
Parameter A B C
Side resistance#®
in clay-shale o 0.75 0.50 0.50
avg
Tip resistance®¥
in clay-shale Nc 8 3 7

Category A: Shafts installed by the dry method.
Category B: Shafts installed by the casing method.
Category C: Shafts installed by the slurry displacement method.

*Equation for computing side resistance: (QS)ult = Yayg S As

**Equation for computing base resistance: (Q.) = N A
B'ult ~ ¢ Q 7B

The parameters required for the secondary design procedure are listed in
Table 3.5. The NSPT correlations with undrained shear strength and with
unit base resistance were developed by using Eq. 3.4. Substituting

Eq. 3.4 into Eqs. 2.7 and 2.8 gives the following equations:

cq = Ngpr (3.8)
53
and
a, = Nepp (3.9)
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TABLE 3.5. DESIGN PARAMETERS FOR DRILLED SHAFTS IN CLAY-SHALE

(Secondary Design Procedure)

Design Category

Parameter A B C
Side resistance*
in clay-shale o 0.75 0.6 0.5

avg

Tip resistance*%* p (SPT) 7 7 7
i -sh
in clay-shale p (SDHPT) 10 10 10

Category A: Shafts installed by the dry method.
Category B: Shafts installed by the casing method.
Category C: Shafts installed by the slurry displacement method.

*Equation for computing side resistance: (Qs)ult = uavg S, As

**Equation for computing base resistance: (QB)ult =N AB

Note: su = NSDHPT or s = NSPT

75 u 53

No definite recommendation can be made with regard tc what portion of
the shaft to ignore in computing the side resistance. Load tests have not
been performed on shafts installed in clay-shale profiles which completely
envelop the periphery of the shaft. Therefore, there is no way of telling
how the load transfer along the shaft would vary with depth. Results of
load tests conducted thus far have indicated that skin resistance is
mobilized down to the tip of the shaft. However, this may not be the case
for a shaft embedded solely in clay-shale. On the basis of the limited
results presently available, it is suggested that, for computing side resis-
tance for clay-shales, the top 5 feet of the shaft be ignored and that load

transfer be assumed over the remaining portion of the shaft down to the tip.

DESIGN PROCEDURES IN SAND

Primary Design Procedure

No revisions are recommended in the procedure presented earlier in

Chapter 2. The design parameters are summarized in Table 3.6.
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TABLE 3.6 DESIGN PARAMETERS FOR DRILLED SHAFTS IN SAND

(Primary Design Procedure)

Parameter Value Remarks
Side Resistance¥® 0.70 depth < 25 ft
in sand %avg 0.60 25 ft < depth <
40 ft
0.50 depth > 40 ft
Side resistance
should be
limited to 2.5
tsf.
Base resistance®*® 0 loose sand
in sand q étSf) 16 medium-dense
sand
40 very dense sand
A H_ _
*Equation for computing side resistance: (QS)ult = QCI p tan ¢ dz
(o]
ﬂDz

*%*Equation for computing base resistance: (QB)ult = Zif-qb

Tip movement is limited to one inch. The ultimate bearing pressure, q, »

can be interpolated for intermediate densities.

Secondary Design Procedure

In developing a method for estimating load transfer in sand from
dynamic penetration test results, load transfer information was acquired
from load distribution curves from the load test results. This information
was correlated with data from dynamic penetration tests. The data for the

State Department of Highways and Public Transportation cone penetrometer
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correlations and the Standard Penetration Test correlations are listed in
Tables 3.7 and 3.8, respectively. Because of the wide scatter in the data
and because of the small number of data points that were available, the
linear regression equations on pages 48 and 49 were simplified in order

to limit computed load transfer to the lower bound of the measured load
transfer data. For the State Department of Highways and Public Transporta-

tion load transfer correlation, the following expression is suggested:

qq = 0.014 - NSDHPT (3.10)

For the Standard Penetration Test relationship, the following equation

can be used to compute load transfer:

qq = (.026 - NSPT (3.11)
where
qg = the load transferred along the sides of the shaft,
tsf,
NSDHPT = the State Department of nghwayg and Public Trans-
portation cone penetrometer blow count, blows/ft, and
NSPT = the Standard Penetration Testblowcount, blows/ft.

Although load transfers greater than 3.50 tsf were achieved in the sand
layers, an upper limit of 2.00 tsf is recommended when using Egs. 3.10
and 3.11.

The load transfer that is calculated by Eq. 3.10 or 3.11 seems
reasonable. These equations are similar to the Standard Penetration Test
correlation suggested by Schmertamann (1967) for computing load transfer

in sand for cylindrical driven piles:

q = 0.019 * N

s SPT (qS < 1.14 tsf) (3.12)



TABLE 3.7. LINEAR REGRESSION ANALYSIS FOR SDHPT CONE
PENETROMETER AND LOAD TRANSFER IN SAND

SDHPT Cone Penetration Measured load

Test transfer
(blows/ft) {(tsf)
67 1.02
*390 2.61
*450 3.06
35 0.87

46 0.91

58 1.17

67 1.17

63 1.17

90 1.58

60 1.46

68 1.82
*100 2.18

*Disregarded in linear regression analysis

Linear regression equation: load transfer = 0.37 + 0.014 - NSDHPT



50

TABLE 3.8, LINEAR REGRESSION ANALYSIS FOR SPT
RESULTS AND LOAD TRANSFER IN SAND

N

Standardsginetration Measured load
Test blowcount transfer
{blows/ft) (tsf)
30 0.94
49 2.02
*95 3.17
*90 3.31
83 2.09
30 0.82
12 1.15
17 1.37
28 1.15
40 1.87
53 1.83
*130 2.00
*160 2.22
8 0.41
8 0.47
15 1.08
14 1.15
18 0.98

*Disregarded in linear regression analysis

Linear regression equations: load transfer = 0.20 + 0.021 - NSPT
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Schmertmann recognized that the above expression generally gave quite
conservative estimates. When used wisely, it is felt that Eqs. 3.10 and 3.11
give reasonable estimates of load transfer in sand.

In calculating tip capacity, no deviation is made from the
primary procedure. The density of the sand is estimated from a dynamic
penetration test and the bearing pressure is limited so as to produce no
more than one inch of settlement. The design parameters for drilled shafts

in sand to be used in the secondarvy procedure are listed in Table 3.9.

TABLE 3.9. DESIGN PARAMETERS FOR DRILLED SHAFTS IN SAND

(Secondary Design Procedure)

Parameter Value Remarks
Side resistance* for SDHPT cone
in sand qs(tsf) 0.014NSDHPT penetration test
results
0.026N for SPT results
SPT
side resistance
should be
limited to 2.0
tsf
Base resistance#®% : 0 loose sand
in sand qb(tSf) 16 med ium-dense
sand
40 very dense sand
*Equation for computing side resistance: (QS)ult = qSAS
D2
*%*Equation for computing base resistance: (Q,) = 2 a

B ult 4k B

Tip movement is limited to one inch. The ultimate bearing pressure, qp> can
be interpolated for intermediate densities.

When designing drilled shafts tipping in sand by the primary design
procedure, an overall factor of safety of 2.0 appears reasonable. However,

when shafts are being designed by the secondary procedure, an overall
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factor of safety of at least 2.5 should be employed. This stems from the
- fact that dynamic penetration tests have a limited reliability as far

as using the test results as the sole means of determining soil properties.

DESIGN PROCEDURES FOR CEMENTED ALLUVIAL FAN DEPOSITS

The design methods recommended by Beckwith and Bedenkop (1973)
appear to be the most practical for predicting drilled shaft capacities in
cemented alluvial fan deposits. The design parameters are summarized in
Table 2.2 and are based on the four best computational methods of a total
of eight that were analyzed. A factor of safety of 3.0 applied to the

total ultimate capacity gives a reasonable working load.

COMPARISON OF MEASURED CAPACITIES AND PREDICTED CAPACITIES

Texas and California lLoad Tests

The revised design procedures recommended in the previous sections
were used to calculate the ultimate side resistances and total ultimate
capacities of 16 instrumented drilled shafts tested by the Center for
Highway Research and one uninstrumented drilled shaft tested by the Califor-
nia Department of Transportation.

Table 3.10 lists the load tests that were treated in this study.
The soil properties at the sites where the test shafts were installed were
found in Appendix A (Figs. A.1-A.22,27, 28). Included in that appendix are
shear strength profiles as well as results of dynamic penetration tests.

Two computer programs were used to compute the ultimate side and
the total resistances: SHAFT1, which is based on the primary design
procedure, and BSHAFT, which is based on the secondary design procedure.
Figures 3.1 through 3.4 present the results of these computations. The
graphs reveal that both design procedures in most instances predict the
shaft capacities within 20 percent of the actual ultimate loads. In only
one instance does a prediction method yield an error on the unsafe side
greater than 20 percent. Predictions within 20 percent of the measured
results are relatively good when one considers that shafts of identical

geometry and size within a few feet of each other may differ in total ulti-



TABLE 3,10 DATA FROM LOAD TESTS OF DRILLED SHAFTS IN TEXAS AND CALIFORNIA
(Adapted from Reese, Touma, and O'Nelll 1975)
Dimensions
ggzz Location Shaft Underream Penetrati C i Method P fent
Diameter Diameter netratdon onstruction Metho Test
(ft) (ft) (ft)
SA San Antonio 2.5 None 26.8 Dry May 68
STurry&casing to 54 ft;

HB&T Houston 2.79 None 60 bottom 6 ft dry Jun 69
Sl Houston 2.5 None 23.1 Dry Aug 68
S2 Houston 2.5 7.5 23 Dry Mar 69
S3 Houston 2.5 None 23 Dry Oct 69
S4 Houston 2.5 None 45 E%gig%&C351“§rt° 40 ft; Dec 69

USs59 George West 2.5 None 25.4 Dry Sep 70
HH George West 2.0 None 19.8 Dry Oct 70
Gl Houston 3.0 None 54.8 Slurry Oct 71
G2 Houston 2.5 None 73.5 Slurry Oct 71
BB Houston 2.5 None 45 Slurry Oct 71
BRY Bryan 2.5 None 42 Dry May 73
MT1 Austin 2.5 None 23.75 Casing Jan 75
MT?2 Austin 2.5 None 23.5 Slurry Jan 75
MT3 Austin 2.5 None 24 Dry Nov 74
DT1 Dallas 3.0 None 20 Casing Feb 75

CALL San Jose, 4.0 None 83 Slurry Mar 75

California
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Fig. 3.1 Comparison of Predicted and Measured Side Resistances
for Texas Load Tests, Revised Primary Design Procedure
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Revised Primary Design Procedure
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Fig. 3.3 Comparison of Predicted and Measured Side Resistances
for Texas Load Tests, Revised Secondary Design Procedure
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mate capacity by as much as 20 percent.

The California test shaft was not instrumented. This precluded any
opportunity for measuring the side resistance of the shaft. Consequently,
only the total ultimate capacities could be compared.

As a matter of interest, shaft capacities were comput:ed using the
previously recommended secondary design procedures, and these results were
plotted in Figs. 3.5 and 3.6. These figures demonstrate that: the previous
secondary procedures do not give as good an estimate of the actual resis-
tances as the secondary procedures recommended in earlier portions of this
chapter.

The State Department of Highways and Public Transportation (SDHPT)
procedure for designing drilled shafts is discussed in Chapter 2 of this
report. To compare our recommended primary and secondary design methods with
the SDHPT method, total working loads were computed by the three methods and
the results are listed in Table 3.11. The results show that the SDHPT pro-
cedure generally gives more conservative working loads than those computed by

either of the other two methods.

Arizona Load Tests .

The measured ultimate side resistances and total ultilmate capacities
for the Arizona load tests are compared in Figs. 3.7 through 3.14, with the
predicted values using computational Methods 3 through 6, discussed in
Chapter 2. From the figures, it is clear that the computations based on the
pressuremeter test results (Methods 5 and 6) gave much better estimates of
the actual capacities than computations based on Methods 3 and 4. Unfortu-
nately, the pressuremeter test data are not always available and one must
resort to Methods 3 and 4 for design purposes. Information on the drilled

shafts for which capacities were computed is listed on Table 3.12.

Discussion of Comparisons

In the preceding sections, figures were plotted comparing measured
resistances to predicted resistances. Comparisons of the side resistances

were included in the previous section mainly so that the reader could
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TABLE 3.11 TOTAL DESIGN CAPACITIES FOR TEXAS
SITES USING THREE DESIGN PROCEDURES

Test SDHPT Primary Design Secondary Design
Procedure Procedure Procedure
(tons) (tons) (tons)
SA 334 366 367
HBT 242 313 304
s1 46 72 32
S2 85 160 185
53 46 72 32
S4 85 145 99
US59 218 137 : 166
HH 85 106 139
Gl 259 212 263
G2 216 294 357
BB 252 258 322
Bry 167 219 181
Mtl 224 398 311
MT2 224 379 311
MT3 191 364 322

DT1 157 - 259
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Fig. 3.7 Comparison of Predicted and Measured Side Resistances
for Arizona Load Tests, Method 3
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Capacities for Arizona Load Tests, Method 3
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Fig. 3.9 Comparison of Predicted and Measured Side Resistances
for Arizona Load Tests, Method 4
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Fig. 3.10 Comparison of Predicted and Measured Total Ultimate
Capacities for Arizona Tests, Method 4
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Fig. 3.11 Comparison of Predicted and Measured Side Resistances
for Arizona Load Tests, Method 5
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Fig. 3.12 Comparison of Predicted and Measured Total Ultimate
Capacities for Arizona Load Tests, Method 5
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Fig. 3.13 Comparison of Predicted and Measured Side Resistances
for Arizona Load Tests, Method 6
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Fig. 3.14 Comparison of Predicted and Measured Total Ultimate
Capacities for Arizona Load Tests, Method 6
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TABLE 3.12
DATA FROM LOAD TESTS OF DRILLED SHAFTS IN ARIZONA

Dimensions
Test Shaft Underream Type of
Code . , Penetration Soll Resistance
Diameter Diameter
(ft) (ft) (ft)
TPB-1 - 2.74 " None - 21.5 Sld? and base
resistance
TPB-3 2.44 None 35.8 Side and base
resistance
TPB-5 2.69 None 31.7 Side and base
resistance
TPB-6 3.0 None 16.2 Side and base
resistance
TPB-8 3.0 None 15.6 Side and base
. resistance
TPC-1 2.5 None 20,3 Side and base
resistance
TPC-3 3.1 None 15.4 Side and base
resistance
TPC-4 2.5 4.15 16.2 Base resistance
only
TPC-5 2.5 3.54 16.1 Base resistance
only
TPC=6 2.5 4.92 17 Base resistance
only
TPC~-7 2.5 None 22.4 Side resistance
only
Side resistance
TPC-9 3.0 None 16.8 only
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have a general idea of how the computations for side resistance compared
as a part of the total ultimate capacity. A design procedure would be un-
safe and inadequate if it consistently overestimated the side resistance
by a large margin.

Figures 3.1 through 3.6 indicate that the recommended design
procedures for drilled shafts in clay, clay-shale, and sand give reasonably
good estimates of the total ultimate capacity. For the Texas and Califor-
nia load tests, errors in the prediction of the total capacities varied from
-41 to +34 percent. [A positive (+) percent error indicates overestimating
the actual capacity and a negative (-) percent error indicates underestima-
ting the actual capacity]. Sixty-five percent of the predictions varied
within a range of ha 20 percent of the measured values. Of all the computed
loads 76 percent were conservative. For the Texas and California load tests,
total capacities predicted by the secondary design procedures had errors
that varied from -21 to +41 percent. However, as many as 86 percent of the
predictions were within ¥ 20 percent of the measured values. Sixty-eight
percent of all the computed loads were conservative.

The four methods for computing shaft capacities in cemented alluvial
fan deposits varied significantly with respect to margin of error. Compu-
tations by Method 3 show errors varying from -77 to +36 percent, with 92
percent of the loads computed conservatively. Unfortunately, only 8 percent
of all the predictions fell within a range * 20 percent of the measured
values. Like Method 3, errors in loads computed by Method 4 varied widely,
from -65 percent to +72 percent, with 83 percent of the predictions being
conservative. Here again, only 8 percent of the computed loads fell within
a range of ¥ 20 percent of the actual values. As discussed in Chapter 2,
the large errors generated by Methods 3 and 4 were mainly the result of the
lack of better techniques for obtaining undistrubed samples in soils similar
to those tested in Arizona. Computational Methods 5 and 6, which are based
on results from pressuremeter tests, gave superior predictions of total
capacities. Loads computed by Method 5 varied within a range of error of
=42 to +33 percent, with 50 percent of the predictions being éonservative.
Eighty-three percent of the computed loads were within T 20 percent of the

actual loads. Capacities computed by Method 6 gave a margin of error of
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~-40 to +14 percent, with 83 percent of the predictions being conservative.
For this computational method, 58 percent of the predictions were within

t 20 percent of the actual values.



CHAPTER 4. COMPUTER PROGRAMS FOR THE
DESIGN OF DRILLED SHAFTS

GENERAL

Two computer programs were developed to serve as design aids in
computing the total ultimate capacity of drilled shafts by the primary design
procedure as well as by the secondary design procedure. The following sec-
tions give a detailed explanation of input variables of the computer programs.
In addition, a detailed discussion of the program routines is presented.
Appendix B serves as a quick reference in finding the definitions of the

input variables for both computer programs.

PROGRAM SHAFT1

The routines of program SHAFT1 are based on the primary design pro-

cedure for calculating the total ultimate capacity of a shaft.

Input Variables

To make it as easy as possible for a user of the program to become
familiar with the terminology used for the input variables, variable names
were selected to be as similar as possible to the actual terminology
presented in previous chapters. The same pertinent soil information that is
required to make design calculations by hand is fed into the computer. The
variables consist of the bottom depth of a particular soil layer; the type
of soil in that layer (sand, clay, shale, etc); the average total unit
weight for that layer; the average undrained angle of internal friction for
each layer; the undrained cohesion; the bearing capacity factor, NC; the
shear strength reduction factor, a; and the maximum load transfer that is
allowed in each soil layer. Other information, such as water table depth,
shaft geometry, and factor of safety, must also be input into the computer.
In the following paragraphs, each input variable is defined and its role
in the program routines is explained. The reader should refer to the input

formats for this program in Appendix B.
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NHEAD. This is the number of cards that comprise the heading des-
cription for each set of soil profile data. This integer variable must have
a value of one or greater, but less than four. Setting NHEAD equal to zero
will end the program.

HEADNG. These are singly subscripted alphanumeric variables used
to store any information to describe a design case. The number of cards of
description variables is defined by the value of NHEAD. The heading infor-
mation can be punched anywhere on the cards.

NTYPDS. This integer variable servesas a flag to signal to the computer
the type of calculations that are to be completed with ome particular soil
profile. When NTYPDS is set equal to one, ultimate capacities are computed
for the soil profiie information furnished in set A of the input format.
Upon completion of the calculations, the computef returns to the beginning
of the program to read a new set of soil profile data (i.e., a new set A).
However, if one wishes to reutilize the same soil profile data to make
computations with variables different from those found on the original card
No. 3 of set A, NTYPDS is given a value of two. Immediately following set
A, a new card No. 3 is placed with the revised data. If one wishes to
reutilize particular soil profile data and change the shear strength reduc-
tion factor for each soil layer in addition to the variables found on card
No. 3, NrYPDS 1is given a value of three. In this case, the cards that
comprise set B must be placed immediately after set A (see input format).

V DSTART. The computer program will calculate the total ultimate
capacities for a series of stem diameters for both straight-sided shafts and
underreamed shafts. The first diameter to be considered is DSTART. This
value is increased in increments of 0.5 ft up to a limit determined by
DIALIM. The units of DSTART are feet.

DIALIM. The units of this input variable are also feet. DIALIM
represents the largest diameter to be considered of a series of stem dia-
meters. If only one stem diameter is of interest for a particular soil
profile, then DSTART is set equal to that diameter and DIALIM is set equal
to zero.

RATIO. This variable is given a value of zero for a straight-gided
shaft.
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For belled drilled shafts, RATIO is the ratio of the base diameter to the
stem diameter.

BELANG. This is the angle of the bell with respect to the vertical.
For straight shafts, set BELANG equal to zero.

TOPLEN., Thié is the length of the top section of the shaft that
does not contribute to side resistance. The units are in feet.

BS. This is the length of the bottom section of the shaft that does
not contribute to side resistance. The units are in feet.

N. This variable represents the number of soil layers in a soil pro-
file. N can be as large as 29.

WID. WTD defines the water table depth. The units are in feet.

When inputing the values for the bottom depth of each layer of soil (DEPTH),
WID must be made a soil boundary. If the water table depth actually falls
within the boundaries of a soil layer, then that layer must be considered

as two layers, with WID as the common boundary of the two layers.

P. P is the design, or working, capacity of the drilled shaft. As
soon as this design load is reached or exceeded for a particular soil profile
and shaft diameter, the computations cease and the computer returns to the
beginning of the program or begins calculations for another shaft diameter,
depending on the values of NTYPDS and DIALIM.

QCHECK. The efficiency of a drilled shaft can be evaluated in terms
of its ratio of tons of load capacity per cubic yard of concrete. A section
of the computer program makes efficiency computations by comparing the values
of the load-volume ratios of straight-sided and/or belled shafts of different
lengths in one particular soil profile. Upon completion of the calculations
for that soil profile, the length, stem and base diameters, load-volume
ratio, and total ultimate resistance, as well as volume of concrete, are
printed for the shaft size with the largest load-volume ratio.

It was thought unnecessary to make efficiency computations for
drilled shafts with small penetrations at the very start of the analyses.
Therefore, a load is selected called QCHECK. At computed loads less than
QCHECK, the efficiency computétions are eliminated. QCHECK has units in
pounds.

FST. This is the factor of safety to be applied to the ultimate
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capacity, Qult'

FSB. This factor of safety is applied only to the ultimate base
resistance to limit excessive settlement.

The following variables pertain to each layer of soil in a particular
profile:

ALPHA. This is the strength reduction factor.

CNC. The bearing capacity factor for clay. If the soil is sand,
CNC can be left blank.

GAMMA. This is the total unit weight in units of pounds per cubic
feet. The program makes the necessary calculations to convert to buoyant,
or effective, unit weight below the water table.

PHI. This variable represents the angle of internal friction. As
presented in Chapter 2, the undrained angle of internal friction is used for
clay and the effective angle of intermnal friction is used for sand. The
units are in degrees.

CUTOP. CUTOP represents the undrained cohesion at the top boundary
of a soil layer, in units of psf. For sand, CUTOP is equal o zero.

CUBOT. CUBOT represents the undrained cohesion at the bottom bound-
ary of a soil layer, in units of psf. For sand, CUBOT is equal to zero.

For clay layers where the undrained cohesion is practically equal
to the undrained shear strength, CUTOP and CUBOT can be set =2qual to the
appropriate values and PHI can be set equal to zero.

TRANLM. This is the maximum load transfer (in psf) that is permit-
ted for a particular soil layer.

SOIL. A code is used to represent the soil type. For sand, SOIL
is given a value of 1.0. For cohesive soil, SOIL is set equal to 2.0.

DEPTH. This input variable defines the lower boundary of a soil

layer (in feet). See the definition of WID for information related to DEPTH.

Program Routines

In the main routine of program SHAFT1, the computer first calculates
the shear strength profile for the soil deposit. Then the side resistance is
computed by increasing the length of the shaft in one-foot increments. The

starting length of the shaft is one foot plus the noncontributing sections
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along the shaft determined by the input variables TOPLEN and BS. For
underreamed drilled shafts, the bell height, which is calculated by the
computer, is also included as part of the shaft length not contributing to
side resistance.

After side resistance for a particular length is determined, the
base capacity is computed. In making this computation, the computer can
use a number of subroutines. The influence of all soil within two base
diameters below the base of the shaft is considered. When the two-base-dia-
meter distance falls within the same clay layer, SUBROUTINE SUATB1l computes
the bearing capacity. If the base capacity of the shaft is influenced only
by sand, then the bearing capacity is determined by SUBROUTINE PHIATB. When
two or more soil layers are within the base bearing capacity influence zone,
SUBROUTINE SUATB2 is called to calculate the base resistance. A weighted
average of the bearing capacities relative to thickness of the strata that
are within the two-diameters influence zone below the base is used as the
ultimate bearing capacity.

Once both side and base resistances are computed, the total ultimate
resistance is calculated and the appropriate factors of safety (FST, FSB)
are applied to obtain working loads. The length of the shaft is then
increased one foot and the whole procedure is repeated. This process

continues until any one of the following events occur:

(1) the design load is reached or exceeded or

(2) the shaft reaches a depth where no more soil information is
available to the computer beyond a distance of two base dia-
meters below the base.

In order to end the program, the computer must read in a value of

zero for NHEAD. This calls for inserting a blank card following the last
set of soil profile information; that is, the last set A or set B (see input

format). The flow chart for SHAFT1 is shown in Fig. 4.1.

Program Applications

The computer program SHAFT1l lends itself to a number of useful ap-
plications. Primarily, it can be employed in obtaining curves which are
useful in design. Figure 4.2 gives an example of such an application. The

information for the graph was obtained from the check problem output in
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Appendix B.
The output information of SHAFT1 can also be used to design drilled

shafts with a "step-tapered" geometry. This can be done by running the
program for a series of diameters and using the difference ir ultimate capa-
cities with the respective difference in lengths for each dismeter that will
comprise the final design.

Another valuable feature of this program is that it can be easily
modified to incorporate other design criteria that may be establised with
future research. The base capacity and side resistance are computed in
different routines of the program. Therefore, if later investigations
demonstrate that there is a better method of calculating side resistance, the
portion of the program that deals with side resistance can be modified with~-
out having to change the base capacity routine. Similarly, the base capacity
routine can be modified and the side resistance routine left unaltered if
future studies so indicate. Future investigations may call for modifying the
method of computing side resistance as well as base capacity, and this can
also be done without having to alter the whole program. For example, if the
pressuremeter tests results prove to give the best estimate of actual soil
engineering properties and this method of testing becomes economically avail-
able, program SHAFT1 can be easily modified to use the pressuremeter test
results to calculate the total ultimate resistance of a drilled shaft.

A fourth possible use of SHAFT1l is in conjunction with another pro-
gram, such as PX4C3, to produce a more detailed study of a proposed design.
PX4C3 is a computer program developed at The University of Texas which enables
one to establish load-settlement curves for a shaft of known diameter and
length installed in a soil medium with known or estimated stress-strain
properties. SHAFT1 can be used to select the desired diameter and length for
a particular working load. That information is then supplied to program

PX4C3 to determine an appropriate load-settlement curve.

PROGRAM BSHAFT

Input Variables

BSHAFT was developed to compute ultimate capacities by the secondary
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design procedure. All input variables for the program are the same as those
for SHAFT]1 with the following exceptions:
(1) On the card where NHEAD appears, TYPB must also be inserted.
TYPB refers to the type of dynamic-penetration-test information
available for a specific soil profile. For the SDHPT cone-

penetration-test results, the letters SDHPT are inserted for
TYPB; for the Standard Penetration Test results, SPT is used.

(2) The information for the each soil layer is also different. For
BSHAFT, only ALPHA, BLOWS, SOIL, DEPTH, and TRANLM are
required for each soil stratum. These are discussed in the
following paragraphs.

ALPHA. For clay soil, the same parameters as those on Table 3.2 are
suggested. For sand, however, a value for ALPHA of 1.0 can be employed
because a direct correlation between blowcount and load transfer, which was
established in Chapter 3, is used. If required, a lower value of ALPHA may
be used.

BLOWS. This variable refers to the average numbers of blows per foot
for a soil stratum for either kind of dynamic penetration test.

SOIL. Similarly to its use in program SHAFT1, SOIL identifies the
soil type. TFor program BSHAFT, clay soils are subdivided into different
groups. SOIL is assigned a value of 2.0 for homogeneous clays (CH). A value
of 3.0 is for clay-shale, 4.0 for silty clays (CL), and 5.0 for sandy clays
(CL). Sands are identified by a value of 1.0.

DEPTH AND TRANLM. These symbols are the same for BLSHAFT as they

are for SHAFT1. However, since WTD, the water table depth, does not come
into play in the blowcount-shear strength correlations in clays or the blow-
count-load transfer correlations in sand, there is no need to consider WTD as

a soil depth boundary as is required in program SHAFTI.

Program Routines

The program routines for BSHAFT are similar to those of SHAFT1
except for some minor modifications. The main routine in BSHAFT contains
a section for computing the shear strengths and load transfers from dynamic-
penetration-test results. Furthermore, since the shear strength is computed

to be constant for each soil stratum, there is need for only one subroutine
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for calculating the base capacity of the drilled shaft.

Program Applications

The output information for BSHAFT is similar to that for program
SHAFT1 (see sample output for BSHAFT in APPENDIX B). Therefore, the reader
is referred to the previous section for a detailed discussion of applications

of program SHAFTI.



CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this study, conclusions can be drawn as

follows:

(1)

(2)

(3)

(4)

The

research in

(1)

(2)

(3)

The design parameters proposed in this report give satisfactory
predictions of shaft ultimate capacities as demonstrated in
Chapter 3.

Although the revised correlations between dynamic penetration
resistance and undrained shear strength for clays, and between
dynamic penetration resistance and load transfer in sand, gave
relatively good estimates of actual shaft capacities, the second-
ary design procedure should be used with caution because of the
many factors that can affect the penetration resistance. The
method should not be employed for soils with properties and
conditions significantly different from those reported herein.

Uncertainty of in situ soil properties remains a major obstacle
in establishing a more generalized design procedure. Existing
sampling techniques and testing methods are often inadequate
for accurate determination of in situ soil properties. This
situation was especially evident in the Arizona soils investi-
gation. The pressuremeter shows great promise as an in situ
testing device.

The developed computer programs SHAFT1 and BSHAFT are time-
saving tools that should be used as design aids. The programs
can be easily modified should future research so indicate.

following recommendations are made in connection with future
the area of drilled shafts:
More instrumented shafts should be tested to improve the present

design procedures or to verify more definitely the existing
criteria.

An effort should be made to test shafts in soils different from
those thus far encountered.

Emphasis should also be placed on improving present sampling
techniques and developing reliable in situ soil testing methods.
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Fig. A.2 San Antonio Test, Shear Strength and Dynamic Penetrometer-Data Used
in Analysis (after Vijayvergiya, Hudson, and Reese, 1969)
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Fig. A.5 Houston S1, S2, S3, and S4 Tests; Soil Profile and
Test Shafts (after O0'Neill and Reese, 1970)
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Fig. A.7 George West US59 Test, Soil Profile and Test Shaft
(after Touma and Reese, 1972)
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Data Used in Analysis (after Touma and Reese, 1972)
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(after Touma and Reese, 1972)
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(after Touma and Reese, 1972)
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Fig. A.19 Montopolis MT1, MT2, and MT3 Tests ; Soil Profile and

Test Shafts (after Aurora and Reese, 1976)
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(after Aurora and Reese, 1976)
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Fig. A.23 Arizona Site B Tests, Soil Profile
(after Beckwith and Bedenkop, 1973)
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Fig. A.24 Arizona Site B Tests, Shear Strength Data Used in
Analysis (after Beckwith and Bedenkop, 1973)
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Fig. A.26 Arizona Site C Tests, Shear Strength Data Used in
Analysis (after Beckwith and Bedenkop, 1973)
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TABLE A.1 SUMMARY OF ARIZONA PRESSUREMETER TEST RESULTS, SITE B
(After Beckwith and Bedenkop, 1973)

119

Depth
Boring to Center P 2 Pf 2 P E S
Location (feet) (kg/gm ) (kg/cm™) (ks%) (ksf) (ks?)
1 3 3.84 5.46 12.37 327 0.68
4 1.19 6.76 18.19 520 2.79
1 6 3.43 8.20 21.46 351 2.72
2 3.26 7.28 20.95 1269 2.09
4 2.20 6.47 16.57 284 2.29
1 9 3.70 7.17 18.29 277 1.99
2 3.02 5.67 10.65 513 0.63
1 12 2.82 5.97 13.13 189 1.37
4 0.42 4.34 12.78 260 2.29
2 15 2.34 4.12 8.50 250 0.57
3 2.23 4.03 9.32 319 2.31
1 18 3.20 9.03 25.09 1441 2.76
2 2.65 8.76 33.05 923 4,85
3 1.77 4,22 20.36 1358 2.48
4 0.77 4,83 18.84 508 3.11
1 21 4.44 14.57 56.20 1397 8.07
3 1.72 13.90 62.53 1616 10.22
4 2.86 15.97 72.99 2124 11.02
1 24 5.53 22.26 81.31 3209 11.53
2 2.86 7.46 35.70 1170 4.96
3 5.64 21.42 91.42 3369 13.39
4 27 2.20 5.48 32.60 1168 4,73
1 30 1.58 16.41 54.03 601 10.40
2 3.30 7.44 31.99 1372 4.03
4 1.01 4.39 14.77 393 2.27
1 33 2.71 13.80 56.93 881 10.57
2 3.27 5.97 28.67 1075 3.58
4 2.33 8.80 31.33 516 5.30
1 36 2.55 12.80 60.62 818 11.86

LEGEND:

lae]
]

Initial Pressure, the beginning of the elastic stress range
(sealing pressure)

Creep Pressure, the end of the elastic stress range

Limit Pressure, the failure pressure

Compression Modulus, derived from the slope of the compression curve

between P0 and P

Shear Strength

f
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TABLE A.2 SUMMARY OF ARIZONA PRESSUREMETER TEST RESULTS, SITE G

(After Beckwith and Bedenkop, 1973)

Depth
Boring to Center P0 2 Pf 2 P E S
Location (feet) (kg/cm™) (kg/cm (ks%) (ksf) (kgf)
4 3 3.24 8.77 35.84 653 5.63
4 6 2.10 4,66 19.09 264 3.01
4 12 6.95 15.93 53.45 535 8.58
4 15 6.71 14.46 59.23 2382 7.31
LEGEND:
P0 = Initial Pressure, the beginning of the elastic stress range
(sealing pressure)
Pf = C(Creep Pressure, the end of the elastic stress range
PL = Limit Pressure, the failure pressure
E = Compression Modulus, derived from the slope of the compression curve

between PO and P

S = Shear Strength
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SHAFT1 LISTING
PROGRAM SHAFTI(INPUT,QUTPUT)
DIMENSION HEADNG(S@),SUB(28), TRANLM(I0)
DIMENSION ALPHA(3®),PHI(32),GAMMA(3B),SUTOP(32),8UB0T(38)
OIMENSION CUTOP(38),CUBOT(32),CNC(30),DERPTH{3B),S0IL(30)
COMMON/SAME/ SUXaDEPTH;XoI:HoSUB;DELTa,MDELT&,R,KH,LONG:F&CY.
1ABASE,QBA,LTEMP,GBATEM,S0IL ,DIAMB,BL,PHI,N,CNC,NACT,FINAL,
2STAR,B8, TOPLEN,CUTOP,CUROT
Ct*itttttttt*g*t****tttttttttttt*tttt*ttQ**i**tltit*t*tt*ittiititt**
Cwxnx THIS PROGRAM IS BASED ON THE DESIGN CRITERIA ESTABLISHED IN
Coexn CFRR REPORT ND, 176w3,
Conax ALPHA wwx THE COURRELATION FACTOR BETWEEN THE SHEAR STRENGTH OF
Chrunn THE STRATUM TO THE SHEAR RESISTANCE OEVELUPEO IN THE
Camnx IN THE STRATUM,
Cawnse BELANG w THE ANGLE OF THE BELL (DEGREES) WITH RESPECT TO VERTICAL
Cannn BS wawkww THE BOTTOM PORTION OF THE SHMAFT YO BE IGNORED(IN FEET)
Crwnn CUBOT #wnx UNDRAINED COMESION AT THE BOYTYOM BOUNDARY OF

Cumnn A SO0IL LAYER(IN PSF)
Connx CUTOP wan UNDRAINED COHESION AT THE TOP BOUNOARY (F
Cannn A SOIL LAYER(IN PSF)

Coxnxw DEPTH waw THE DEPTH TO THE BOTTOM OF EACH SOIL LAYER(FEET)
Cawmn DIALIM ax THE LARGEST DIAMETER (FEET) TO BE CONSIDERED

Conan DIAM wwnn THE DIAMETER (FEET) DF THE STEM

Cawanx DSTART wx THE FIASTYT VALUE DIAM IS TO ASSUME

Chnnwn DIAM I8 INCREASED IN INCREMENTS OF ©,5 FT,

Canwsr FSB wnnwn THE FACLTOR OF SAFETY APPLIED TO THE ULTIMATE BASE
Chnnn CAPACITY, GB

Caknx FSY wmawn THE FACTUR OF SAFETY APPLIED 70 THE TOTAL ULTIMATE

Chnnge CAPACITY, QU, wHICH RESULTS IN QDN
Cakax GAMMA *ax TOTAL UNIT WEIGHY (PCF), THE PROGRAM MAKES THE NECES
Chnnn SARY CHANGES RELOwW THE WATER TABLE

Cuxan NMEAD #anx THE NUMBER OF CARDS IN HEADING

Crannx HEADNG & DESCRIPTION OF THE DESIGN

Connx N munwnan NUMBER OF SOIL LAYERS

Cawwn CNC wwwwn THE BEARING CAPACITY FACTOR

Cannn NTYPDS » SPECIFIES THE TYPE OF DESIGN CALCULATIONS DESIRED

Canwx P wwnwnnnn THE TOTAL DESIGN LOAD DESIRED (LRS,!}

Cowan PHI wawwn ANGLE OF INTERNAL FRICTION OF YHE SOIL LAYERCIN DEGREES)
Cwnan QB wuwwnw THE UYL TIMATE HASE RESISTANCE, AN ASTERISK BESIDE

Chrunn THIS VALUE SIGNIFIES THAT THE REBISTANCE wAS

Crann CALCULATED CONSIDERING TWO OR MORE SOIL LAYERS
Chnwn THAYT ARE WITHIN TwWO BASE DIAMETERS FROM THE BASE
Chwsxe GBD wewnn YHE TOTAL DESIGN LDAD USBING A FACTOR OF SAFETY
Connn OF FSB APPLIED YO THE ULTIMATE BASE RESISTANCE
Channx QCHECK wx EFFICIENCY COMPUTATIONS ARE ELIMINATED FOR COMPUTED
Chkwn LOADS LESS THAN QCHECK (LBS,)

Caxus QDN *eaux TOTAL DESIGN RESISTANCE WITH A FACTOR OF SAFETY
Coannn OF FST APPLIED 10 QU

Comnn 0§ mwnwwn ULTIMATE SIDE RESISTANCE
Conwnnx QU wranan TOTAL ULTIMATE RESISTANCE
Caxan RATIO #ax THIS I8 THE RATIO OF THE DIAMETER QF THE BASE

Cannn To THE DIAMETER OF THE STEM
Cumnn SUIL wwaw THE TYPE OF SUIL IN A GIVEN LAYER = (1)
Cunwn STANDS FOR SAND AND (2) STANDS FOR CLAY

Chwax TOPLEN % TOP PORTION OF THE SHAFT TO BE IGNORED(FEET)

Cawnx TRANLM = THE MAXIMUM LOAD TRANSFER ALLOWED WNITHIN

Chunn A GIVEN SOIL LAYER (PSF)

Cornn WTD wamwnx DEPTH DF THE WATER TABLE

Chewax NOTE = ONE BLANK CARD IS REQUIRED TO END TWE PROGRAM

c*t*tt*tt*ti*ttti*tttt*t**tt*t**t***tttttt**t*ﬁ*iﬂ*ﬂ*t*ilt*ttttittt*tﬁtt
61 READ 23,NHEAD
23 FORMAT(IL)
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IF(NHEAD ,EQ,7)GD TO 96
PRINT 28
28 FORMAT(iHL)
Connn READ COMMENTS wampamkansnn
DO 27 ITwi,NHEAD
READ 25, (HEADNG(IH),IH=1,8)
25 FORMAT(BALY)
PRINT 26, (HEADNG(IR) ) IHR1,8)
26 FURMAT(1X,84A10)
Gv2=8, § Gviza,
27 CONTINUE
READ 1202,NTYPDS,DSTART,DIALIM,RATIO,BELANG, TOPLEN,BS
1902 FORMAT(I!,SX,8F1@)
READ 2/N,NTD,P,QCHECK,FST,F8B
2 FORMAT(12,8x,F10,2F28,2F10)
PRINT 283, P
20 FORMAT(///,)1X«DESIGN LOAD swF1@8,0%LBS,%//)
PRINT 4,GCHECK
4 FORMAT(IXaMAKE COMPARISONS OF GQU/VOLUME®/1X
1*FOR DESIGN LOADS GREATER THAN w2X,F1U,0% B8, n//)
pap/20de,
BCHECKEQCMECK /2800,
PRINTY S,N
5 FORMAT(§XwNUMBER OF LAYERS an]S//)
PI = 3,142
NEN$ L
PRINY 9, WTD
9 FORMAT(IXHWATER TABLE DEPTH mafiv, 0w FT,.,%277)
Comnn READ SOIL INFORMATION weaswanswuxn
3OUL DO 5B 1 3 2,N
READ 14,ALPHA(CI)CNCC(I),GAMMA(L),PHIC(I),CUTOP(L),CUBDT(]),
ITRANLMCI) ,,SOIL(1),DEPTH(I) '
11 FORMAT(2F5,7F18)
500 CONTINUE
DEPTH(1)mp,0
OVERPim@, $§ OVERP2mp,
DO 1976 lw2,N
OVERP{BOVERP2 )
PHIC(I)aPHI(I)/57,29
IF(NTD LT, DEPTHILIYIOVERP2R(GAMMA(])wbR2 U)R(DEPTH(I1wDEPTH(Iw1))
1+0VERPY
IF(WTD,GE, DEPTH(I))OVERP2RGAMMA(L) * (DEPTH(I)»DEPTH{lw1))+0VERP1
SUTOP(IIROVERPLI®TAN(PHI(I))Y+CUTOP(1)
SUBOT(I)SOVERP2RTAN(PHI(I)I)+CUBOT(I)
PHI(I)®pHI(I)«57,29
1976 CONTINUE
3002 DIAMEDSTART
583 NRATIOSRATIO
PRINT 1081 ,NTYPDS,DSTART,DIALIM,RATIO,F3T,FSB
1881 FORMAT(///1XANTYPDSE*IS/IXADETART maFS 2, 2XnFT #/ 1 UuDIALIM wnF5,2
1/1X%RATIO wmafFS 2/1X*FST awFS5 2/1X*F8B meFS _2//7)
PRINT 10
10 FORMAY (IXRALPHARTXANCHTXNGAMMACPCFIRTX#PHI(DEGREES I InTX
12CUTOP(PBF)nTXaCUBOT (PBFIWTXATRANLM(PSFIRTX#SOILnTXRDEPTHIFT ) *
17/7)
DEPTH(1)wD, @
PRINT 12,DEPTH(!)
12 FORMAT(114X,F15,1/)
0p 501 I=2,N
PRINT 13,ALPHACI) CNCCYI) GAMMA(I),PHIC(I)Y,CUTOP(]),CUBOT(]),
T1TRANLM(T),SOIL(L),DEPTH(D)
13 FORMATIFS,2,F11,2,F14,8,F17,8,F19,0,F17,0,F15,8,F12,8//7114X,
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1F15,17)

501 CONTINUE

1004 CONTINUE

Chwan DETERMINE BASE DIAMETER wwwwwwnwwn

SGDIAMBDIAMKD]IAM
AREASTRPInSQDIAM/G,
IF(NRATYO,EQ,2)G0 TO 2410
DIAMBaDIAMWRATIO
SPIAMBERDIAMBaDIAMB
ABASEwSDIAMBRPY /4,
IF(DIAM LE . 3,52)T 80,250
IF(DIAM,GT,3,52) TL»E,59
BELANGWBELANG/S7,29
BLETL*((DIAMBRDIAM) /(2. aTAN(BELANG)))
BELANGRBELANG257,29
VOLBLR{(PI®(BLeTL)*(SQDIAM/4,+SDIAMB/Y ., +8QRTI(DIAMBADIAM/4,))
173,)+(aBASExTLI) 27,
GO TO 2815

2019 DIAMBEDIAM
ABASE 8 Pl wDIAMB®DIAMB/4,
Bi=d,
voLaLwa,

2a15 CONTINUE

1825 Sux=d,
QBATEMaY,
OVERPa@,
508803 ,3Q08I%0, 80BARY,
FINAL®D,
1w}
ASIDESPI*DIAM
FACTRZ #DIAMB
NACTaIFIX(FACY)
STEELIN( ,@InPInDIAMNRR/4 Jwidd,
PRINT 21,D1AM,D1AMB,BL,BELANG, TOPLEN,BS,STEELL,VOLBL

21 FORMAT(1H1,#DIAMETER OF STEM BaFS,2,2X*FT /1
I*DIAMETER OF BASE BuF6,2,2X#FT #/1XXEND OF STEM TO BASE
1 mwpp,2,2XwFT #/1X*ANGLE OF BELL s*xFS,1,
11X#DEGREES*/1X# IGNORED TOP PORTION WaF5,2, 1 X«FT %/ 1 X« IGNORED
1BUTTOM PORTION  ®w#FS,2,1X#FT #/1X*AREA OF ONE PERCENT STEEL&#
1F 6,20 1X*8Q, IN #/1X*VOLUME OF UNDERREAM BxF6,2% CU,YDS,%//)
PRINT &%

81 FORMATUIXWESYIMATEON/IXNESHAFT LENGTHAGXNAVOLUMEN13XwQ8w1 IX#QBw13X
InQUNLZXRQBDR {2 XRADNN LIXNQU/VOLUMER/IX R (FEET)*9XN(CU,YDE, ) *
29X (TONS)IwOX R (TONS)IWIXX (TONSINOXNH{TONS)I n9Xn (TONSINQX
3% {TONB/CU,YDS,I®)
Connw IF ONE NEEDS MORE SOIL INFORMATION THAN FURNISHED, END PROGRAM wwaw
58 IF(l.EQ.(N+1))GO TD Bgu
IF((DEPTH{I)=TOPLEN) LE,P,2)60 YO 78
LAYER & (DEPTH(I) = W)
C**tt*tttitt*tt**iﬁttitt*t*ttttt*ttﬁtttt*l*'ﬁﬁi**ﬁittttt*ttﬁ*ﬁﬁtﬁ*lﬁtﬂtt*
Connn DETERMINING THE TYPE OF SOIL,SAND OR CLAY,T0 MAKE SIDE
Cuwnn RESISTANCE COMPUTATIONS
c**tiﬂ*tttiitttiit**t***t*tttttttttiiti**i**t*t*t*t***tittiti (122232332221
DD 38 L=1,LAYER
Xal
IFCALPHACI) ,LE,0,2)08]I%808
IF(ALPHACI),LE,@,8)60 Ty 208
SUXaSUTOP(I)Y+((SUBOT(1)»SUTOP(I))/(DEPTH(I)YwDEPTH(Iw]1)))n(Xe,52)
TRANSSALPRA(I)wSUX
IF(TRANS,GT,TRANLM(I)ITRANSRTRANLM(]D)
GSIS(TRANSwWASIDE/2¥203,)+3GS
200 DELTARX+BS+BLe2,#DIANMB
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Chunn

Crann
Cannn

55

91

92

92
717
Chnnn

821

3¢
Chnnn

70

éao

1346

Connn

mME ]

STAR®Y,

MDELTASDELTA

DETERMINING THE BASE RESISTANCE IF THE SECTION IS IN CLAY wawann
IF(MDELTALE.LAYER,AND,80IL(I),EQ,2,)CALL SUATB{

IF (MDELTALE.LAYER AND,SOIL(I),EQ,2,)G0 TO 55

DETERMINING THE BASE RESISTANCE IF THE SECTION 13 IN SAND wawmnn
iitiiiiiiti*iiiiiiiiiii*ﬁttttittttiititit*titttit*ttiiitﬁtttttttiti
IF (MDELTA,LE.LAYER)CALL PHIATH

IF(MDELTA,LE.LAYER)GD TO SS

CALL SUATB?

IF((I+1),EQ.(N+1))GO TO 8u@

IF(FINAL.EQ,1,)G0 TO 8@9

YaHeX+BS+BL

Nyay

YNEBNY

IF((YeyN) ,GE,0,54) YESTIMEYNSL,

IF((YeYN) LT ,8,58) YESTIMBYN

VOLYSVOLBL+ (YESTIM=BL)®AREASTY/27,

Q5 a Q8]

GH 3 QBA

QUaQSI+nBA

GONSQU/FST

QBD=QS+QB/FSH

Qve=Qu/voLY

IF(STAR,EQ,1,)G0 TO 99

PRINT 91,YESTIH,VOLY,QS,QB,0U,03°'°DN,QV2
FORMAT(1X,Fb6,0,2F17,2,4F15,2,F17,2)

GO 7O 717

PRINT 92,YESTIM,vOLY,Q8,G8,Q0U,080,QDN,QVv2
FORMAT(1X,F6,0,2F17,2,F15,2,1H%,F14,2,2F15,2,F17,2)

CONTINUE '

FIND THE LARGEST VALUE OF QU/VOLUME wwawawawww

IF(Qv2,LT,GYV1)60 TO 82}

IF(QDN,LT,OCHECK)GOD TO 82}
SAVELRYESTIMSSAVEORDIAMSSAVEOBsDIAMBSSAVAY2RGV2
SAVEVSVQOLYSSAVEQU=QU

Qvimave

CONTINUE

IF (QBD,GT, P AND,QBD.LE.QDN)GO TO 809

IF (QDN,GT ,P)GO TO B8@d

3QS 3 Q8!

CONTINUE

SELECY A DEEPER |AYER OF SOIL wwawwahasnn

I 58 I8

HSDEPTH(Ie1)

IF ((DEPTH(lwl)TOPLEN) LE.0,)HRTOPLEN

GO Y0 S¢

CONTINUE

DIAMBDIAM+,S

IFINTYPDS ,EQel  ANDOIAM GT (DIALIMS ,B2))PRINT 134s,3AVED,
1SAVEDB,SAVEL ,8AVEY,8AVEQU,8AVQV2

FORMAT(///%THE MOST EFFICIENT SHAFT FOR THIS SOIL PROFILE APPEARS
170 BE THE FOLLOWING ONEsw//1XaDIAMETER OF STEM BRFS 2,1 X0FT »
2/7/71X*DIAMETER OF BASE SAFS 2, 1XaFT 2/ /I X#ESTIMATED SHAFT LENG
STHRaFS 8,1 XaFT n//1XaVOLUME OF CONCRETE axF7,2,1%X0CU,YDB, n//1X
UxULTIMATE |LOAD CAPACITY®®F7,2,1X*TONSn//1X
S*QU/VOLUME OF CONCRETE ®nF7,2,1XaTONS/CU,YD %)

IF(DIAMGT, (DIALIM¢,B2) AND NTYPDS,EQ,1)G0 TO 6}
IF(DIAM 6T, (DIALIN®,02))G0 TO 6666

GO TO 1894

COME HWERE IF THE SAME BO0IL PROFILE I8 TO BE USED
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Canan BUT WITH THE FOLLOWING NEW VARIABLES wwwawawwnw
6666 NTYPLDENTYPDS

READ {900 ,NTYPDS,DSTARY,DIALIM,RATIO,BELANG, TOPLEN,BS

IF(NTYPLD,ER,2)G0 TO 3020
READ 6667, (ALPHA(J) ,Jm2,N)

6667 FORMAT(16FS)

G0 TO 300e

96 CONTINUE

END

SUBROUTINE SUATBI

DIMENSION DEPTH(39),8UB(20),PHI(30),CNC(38),
1801L(30),cUTOP(32),CUBOT(30)

COMMON/SAME / SUXsDEPTH, X,I,M,8UB,DELTA,MDELTA,H,MH,LONG,FACT,
1ABASE,QBA,LTEMP,QBATEM,SOIL,DIAMB,BL,PHI,N,CNC,NACT,FINAL,
28TAR,BS,TOPLEN,CUTOP,CUBOT

R L I LI T T I T I T I I
Cawan THIS SUBRQUTINE CALCULATES THE BASE RESISTANCE

Coennx IN A HOMOGENEQUS SOIL LAYER wanwwwwann

R A AN AR A AN AR AR A AN RN R RN R AR AN AR A AN AN AN AR N A AN R A AR RN AN AN AN AR AN A AR AR AR R AR

LONGRH+X+BS+BL

IF(DEPTH(le1) ,EQ,A4)DEPTH(I=1)8TOPLEN

MDIBDEPTH(I=1)

MD2BDEPTH(I)

DL ONGeMD1

SUBTs®,

00 36 JLMmi,NACT

TJsJLM

DEPTRTJ4D=,5

SUBTRSUBT+(CUTOP(I)+ ((CUBOT(1)=CUTOP(IY)/(DEPTH(I)DEPTH(I®1)))n
1DEPT)/FACT

36 CONTINUE
13 OBAB(CNC(I)~SUBT»ABASE) /2000,

RETURN

END

SUBROUTINE 8UATHBZ

DIMENSION DEPTH(3@),3UB(20),PHI(3B),CNC(3D),
180IL(38),CcUTOP(32),CUBDT(38)

COMMON/SAME/ SUX,DEPTH,X,1,M,SUB,DELTA,MDELTA,H,MH,LLONG,FACT,
1ABASE,QBA,LTEMP,QBATEM,SOIL,DIAMB,BL,PHI,N,CNC,NACT,FINAL,
2STAR,BS,TOPLEN,CUTOP,CUBOT

AR R AN AN R AN A AN NN AARAR RN AR R A AR AR AANNANANRRA RN NANR AR AN AR ANNAR AN N R AN AR
Cawnn THIS SUBROUTINE FINDS THE BEARING CAPACITY, IT TAKES INTO ACCOUNT
Cawan THE CASES WHERE THE BOTTOM OF THE SHAFT IS IN ONE TYPE OF S8O0IL
Canwnx BUT I8 CLOSE ENOUGH TO A LOWER LAYER WHICH MAY AFFECT THE BEARING
Cannn CAPACITY, A STAR IN THE OUTPUT DISTINGUISHES A BEARING CAPACITY
Cownw CALCULATED WHICH CONSIDERS TWO OR MORE LAYERS OF SOIL

AR AN A AR A RN AN AR AR N AN AR AN RN N AR AR A AR A RN RN A AN R A AR AR AR AR RN AN AR AR

LONGEH+ X+BS+BL

IF(DEPTH(I=1) ,EQ,@,)DEPTH(I=1)WTOPLEN

MHaH

20 IF(CI+1),EQ,(N+1))IRETURN

MOPTHISDEPTH(I+1) 8 KDEPTHRDEPTH(I)

IF(MDPTHI (LE,LONG)IBI+1}

IF (MDPTH! ,LE,LONG)GO TO 20

IF(MDPTHL LT, (LONG*NACT))GO TO 18

IF(KDEPTH,GT,LONG)GO TO 3

Ieled

IF(SOIL(I),NE,$,)6G0 TO 17

CALL PHIATB

IaM

RE TURN

17 CALL SUATBI



18

19

Cannn
22

31

776

177

778

Cunnn
Cannn
21

32

877

1aM

RETURN

IF((1+2) NE,_ (N+1))GO TO 19

FINAL®L @

RETURN

MOPTHREDEPTM(I+2)

IF(MOPTH2 LT, (LONG®NACT)IGD TO 4@

Iele}

CONTINUE

IF(SOILCL) JEQ 2, 4AND,SOIL(I#1),EQ,1,360 TO 21

IF(SOILCI) EQy1,,AND,SOIL(I1) EG,1,3G0 TO 11

IF(SO0IL(I) JEQ, 1, AND BOIL(I41),ER,2,)6D 1O 12 '

§$ME HERE IF BOTH LAYERS BEING CONSIDERED ARE CLAYS wwwwn
1]

112a}

DISTIWDEPTH(IT )l ONG

DISTRSL ONGeFACTWDEPTH(IT2)

MDISTeDISTY

NDISTEDISTR

JCap

DO 776 Jumi, mMDISY

TJIMeJM

DEPET/MeD,S

SUBLJIM)aCUTOP(ITI)+((CUBDT(ITI)®CUTOP(ITI))/(DEPTH(ITI)@DEPTH{IT]»

110))R(DEP+LONGeDEPTH(ITI=1))

JCrJCel

CUNTINUE

DO TTT JMmi,NDIST

TIMRJIM

DEPRT MM, S

SUB(JMeMDISTIRLUTOP(IT241) 4 ((CUBDT(IT2¢ ) eCUTORPIIT241))/(DEPTH(LIT2

141 )DEPTH(ITZ))InDEP '

JCmJCet

CONTINUE

QBA?EIE.

DO 778 JMmi,JC

QBA22BGBAZ2+ (((CNCUITIIRSUB(JMIRABASE) /204, )/FACT)

CONTINUE

GBAR(JBACZCHRBATEM

QBATEMaZ,

JCap

IaM

$§TARB1,

RETURN

COME HERE 1F THE TOP LAYER I8 A CLAY AND THE LOWER
LAYER I8 A BAND wawnkwnwww

ITim]

IT2s]

DISTIRDEPTH(IT1) = ONG

DISTEB L UNG+FACTDEPTH{ITE)
MDISTHDISTY

NDISTaDISTR

JC=p

DD 877 JMm1,MDIST

TIMgJM

DEPRTJIMeR,S
SUB(IJMI=CUTOP(ITI)S((CUBOT(ITIYesCUTOP(ITI))I/(DEPTH(ITI)WDEPTH({IT e
11)3)n(DEPOLONGwDERTH(ITI=]))
JCrJCed

CONTINUE

IniT2e¢%

CALL PHIATB



878

Chknn
11

33

Carnn
Crnawn

ie

34

9717

978

Crann
Canwn
Conwn

4e

I=ITY

GBAQ13808A

GBA21Cea,

DO 878 JLmi,JC
UBAZ!C'QBAE!C#(((CNC(I)*SUB(JL)*ABASE)/Z&GG.)/FACY)
CONTINUE

GBANQBA2IC+QBATEM+ ((QBAR1IS*DIBT2)/FACT)

GBATEM=d,

Jcao

InM

STARSY,

RETURN

COME HERE IF BOTH LAYERS BEING CONSIDERED ARE SAND wwwwn
ITi®]

IT2a]

DISTImDERPTHC(IT1)=LONG

DIST2® ONG+FACT=DEPTH(ITZ2)

IaITy

CALL PHIATB

GBA{1ARQBA

InlT2¢1

CALL PHIATS

InITy

QBA11BaQ@BA
GRAS(QBALIAXDIST1+QBA1IBRDIST2)/FALCTeQBATEM
GBATEM=Q,

ImmM

STARsY,

RETURN

COME HERE IF THE TOP LLAYER IS A SAND AND THE LONWER
LAYER IS A CLAY wwhannanis

ITia]

1T2e]

DISTIMDEPTYN(IT1 )=l ONG

DISTRBLONG+FACT=DEPTH(ITR)

NDISTaDIST2

JCad

InIT

CALL PHIATH

QBA12S®EBA

DO 977 JMag,NDIST

TJIMmJM

DEPaTJM=3,5
SUB(IM)BCUTOP(ITR2+1)+((CUBOT(ITR+1)=CUBOT(IT241))/(DEPTH(ITR2¢1)w
1DEPTH(IT@)) ) #DEP

JCaJCel

CONTINUE

QBAj2Cme,

00 978 JMai,J g

GBA12CuQBAL12C+ (((CNC(1TR2+¢1)nSUB(JMIXABASE)/R020,)/FACT)
CONTINUE

GBASQBALI2C+QBATEM+ (QBAL2S#DISTI/FACT)

QGBATEMad,

JCeu@

I1a8M

STAR'1|

RETURN

COME HERE AND CALCULATE A WEIGHTED BEARING CAPACITY
FOR A LAYER OF SOIL FULLY WITHIN THE TWO DIAMETER
DISTANCE BE|LOWN THE BASE OF THE SHAFT sanwaankank
Islel

ITis]

129
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69

4s

50

Chmnn
Cukun
Cannwn

14
29
L])

OISTIaDEPTH(I)=LONG

Islsy

DIFFPERRDEPTH(I)=DEPTH(l=1)

IF(B0IL (1) EG,1,)CALL PHIATB

IF(SOIL(I)EQ,1,)QBANQBA®DIFFER/FACT

IF(80IL(I)EQ,1,)G0 TO 45

SUSHARS(CUTOP(I)+CUBQT(1)) /2,

GBAmO,

GBABQBAPC((CNCC(II*SUSHAR®ABASE)/204d,)/FACT)

GBATEMSQBATEM+GBA

IFCCI+1) JEQ, (N+1))IRETURN

MDPTH2EDEPTH(I+1)

IF((MOPTH2=(LONG#NACT)),GE,4)GO TO SO

GO TO 6

IT2n]

Ialed

DISTZ2BLONG+FACT=DEPTH(ITR2)

IF(SOIL(ITY) ,EQe2¢eAND,SOIL(I) EQ,2,)G0D TO 31

IF(SOILCITY) EQ,24¢eANDSOIL (1) EQ,1,)G0 TO 32

IF(SOILCITI) ERe1aeAND,SOIL(I),EQ,1,)GN TO 33

60 T0 34

END

SUBROUTINE PHIATR

DIMENSION DEPTH(30),85UB(28),PHI(308),CNC(39),
18S0IL(32),CcUTORP(302),CUBOT(30)

COMMON/SAME/ SUX)DEPTH,X,I,M,8UB,DELTA,MDELTA,H,MH,LONG,FACT,
1ABASE,QBA)LTEMP,QBATEM,SOIL,DIAMB,BL)PHI,N,CNC,NACT,FINAL,
2STAR,BS, TOPLEN,CUTOP,CUBOT
I 2 R R R R 32 R RS2 2R R 222 R 2 R R0 R T N2 223 3 X RR2 2222233222

THIS SUBROUTINE FINDS THE BEARING CAPACITY OF THE SHAFT IN SAND,
I A3 222222222222 2222222222 YRR R 22 R R R R LR R ]

IF(PHI(I),LE.38,0)G0 TO 10

IF(PHI(I), LE,36,2)60 YO 20

IF(PHICI) LE.41,2)G0 TO 3¢

GBAR(ABASE/(,6%*DIAMB))w4B,

RETURN

Q8ARD,

RETURN

GBAR(ABASE/(,64DIAMB))I* (2,667 (PHI(I)e38,0))

RETURN

ABABCABASE/ (LO%DIAMB))I* (16,4 (4,8 (PHI(])e36,0)))

RETURN

END
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EXPLANATION OF INPUT FORMAT FOR SHAFT1

As a matter of convenience in explaining the input format, the data
cards are broken down into two groups: set A and set B (see later discus-
sion). The cards in set A contain information for a soil profile. The cards
in set B contain information related to the soil~profile data in set A. 1In
using both sets of cards, one can reuse the soil-profile data in set A but
with the modified values that are found in set B.

To use the data found in set A just once for a series of capacity
computations in a soil profile without use of set B, NTYPDS 1is assigned a
value of one. 1If another soil profile is to be considered, a second set A
immediately follows the first set A.

NTYPDS 1is assigned a value of two when the information in set A is
to be used again with modified values of the variables found in Card No. 3.
The modified values are furnished in set B. If a new soil profile (set A)
is to be considered following the capacity computations based on the modified
values, then NTYPDS in set B must be given a value of one. However, if the
values of Card No. 3 are to be modified another time, then NTYPDS in set B
must be given a value of two. Any number of sets B may follow any set A.

NTYPDS is given a value of three for a case similar to the one in
which NTYPDS 1is equal to two except that the strength reduction factor,
ALPHA, for every soil layer can be modified. This information is furnished
invset B in the order shown later. No more than two cards of the No. 6 type
are required because not more than 29 layers of soil can be considered in
this program.

In order to end the program or in order to consider a new set A, the
last assigned value of NTYPDS must have been one. Furthermore, another
requirement for ending the program is the use of a blank card following sets
A (or set B when used), Card No. 7.

Card Type No. 1. NHEAD is an integer refering to the number of cards

that comprise NHEADNG. NHEAD must be less than or equal to four. If
NHEAD is equal to zero, the program will end; there is one card per set A.

Card Type No. 2. Data cards of this type consist of alphanumeric

information which can be used to describe a design case. No more than four

cards can comprise HEADNG for each set A.
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Card Type No. 3. There is only one such card for each set A. How-

ever, any information on this card can be changed by the method explained
earlier in this section by assigning a proper value of ¥TYPD3 and the appro-
priate information in set B.

DSTART is the first stem diameter to be considered for each set A,
Units are feet.

DIALIM is the size of the diameter to be considered when capacity
computations are made for more than one shaft diameter. When only one shaft
size is of interest, the DIALIM is assigned a value of zero. Units are feet.

RATIO is the ratio of the base diameter to the stem diameter. 1In
the case of straight shafts, the value of RATIO must be zero.

BELANG is the angle of the bell with respect to the vertical. In
the case of straight shafts, BELANG is zero. Units are degrees.

TOPLEN is the top portion of the shaft that is nonceontributing to
side resistance. Units are feet.

BS is the bottom section of the shaft that has no resistance from the
soil. Units are feet.

Card Type No. 4. There is only one card per set A. N is an integer

refering to the number of strata in the soil profile. N must be less than
or equal to 29,

WID is the water table depth with units in feet.

P is the design load. Units are pounds.

QCHECK also has units in pounds. As discussed in Chapter 4, efficien-
cy computations are eliminated for computed loads less than QCHECK. QCHECK
should be given a suitable value to avoid making unnecessary efficiency com-
putations for drilled shafts with small penetrations.

FST refers to the factor of safety that must be applied to the total
ultimate capactiy.

FSB refers to the factor of safety that must be applied to the ulti-
mate base capacity.

Card Type No. 5. There are as many of these cards as there are

layers of soil. The data cards are arranged in order of increasing depth.

ALPHA is the strength reduction factor, a.
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CNC is the bearing capacity factor, Nc' For sand layers this para-
meter is given a value of zero.

GAMMA is the total unit weight in pounds per cubic foot.

PHI has units of degrees. PHI refers to the undrained angle of
internal friction in cohesive material and to the effective angle of internal
friction in granular soil.

CUTOP and CUBOT refer to the undrained cohesion at the top and bottom,
respectively, of a cohesive soil layer. Units are in pounds per square foot.
For granular soil layers, CUTOP and CUBOT are assigned values of zero.

TRANLM is the maximum load transfer permissible for a given stratum.
Units are in pounds per square foot.

SOIL refers to the soil type. A value of 1.0 identifies a granular
soil layer and a value of 2.0 identifies a cohesive soil stratum.

DEPTH specifies the bottom depth of each layer of soil. Units are
in feet.

Card Type No. 6. This card is used in set B when the previously

specified strength reduction factors are to be modified without changing any
of the other information in set A. Even if only one ALPHA value is to be
changed, desired values for all soil layers must be included. When this type
of card is used, it must be preceded by Card Type No. 3 in set B. No more
than two No. 6 cards can be used because of the limit of 29 soil layers per
profile.

Card Type No. 7. This data card should always be the last one of the

deck and may follow a set A or B, whichever is the case. Upon reading this
blank card, the computer will assign NHEAD a value of zero, thus causing the

program to be terminated.



INPUT FORMAT FOR PROGRAM SHAFT1

CARD TYPE

1

* 4)
s o

ONE ™

@ SET

" SET

CARD
1
ﬁﬂgﬁ;ﬂp NUMBER OF
8A10 | CARDS=NHEAD
1 80
TYPDS DSTART DIALIM RATIO BELANG TOPLEN BS ONE
11 | rio | rio0 F10 * F10 F10 | ri0 | CARD
1 11 20 21 30 31 40 41 50 51 60 61 70
N WTD P QCHECK FST FSB ONE
(2] | Fio | F20 I F20 | F10 | _F10 ] CARD
1 2 11 20 21 40 41 60 61 70 71 80
ALPHA  CNC GAMMA PHI CUTOPD CUBOT. TRANLM SOIL DEPTH AS MANY
[ r5 | F5 | F10 F10 F19 £10 | Fl10 | F10 |  F10 | CARDS As
THERE ARE
1 56 10 11 20 21 10 31 40 41 50 51 60 61 70 71 80 SoTL LAYERS
‘\
NTYPDS DSTART DIALIM RATIO BELANG TQPLEN BS ONE
(1] | F10 ] ri0o |  Fi0 F10 | F10 | F10 | CARD
1 11 20 21 10 31 40 41 50 51 60 61 70
ALPHA(1) ALPHA(2) ALPHA(3). . < - .. R ALPHA(N) ONE OR TWO
L Fs [ Fs [ rs I . - - - | F5 CARDS, AS
1 56 10 11 15 16 . . .. . 75 76 REQUIRED
(BLANK CARD TO END PROGRAM) ONE

CARD

7€l



SAMPLE OUTPUT FOR PROGRAM SHAFTL

HO?STON(GE) « OCT 1971 (SLURRY)
73,5 FT, PENETRATION = QUX6TR® TONS ~ QSs6@@ TONS QB=78 TONS

DESIGN LO0AD = 1282000188,

MAKE COMPARISONS OF QU/VOLUME
FOR DESIGN LOADS GREATER THAN 20000288,

NUMBER OF | AYERS = 7

WATER TABLE DEPTH = 13 FT,

NTYPDESH™ 1
DSTART & 2,62 F7,
DIALIM =ng B8
RATIO w=wp, 09
(4 21 x 2,00
£.1] x 3,90

ALPHA NC GAMMAL{PCF) PHI(DEGREES) CUTBP (PSF) CUBOT(PIF) TRANSLM(PSF) SOIL DEPTH(FT,)

8,8

MY 5,88 128 ] 1808 1962 4908 2
13,0

W00 9,00 12% -] 1968 3928 4800 2
46,8

60 9,00 12% 8 3920 4200 4000 2
59,8

MY 9,00 12% 0 4208 4620 4poe 2
68,0

1 0,00 132 32 ] 0 Soe@ i
15,0

59 2,99 115 42 @ e 5930 $
1740

at@ 9,02 12s @ 40ao 1T 4020 2

85,0

cel



CIAMETER QF STEM = 2,62 FT,
DIAMETER OF BASE = 2,62 FT,
END OF STEM TO BASE = 2,88 FT,
ANGLE OF BELL = =B,8 DEGREES
1GNORED TOP PORTION = 8,00 FT,

IGNORED BOTTOM PORTION =e8,00 FT,
AREA OF ONE PERCENT STEEL® 7,76 8G,1IN,

VOLUME OF UNDERREAM = 8,08 cU,YDs,

ESTIMATED

SHAFT LENGYH VOLUME 1] Ge Qu aen GON QU/VOLUME

(FEET) (CU,YDS,) (TONS) (TONS) (TONS) CTONS) CTONS) (TONS/CU,YDS,)

9 1,80 2,56 21,34% 23,90 9,67 11,95 13,30
12 2,00 5,74 23,29% 29,84 13,514 14,52 14,54
1 2,29 G,42 24,91% 34,31 17,78 17,15 15,62
12 2,40 13,53 26,19% 39,71 22,25 19,86 16,57
13 2,60 18,13 48,82 64,95 34,48 13,47 25,79
14 2.80 23,04 S8,19 73,24 39,77 316,62 26,19
15 3,00 28,18 51,57 79,67 45,29 39,84 26,68
16 3,28 33,31 52,94 86,25 53,96 43,13 26,99
17 3,39 38,86 54,32 92,98 56,77 46,49 27.39
18 3,59 44,16 55,69 99,86 62,73 49,93 27,78
19 3,79 49,81 57,87 106,88 68,43 53,44 28,17
20 3,99 55,61 58,44 114,08 75,29 57,82 28,55
21 4,19 61,55 59,82 121,36 81,49 60,68 28,94
22 4,39 67,63 61,19 128,83 88,03 64,414 29,32
23 4,59 73,87 62,57 136,44 94,72 68,22 29,72
24 4,79 80,25 63,94 144,19 101,58 72,18 39,08
2% 4,99 86,78 65,32 152,09 108,55 76,05 38,46
26 5,19 93,45 66,69 180,10 115,68 88,07 30,84
27 5,39 108,27 66,07 168,38 122,96 84,17 34,22
28 5,59 187,24 69,448 176,08 138,39 88,34 33,68
29 5,79 114,35 72,82 185,17 137,96 92,59 34,97
30 5,99 121,61 72,19 193,81 145,68 94,98 32,35
31 6,19 129,02 73,57 202,59 153,54 181,29 32,72
32 6,39 136,87 74,98 211,52 161,55 185,76 33,18
33 6,59 144,27 76,32 228,59 169,714 118,38 33,47
33 6,79 152,12 77,69 229,82 178,02 114,91 33,85
35 6,99 168,12 79,27 239,19 186,47 119,58 34,22
36 T.19 168,26 80,44 248,78 195,87 124,33 34,59
37 7,39 176,54 81,82 258,36 203,82 129,18 34,97
18 7,59 164,98 83,20 268,17 212,71 134,89 35,34
39 7.79 193,56 84,57 278,13 221,75 139,06 15,71
48 7,99 202,29 85,95 288,23 238,93 144,12 36,88
41 &,19 211,16 87,32 298,48 240,27 149,24 36,45
42 8,39 220,16 88, 61" 308,79 249,72 154,39 3u,82
43 8,59 229,35 89,72w 319,87 259,26 159,53 37,16
44 8,79 238,66 90, 66% 329,32 268,88 164,66 37,48
45 8,99 248,12 91,42 339,54 278,60 169,77 37,78
a6 9,19 257,73 93,00 349,70 268,40 174,87 18,87
47 9,39 267,44 92,40 359,94 298,27 179,97 18,35
48 9,59 277,29 93,080 378,20 308,29 185,10 38,62
49 9479 287,01 93,50 384,51 318,18 192,26 38,89
52 9,99 296,88 94,00 394,88 328,21 195,44 19,15
54 18,18 306,680 94,50 4p1,30 338,30 208,45 39,48
52 18,38 316,77 95,00 411,77 348,44 285,89 19,65
53 108,58 326,82 95,58 422,30 358,63 211,15 39,99
54 18,78 336,88 95,99 432,87 368,88 216,44 4,14
55 14,98 347,01 96,55% 443,56 379,28 221,78 48,38
sé 11,18 357,20 97,22 454,42 389,64 227,21 48,63

57 11,38 367,44 98,01« 445,45 488,11 232,73 40,89

9¢1



58 11,58
59 11,78
69 11,98
61 12,18
62 12,38
63 12,58
64 12,78
65 12,98
66 13,18
67 13,38
68 13,58
69 13,78
78 13,98
71 14,18
T2 14,38
73 14,58
T4 14,78
75 14,98
76 15,18
77 15,38
78 15,58
79 15,78
89 15,98

THE MOST EFFICIENT SHAFTY
DIAMEYER OF STEM H]
DIAMETER OF BASE ]
ESTIMATED SHAFT LENGTH=
VOLUME OF CONCREYE [ ]
ULTIMATE LOAD CAPACITY®

QU/VOLUME OF CONCRETE =

377,73
388,08
398,51
499,05
419,71
430,49
441,38
452439
463,51
474,74
486,10
492,57
499,14
585,79
512,53
519,36
526,27
533/27
543,48
553,84
563,71
573,59
583,47

FOR THIS SOIL PROFILE APPEARS TO BE YHE FOLLOWING ONES

2,62 FT,
2,62 7T,

73 FT,

14,58 CU,YDS,;

642,61 TONS

44,88 TONS/CULYD,

98,924
99,94
181,02
102,10
183,18
104,26
88,17%
71,03%
53,67
36,09%
18,30
18,30
18,39
46,43
69,13
123,26x
115,59«
107,93«
100,27
92,61
92,61
92,61
92,61

476,65
488,02
499,53
511,16
522,99
534,75
529,55
523,41
517,17
510,83
504,39
510,87
517,43
552,22
581,66
642,61
641,86
641,20
643,76
646,45
656,32
666,20
676,08

410,70
421,39
432,18
443,09
454,11
465,24
478,77
476,86
481,40
486,77
492,19
498,67
505,24
521,27
535,57
56@,44
S64,80
569,25
576,91
S84,71
594,58
684,46
614,34

238,33
244,81
249,76
255,58
261,45
267,38
264,78
261,71
258,59
255,42
252,20
255,43
258,72
276,11
290,83
321,31
320,93
320,60
321,88
323,22
328416
333,10
338,04

41,15
41,42
41,69
41,96
42,23
42,59
41,43
40,32
39,24
38,18
37,14
37,87
17,44
38,95
40,45
44,08
43,43
42,81
42,42
42,84
42,13
42,23
42,32

LET
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BSHAFT LISTING
PROGRAM BSHAFT(INPUT,OUTPUT)

DIMENSION
DIMENSIQON

HEADNG(58),8IDRES(38),BRESIS(30), TRANLM(3d)
ALPHA(38),BLOWS(30),80IL (308),DEPTH(3V)

COMMON/SAMEY /DEPTH, X, M, DELTA,MDELTA,H,MH, LONG,FACT,GBATEM,

180IL,N,NACT,FINAL/,8TAR,J,BS8, TOPLEN,SIDRES,BRESIS,I,0BA,
€ABASE,DIAMB,B|

Ciii**iitii*tittiﬁiﬁtiiiiiiiiii*iiiiiiiiiiiiiiittiiiiiiiiiriitiiiiiii

Cumnyn
Chnnn
Coamun
Camun
Cownnwn
Cunnn
Chmnwn
Chuwn
Cwwnw
Cunnn
Canwnwn
Cuwwuw
Cawnw
Chmnn
Chnnn
Chmnn
Cuwnwn
Chnnn
Chhnw
Chwnwn
Coannn
Chwnn
Cunnn
Chnnn
Chnwnwn
Cannn
Chwan
Chwnn
Cunnx
Cunnn
Chnnn
Cwwwnw
Cuwnwn
Cuwnwn
Crnwnw
Couwnwn
Cuwnwn
Cunnwn
Chwnw
Chhnw
Coawnn
Coawnw
Cunnn
Cunnwn
Cunnn
Chwnn
Cunnn
Chwnn
Cunnn
Chnwwn
Chnnw
Chwnwn

ALPHA wuw

THE CORRELATION FACTOR BETWEEN THE SHEAR STRENGTH
OF THE STRATUM TO THE SHEAR RESISTANCE DEVELOPED
IN THE STRATUM,

BELANG » THE ANGLE OF THE BELL (DEGREES) WITH RESPECT TO VERTICAL

BLOWS wan

BS wwwhpw
DEPTH waw
DIALIM wnw
DIAM wwaw
DSTART =w
FSB whwnw

FST kwuwn

NHEAD #www

THE NUMBER OF BLOWS/FT, OBTAINED FROM THE T,H,D,
DYNAMIC PENETRATION TEST OR THE 8,P,T, FOR EACH
LAYER OF 80IL

THE BOTTOM POURTION OF THE SHWAFT TO BE IGNORED
(IN FEET)

THE DEPTH TO THE BOTYOM OF EACH SOIL LAYER(FEET)
THE LARGEST DIAMETER (FEET) TO BE CONSIDERED

THE DIAMETER (FEET) OF THE STEM

THE FIRST YALUE DIAM IS TO ASSUME

DIAM I8 INCREASED IN INCREMENTS OF 0,5 FT,

THE FACTOR OF SAFETY APPLIED TOD THE ULTIMATE BASE
CAPACITY, GB

THE FACTOR OF SAFETY APPLIED TO THE TOTAL ULTIMATE
CAPACITY, QU, WHICH RESULTS IN QDN

THE NUMBER OF CARDS IN HEADING

HEADNG » DESCRIPTION OF THE DESIGN

N wwwnwawn

NUMBER OF SOIL LAYERS

NTYPDS » SPECIFIES8 THE TYPE OF DESIGN CALCULATIONS ODESIRED

P ahkkhwnk
OB wwwwww

GBD wwwwn
ACHECK ww
QDN wwwww
QS whhhwn
QU wawhaw

RATIO waw

SOIL wwaw

TOGPLEN » TOP PORTION
TRANLM = THE MAXIMUM

TYPB wwww

WTD wwwww

THE TOTAL DESIGN LOAD DESIRED (LBS,)

THE ULTIMATE BASE RESISTANCE, AN ASTERI1S8K BESIDE
THIS VALUE SIGNIFIES THAT THE RESISTANCE wAS
CALCULATED CONSIDERING TWO OR MORE SOIL LAYERS
THAT ARE WITHIN TWO BASE DIAMETERS FROM THE BASE
THE TOTAL DESIGN LOAD USING A FACTOR OF SAFETY
OF FS8 APPLIED TO THE ULTIMATE BASE RESISTANCE
EFFICIENCY COMPUTATIONS ARE ELIMINATED FOR COMPUTED
LUADS LESS THAN QCHECK (LBS,)

TOTAL DESIGN RESISTANCE WITH A FACTOR OF SAFETY
OF FST APPLIED 10O QU

ULTIMATE SIDE RESISTANCE

TOTAL ULTIMATE RESISTANCE

THIS I8 THE RATIO OF THE DIAMETER OF THE QASE
TO THE DIAMETER OF THE STEM

THE TYPE OF SOIL IN A GIVEN LAYER

SOIL(I)® | REPRESENTS A SAND

SOIL(I)= 2 REPRESENTS A HOMOGENEQUS CH SOIL ,
SOIL(I)s 3 REPRESENTS A CLAY B8HALE

SOIL(I)=® 4 REPRESENTS A SILTY CLAY(CL)

SOIL(IY® S REPRESENTS A SANDY CLAY(CL)

OF THE SHAFT TO BE IGNORED(FEET)

LOAD TRANSFER ALLOWED WITHIN

A GIVEN SOIL LAYER (IN PSF)

THE TYPE OF DYNAMIC PENETRATION TEST USED, wSPTw
NOTES THE STANDARD PENETRATION TEST AND #SDHPTw
DENOTES THE STATE DEPARTMENT OF HIGHWAYS AND PUBLIC
TRANSPORTATION PENETRATION TEST,

DEPTH OF THE WATER TABLE

DEe

NOTE = ONE BLANK CARD I8 REQUIRED TO END THE PROGRAM
(S e e T T R R R L R L I R I AL R L L]
61 READ 23,NMEAD,TYPB
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DATA A,B/SHSDHPT,SHSPT/
23 FORMAT(IL,4X,48)
IF(NHEAD,ER,BIG0 TO 96
PRINT 28
28 FORMAT(i1M1)
Cusxnn READ COMMENTS sawnn
DO 27 Itmi,NHEAD
READ 25, (HEADNG(IK),IHR{,8)
25 FORMAT(8A18)
PRINT 26, (HEADNG(IM),IHm},8)
eb FORMAT(1X,8A10)
Qvere, $§ QVimg,
27 CONTINUE
READ 1@UB/NTYPDS,DSTART,DIALIM,RATIO,BELANG,TOPLEN,BS
1980 FORMAT(I1,9%,6F10)
READ 2/N/WTD,P,QCHECK,F8T,FS8
2 FORMAT(12,8xX,Fly,2F20,2F10)
PRINT 28, P
2@ FURMAT(///7,1X*DESIGN LOAD maF 10 8% B8, 2//)
PRINTY 4,QCHECK
4 FORMAT(iX*MAKE COMPARISONS OF GQU/VOLUME=/1X
1#FOR DESIGN LOADS GREATER THAN®Z2X,FiB3,@x  BS,*//)
PePp/20888,
GCHECKMQCHECK /20000,
PRINT §,N
5 FORMAT(IX«NUMBER OF LAYERS =#1%//)
Pl = 3,142
NEN#1
PRINT 9, WTD
9 FORMAT({X#WATER TABLE DEPTH maFid,Bx FT,.w)
Coaxnn READ SOIL INFORMATION wanw
3481 DO 580 I m 2,N
READ11, ALPHA(I),BLOWS(I),SOIL(I),DEPTH(I),TRANLM(])
11 FORMAT(SF{D)
TRANLM(II®TRANLM(]) /2000,
20 CONTINUE
Cawnn MAKE CONVERBIQON OF BLOWCOUNT TD UNIT S8IDE RESISTANCE AND UNIT
Connn BASE RESISTANCE USING THE T,7,I, CORRELATIONS wwwse
888 DD 784 Im2,N
Conaw STAY HERE IF USING T H,D, PENETROMETER VALUES wwaxxn
IFCTYPB,EG.BIGO TO 58%
IF(SOIL(1),6T7,1.3G0 YO 771
SIDRES(1)mB B14xBLOWE(])
IF(SIDRES(I) GT, TRANLM(IIISIDRESCIIRTRANLM(L)
IF(BLOWS(1).LE.20,)G0 TO 768
IF(BLOWS(T) ,LE,.65,)6G0 TO 761
IF(BLOWS(I),LE,112,)60 TO 762
BRESIS8(I)m4p,2
GO YO 0@
769 BRESIS(I)wR,0
G0 TO 7@
761 BRESIS(1)wd 35S6w(BLOWS(1)e28,)
GO TO 708@
762 BRESIS(1)®16,+(,533I3+(BLOWS(])»65,))
GO T0 7Re
771 IF(S0IL(1)4GT,2,)G60 TO 741
SIDRES(1)uR, P72xBLONS(I)*ALPHA(I)
IF(SIDRES(I).GT, TRANLM(I))SIDORESC(IIRTRANLM(I)
BRESIS(I)mBLOWS(1)/2,8
IF(BRESIS(1),6T,35,)BRESIS(I)n3S,
GO TO 7909
741 IF(SOILCIIG6T,3,)6G0 TO 742



140

742

43

Chrwn
585

860
Bel
862
881

B4

842

Buy

708
3geo
7178
17719

503

BIDRES(I)mB PI13*BLONSC(I)wALPHA(L)
IF(BIDRES(I)GT,TRANLMC(LI))SIDRESCIIRYRANLM(I)
BRESIS(I)mBLOWS(1) /16,8

GO0 T0 700

IF(80IL(I).6T,4,)60 To 743
SIDRES(I)mB , Be3*ALONS(II*ALPHA(L)
IF(BIDRES(I),6T,TRANLM(I))IBIDRES(IIRTRANLMCI)
BRESIS(I)aBLOwWS(I)/2,8
IF(BRESIS(1),GY,35,)RRESIS(I)n3%,

GO Yo 700

SIDRES(1)%2 ,2S3#BLONS(IIRALPHALL)
IF(BIDRES(I)  GT,TRANLM(I)ISIDRESCIINTRANLMC(Y)
BRESIS(IImBLONWS(]1)/2,8
IF(BRESIS(I),67,35,)BRESIS(I)n3S,

60 T0 40

COME HERE IF USING 8,P,T, PENETROMETER VALUES
CONTINUE

IF(SOIL(I),GT,1,)60 TO 881
SIDRES(1)s2,026xBLONS(I)
IF(SIDRES(IY, 0T, TRANLMCII)ISIDRESCIISTRANLM(I)
IF(BLOWS(I),LE,1@,)G0 TO 8e&2
IF(BLOWS(1),LE,38,)G60 TO 8é!l
IF(BLOWS(1),LE,58,)G0 TO 862

BRESIS(I)edp,?

GO TO Tep

BRESIS(IImE, 2

GO Y0 700

BRESIS(I)=2,8P%(BLOWS(I)=1B)

Go To 7Te0

BRESIS(I)mi6, 41,2« (BLOWS(]I)e38,)

GO YO 7¢0

IF(SOIL(1),6GT,2,)G0 TO 641
SIDRES(1)m0,180egLOWS(IIWALPHA(D)
IFCSIDRES(I) oGT,TRANLM{I)ISIDRESC(IIRTRANLM(I)
BRESIS(I)uBLONS(1)/1,6
IF(BRESIS(I) GV, 35,)BRESIS(1)=3S,

GO TO 7e@

IF(SCIL(I),GT,3,)60 YO 842
SIDRES(1)n®,B818%BLOWS(IIWALPHAC])
IF(SIDRES(I)GT TRANLM(I)ISIDRES(II)mTRANLM(])
BRESIS(I)wBLONE(I)/7,@

60 To 7e0

IF(SOIL(I),GT,4,)G0 TO 843
SIDREB(1)md, 898 *BLONS(I)*ALPHALL)
IF(BIDRES(I) GT TRANLM(I)Y)SIDRES{I)mTRANLM(])
BRESIS(I)aBLOWS(I)/1,6

IF(BRESIS(I)Y GT,35,)BRESIS(])=35,

G0 10 78e

SIDRES(I)®R ,0764BLOWB(I)=ALPHA(])
IF(SIDRESCI) GToTRANLM{I))ISIORESCIIRTRAN M(])
BRESIS(1)=BLOWS(1)/),6
IF(BRESIB(I),.67,35,)BRESIS(])u}3S,

CONTINUE

DIAMRDSTARTY

PRINT 7779

FORMAT(//1XnB80ILC1)® | REPRESENTS A SANDw/
1IXn80IL(I)e 2 REPRESENTS A HOMOGENEQUS CHW
21X#801.(1)8 3 REPRESENTS A CLAY SHALEw/
41X«80IL(I)m 4 REPRESENTS A SILYY CLAY(CL)w/
SiX«SOILCI)® S REPREBENTS A SANDY CLAY(CL)Iw//
NRATIO®RATIO

PRINY 1001 ,NTYPDS,D8TART,DIALIM,RATIO,FET,FBB

hkw

S0ILw/

)



10041 FORMAT(///1XkNTYPDSER]IS/{X#DETART anF5 2,2 X%F T, n/1X4DIALIM 2aFS,2
1/1X*RATI0O wxF5,2/1XnF87 uafF% 2/1XxFSB =xFS ,2//)
IF(TYPB,EQ.AYPRINT &

b FORMAT(7XRREDUCTION FACTOR=TX
I*SIDRES(TSFIRTX2BRESIS(TSFInTXRSDHPT(BLOWS/FT, 17X
SxBOILRTXeDEPTH(FT, ,}%//)

IF(TYPB,EQ.BIPRINT 7

7 FORMAT(IX*REDUCTION FACTORnTX
1*SIDRES(TSFINTX#BRESISITSFIRTXASPIN(BLOWS/FT, ) 7X
S*SOILA*TXeDEPTH(FT, I n/7)

DEPTH(1)m@g,p
PRINT 12,DEPTH(1)
12 FORMAT(93X,F14,0/)
DO S8t I=2,N
PRINT13, ALPHA(I), SIDRES(Il),BRESIS(I),BLOWS(I),S0ILCI), DEPTH(I)
13 PORMAT(F17,2,F18,2/F19,2,F28,¥,F17,8//93X,F14,8/)
541 CONTINUE

1904 CONTINUE

Ceanw DETERMINE THE BASE DIAMETER wwuan
SODIAMBDIAMADIAM
AREASTaPI®SQDIAM/Y,
IF(NRATIO0,EQ.B)GD TO 20140
DIAMBaDIAMRRATIC
SOIAMBRDIAMBAD]IAMA
ABASEsPI®SDIAMB/ G,
IF(DIAM,LE,3,52)TL 80,254
IF(DIAM,GT,3,52)TLBb,50
BELANGSBELANG/57 ,29
BLaTLe({(DIAMBmDIAM)/ (2, #TAN(BELANG)))
BELANGEBBELANG#S7,29
VOLBLEBC(PIN(BLeTLI®({SQDIAM/ L ,+SOIANB/U,+BQART(DIAMBRDIAM/4,))
1/73,)+(ABASExTL) Y27, '
G0 TO 261i1S

249 DIAMBaODIAM
8L=sg,
vQoLEL=0,a
ABASERPIaDIAMBRDIAMB/YG,

2815 CONTINUE
QBATEMRY,
8052 ,5081%p,308ARD,
FInAL®E,
W2,
Iw}

Cexed DETERMINE THE STEM UNIT SURFACE AREA manx
ASIDEmpIaDIAM
FACT®2 ,»DIAMB
NACTSIFIX(FACT)

Coann DETERMINE THE AREA OF THE BASE mwwax
STEELIB(,Q12PIaDIAMARZ/ 4, Injldg,
PRINT 21,DIAM,DIAMB,BL,BELANG, TOPLEN,BS,STEELL,VOLBL

21 FORMAT(IN1,#DIAMETER QOF STEM BAFS5, 2,2XAFT ,#/1X
{*DIAMETER OF BASE RaF6,2,2XeFT */1XeEND OF STEM TQ BASE
i Bapb, 2,2X%FT /1 X*ANGLE OF BELL s%FS,1,
11X#DEGREES#/1XnIGNORED TOP PDRTION BaFS 2, 1X*F T, */1 X*IGNORED
1BOTTOM PORTION 2eFS 2, 1XxFT /1 XnAREA OF ONE PERCENT STEE_m»
1F0.20 1 XSO IN /1 X2VOLUME OF UNDERREAM mkFE2n CU,YD8,x//)
PRINT 8¢

81 FORMATCIXRESTIMATEDR/ I XwSHAFT LENGTHROX#AVOLUME®13X#0S%13X
1208 IXRQUR 12X #OBO12X*QDNA{ 3X4QU/VOLUMER/3X
SR (FEET)I®OXR (LU, YDS I*IXR (TONS)I w9 X* (TONS ) #9X
IR (TONSIAOXR (TONSYRIX R (TONSIIXR (TONS/CU,YDE ) w)

50 IF(I1.,EG,(N¢1))GO TO BP0

141
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IFCCOEPTH(I)=TOPLEN) LE,V,2)G0 TO 70

LAYERS(DEPTH(I)eHN)

00 3@ { ®m3,LAYER

X=s|
Citiiiiiiitiitiiiiiiiiiiiitiitiiiiiiiitiiiiittitiiiiiiittiiiittitittitii
Cewnww DETERMINING THE SIDE RESISTANCE IF THE SECTION IS IN CLAY
Ciittitttitit-iﬁttt-tttiiiiiitiitiiiiitttiii*tittiiitttitiitittiiiiiiiii

QSIRSIORES(IIYwASIDE+SQS

200 DELTAaX+BS+BL+2,#DIAMB

Mgl

STARmg,

MDELTARDELTA
Cttiiiiitiiiiiiiiitiiiitiiiitiittiititttiiit*iiii*iiititiiii*ttiiiiiiiit
Cennw DETERMINING THE BASE RESISTANCE IF THE SECTION 18 IN CLAY
Ciiiiitiiiiiiiiiiiiitiiiiiiiiitttitiiititiitiitttiiiiitttiiiitiiititiiii

IF(MOELTALE LAYERGAND,SOIL(I),GT.1,)0BARBRESIS(I)*ABASE

IF(HDELTA.LE.LAYER.‘NDQSOIL(I)QGTolo)GO TO 8§
Cttttittitit-t*i--tt.t-iiiittiiiiilitiiittii*tiititiiiiiiiiiititiiiiiiii
Cawww DETERMINING THE BASE RESISTANCE IF THE SECTION IS IN SAND
ctiiii*iiiitiitiiitiiitiittiiiittiiiiittiiiiiiiitiiitiiittttitiiitiiiiii

IF(MDELTA.LE.LAYER)QBA!SRESIS(I)*ABASE/(.&G*DIAMB)

IF(MDELTALE.LAYERIGC TO 55

CALL SUATB?

IF((le1) ,EQ,(N+1))GO TO 8u0

IF(FINALLER,L1,)GO TO 804
Canwwnr DETERMINE THE LENGTH OF THE SHAFT awan

S5 YaH+X+BS+BL

NYaY

YNSNY

IF((YeaYN) ,GE,¥,58)YESTIMBYNe],

IFCCY=YN) LY, @,50)YESTIMRYN
Chann DETERMINE TWE VOLUME OF CONCRETE wwuw

VOLYSVOLBL+(YESTIM=BL)®AREAST /27,

Caxwn DETERMINE THE DIFFERENY SHAFT CAPACITIES wuwwn

08 ® Q81

@6 = QBA

QU & @8I ¢+ Q@BA

GONBRU/FST

QBD=QS+QB/F8B

QvesQuU/voLY

1F(STAR,EQ,1,)60 TO 92

PRINT 91,YEsTIM,VvOLY,08,08,0U,QBD,Q0DN,QV2

93 FORMAT(IX,Fp,@,2F17,2,4F15,2,F17,.2)
GO TO 717
9@ PRINT 92,YEBTIM,VvOLY,08,08,0U,QR8D,00N,Qv2
92 FORMAT(1X'Fb.B'2F17.2'F15.2'1”'0'1“.2'2F15.2'F1702)
717 CONTINUE
Cawww COMPARE THE PREVIOUS VALUE OF #QU/VOLUMEwx WITH THE NEW VALUE
Cumnw AND SAVE THE LARGEST VALUE OF THE TWO wwww

IF(QOVR,LT,OVI)IG0 TO 821

IF(QDN,LT,QCHECK)IGO TO 821}

SAVELSYESTYIMSSAVEDSDIAMSSAVEDARDIAMBSSAVQAV28QV2

SAVEVRVOLYSSAVEQURGU

QvisQyv2

821 CONTINUE
Cwwan IF THE DESIGN LOAD EXCEEDS #*Px GO TO 800 wwuw

IF(QBD,GT P, AND,QBD,LE,QDN)GO TD 8080

IF(ADN,GT,P)GD TO 880

30S = Q81

30 CONTINUE
70 HTEMPan
I s Jef
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HEDEPTH{Iw]) ‘
IF((DEPTH(Iw1)»TOPLEN) ,LE 8, HSTOPLEN
G0 TO %8

868U CONTINUE
DIAMBDIAM+B,S
Cwwnsx IF ANOTHER DIAMETER IS8 TO BE CONSIDERED 60 YO 3004, OTHERNWISE,

IF(NTYPDS,EQ.14AND,DIAM GT, (DIALIM¢ ,B2))PRINT 1346,34AVED,

1SAVEDB,SAVEL ,SAVEV,8AVEGQU,5AVEYE
1346 FURMAT(//7/%THE MOST EFFICIENT SHWAFT FOR THIS SOIL PROFILE APPEARS

1TO BE THE FOLLOWING ONEstw//i{X®DJAMETER OF STEM BEFS 1o XRFT
2//74X«DIAMETER OF BASE ExFS, 1,1 XnFT o/ /1 X#ESTIMATED SHAFT LENG
3THERFS B, I XnFT ,x// 1 X*VOLUME OF CONCRETE BAFT 2,1 XCU YOS, %/ /1 X
GeULTIMATE LOAD CAPACITYR#FT,2,1XeTONSK//1X
S*QU/VOLUME OF CONCRETE maF7,2,1X4TONS/CU,YD, )

Cownx GO TO 61 Yo SEEB IF ANQTHER S0IL PROFILE IS TO BE CONSIDERED

Crmun QR IF THE PROGRAM IS TO BE ENDED wawnn

IFCOIAMGT (DIALIM+,22) (AND NTYPDS ,£G,1)G0 TO &1

IF(DIAM,GT(DIALIM*,P2))IG0 TO b668

6O To 1@uy

Canww COME RERE IF THE SAME SQIL PROFILE IS TO BE RE=USED WITH
Cowun THE FOLLOWING NEW VARIABLES wanw
bbos NTYPLDaNTYPDS

READ 1@80,NTYPDS,DSTART,DIALIM,RATIU,BELANG, TOPLEN,BS

IF(NTYPLD EQ,.2)Y60 TO 32vd

READ 6667, (ALPHALJI) JE2,N)

6667 FORMAT(16FS)

GO TO 384¢

96 CONTINUE

END

SUBROUTINE guUATB2

DIMENSION DEPTH(]B)pSUIL(!B);SIDRES(BB)sBRESIS(3Q)

CUOMMON/BAMEL /DEPTH XM, DELTAMDELTA,H, MHN,LONG,FACT ,QBATEM,
180IL,N)NACT,FINAL,STAR,J,B88,TOPLEN,SIDRES,BRESIS,],QBA,
2ABASE,DIAMB, B

C*tt****t*ttit*ttiﬂ*ti***tttiitﬁtttt*t**t*tlﬁtttittt**t**tt!ttﬁttit*ﬁt**
Cawnn THIS SUBROUTINE FINDS THE SEARING CAPACITY, IT TAKES INTO ACCOUNT
Chnwn THE CASES wHERE THE BOTTOM QF THE BHAFT IS IN ONE TYPE OF 8SOIL
Crunn BUY I8 CLOSE ENQUGM TO A LOWER LAYER wWHICH MAY AFFECT THE BEARING
Coanwnw CAPACITY, A STAR IN THE OUTPUT DISTINGUISHES A BEARING CAPACITY
Crenwn CALCULATED wHICH CONSIDERS TwWD LAYERS,
c**t***t**tit**tt*ﬂt*t******t!t**tttntttk*.*i***t**titlttit*itttt**tltti

LONGEBHeX+BS ¢H)

IF(DEPTH(I=1) ,EQ,B.JDEPTH(I=1)nTOPLEN

MMaH

2d IFC{I+1),EQ, (Ne1)YIRETURN

MDPTHISDEPTH(I+1) $ KOEPTHEDEPTH(I)

IF (MOPTHI,LE.LONG)I®I¢}

IF(MDPTH]I JLELLONGIGO YO 28

IF(MDPTHI LT« (LONG*NACYIIGOD YO 18

IF(XDEPTH,GT ,LONGYGO TO 3

I=lel

IF(SOILC1) NEL1,36G0 TO 17

QBARBRESIS(I)I#ABASE/(,60+D]AMB)

Iem

RETURN

17 QGBASBRESIS(IInABASE
18M
RETURN
18 IF((1¢2)NE,IN41)IGO TO {9
FINALSL, O
RETURN
19 MDPTHZRDERPTH(I+2)



144

IF(MDPTHZ,LT.(LDNG+NACT))GO TO 44
3@ lal+l
3 CONTINUE
IF(80IL(I) GT,1,,AND SOIL(I+1),EG,1,)60 TQo 21
IF(SOIL(I)oEQ,1,,ANDSOIL(TI+1),EGe1,)60 TO 11
IF(SOIL(I) g€0,14eANDSOIL(I*1),6T,1,)60 TO 12
Camax COME HERE IF BOTH LAYERS BEING CONSIDERED ARE CLAYS wannn
22 ITi1=]
IT2=]
DISTI=2DEPTH(IT!)=LONG
DIST2BLONG+FACTeDEPTH(ITR)
31 GBAB(QBATEM¢ ((BRESIS(IT1)*DIST1)+ (BRESIS(IT2+1)aDIST2))»
1ABASE)/FACT
GBATEM=@,
Isp
STARs],
RETURN
Caxun COME HERE IF THE TOP LAYER IS A CLAY AND THE LOWER
Canun LAYER IS A SAND wnwannnwnn

el Itis]
1T2E]
DISTISDEPTH(IT1)=LONG
DIST22LONG+FACTSDEPTH(ITR2)

32 GBAZ21SABREBIS(IT2+1)NABASE/ (,60%DIAMB)
QBAS(UBATEM+ (QBA2ISADIST2)+(BRESIS(ITIIXRABASEADISTII)/FACT
QBATEM=Y,
1M
STAR®]1,

RETURN
Coxnn COME HERE IF BOTH LAYERS BEING CONSIDERED ARE SAND awann

11 ITis]
1T28]
DISTISDEPTH(IT{)eLONG
DIST2S ONG+FACTeDERPTH(ITR2)

33 UBAJIASBRESIS(ITI)I®ABASE/ (,608aDIAMB)
OBA11B3BRESIS(IT2+1)WABASE/ (,6A%D]AMB)
UBAR(QBATEM+ (GBAJIANDIST14GBALI1IBaDIST2))/FACT
GBATEM=Y,

IzsM

8TARm],
, RETURN
Crenxan COME HERE IF THE TOP LAYER IS A SAND AND THE LOWER
Camanw LAYER IS A CLAY wasawananw

12 ITi=]
1T2a]
DIST1=DEPTH(]ITy1)=LONG
DIST2RL ONGeFACTRDEPTH(ITZ)

34 I=ITy
GBARBRESIS(IIwABASE/ (,604D1AMB)
ORAZ((QBANDIST1) ¢ (BRESIS(IT2+1IWABASENDIST2)+QBATEM)/FACT
QGBATEM=8,

IaM
STARRY,
RETURN
Cewww COME HERE AND CALCULATE A WEIGHTED BEARING CAPACITY
Camwaw FOR A LAYER OF SOIL FULLY WITHIN THE TWD DIAMETER
Cawnw DISTANCE BELOW THE BASE OF THE SHAFT wwannunnun

43 Inlel
ITin]

DISTImDEPTYK(I)=LONG

60 Im]el
DIFFERRDEPTH(I)wDEPTH([=])
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4s

Se

IF(SOILC(T3 ,6T,14,)80 TO &7
GBAZBRESISCII~ABASEXDIFFER/(,68nD]AMB)
GO0 TO 45

GBARBRESISCIINABASERDIFFER
GBATENBQBATEM$QBA
IFCCI41) JEQ (N#1IIRETYRN
MDPTHREDEPTHITI41)

IFC(MDPTHZ= (LONGHNACT)) ,GE,¥)IGD TO SU
GO TO 68

{12nl

Islet

DIST2uONG#FACT=DERTHLIT2)

IF(SOILLITI) 6T 1 4o ANDSOIL(I)(GT,1,)G0 10O 31
IF(SOILCITIY BT .1 eeAND,SOILCIYLEG,Y,3G0 TO 32
IFC(B0ILCITI) s EQe oo AND SDIL(IIEG,1,)6D TD 33

6O TO 34
END

145
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EXPLANATION OF INPUT FORMAT FOR BSHAFT

As a matter of convenience in explaining the input format, the data
cards are broken down into two groups: set A and set B. The cards in set
A consist of all necessary information for a soil profile. The cards in set
B contain information related to the soil profile in set A. In using both
sets of cards, one can reuse the soil profile data in set A with the modified
values that are found in set B.

If one wishes to use the data found in set A just once for a series
of capacity computations in a soil profile without use of set B, then NTYPDS
is assigned a value of one. If another soil profile is to be considered,
this second set A immediately follows the first set A.

NTYPDS 1is assigned a value of two when the information in set A is
to be used again with modified values of the variables found in Card No. 3.
The modified values are furnished in set B. If a new soil profile (set A)
is to be considered following the capacity computations based on the modified
values, NTYPDS in set B must be given a value of one. However, if the values
of Card No. 3 are to be modified another time, NTYPDS in set B can be given
a value of two. Any number of sets B can follow any set A.

NIYPDS is given a value of three for a case similar to the one in
which NTYPDS is equal to two except that the strength reduction factor,
ALPHA, for every soil layer can be modified. This information is furnished
in set B in the order shown later. No more than two cards of the No. 6 type
are required because not more than 29 layers of soil can be considered in
this program.

In order to end the program or in order to consider a new set A, the
last assigned value of NTYPDS nust have been one. Furthermore, another
requirement for ending the program is to follow set A (or set B when used)
with a blank card, Card No. 7.

Card Type No. 1. NHEAD is an integer refering to the number of cards

that comprise HEADNG. NHEAD must be less than or equal to four. IF NHEAD
is equal to zero, the program will end. There is one card per set A.
TYPB is an alphanumeric identifier. If the SDHPT cone penetrometer

results are used, then the letters "SDHPT" are punched in columns six through

ten as shown later. However, if the Standard Penetration Test results are
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used, the letters "SPT" are punched instead of "SDHPT".

Card Type No. 2. Data cards of this type consist of alphanumeric

information which can be used to describe a design case. No more than four
cards can comprise HEADNG for each set A.

Card Type No. 3. There is only one such card for each set A. How-

ever any information on this card can be changed by the method explained
earlier in this section by assigning a proper value of NTYPDS and the
appropriate information in set B.

DSTART is the first stem diameter to be considered for each set A.
Units are feet.

DIALIM is the final diameter size to be considered when capacity
computations are made for more than one shaft diameter. When only one shaft
size is of interest, DIALIM is assigned a value of zero.

RATIO is the ratio of the base diameter to the stem diameter. 1In the
case of straight shafts, the value of RATIO must be zero.

BELANG is the angle of the bell with respect to the vertical. In the
case of straight shafts, BELANG is zero. Units are degrees.

TOPLEN 1is the top portion of the shaft that is noncontributing to
side resistance. Units are feet.

BS is the bottom section of the shaft that obtains no resistance from
the soil. Units are feet.

Card Type No. 4. There is only one card per set A. N is an integer

refering to the number of strata in the soil profile. N must be less than
or equal to 29.

WTD is the water table depth with units in feet.

P is the design load. Units are pounds.

QCHECK also has units pounds. As discussed in Chapter 4, efficiency
computations are eliminated for computed loads less than QCHECK. QCHECK
should be given a suitable value so as to avoid making unnecessary efficiency
computations for drilled shafts with small penetrations.

FST refers to the factor of safety that must be applied to the total
ultimate capacity.

FSB refers to the factor of safety that must be applied to the ulti-

mate base capacity.
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Card Type No. 5. There are as many of these cards as there are

layers of soil. The data cards are arranged in order of increasing depth.

ALPHA is the strength reduction factor, a. For sand, ALPHA may be
assigned a value of 1.0 as discussed in Chapter 3. However, if a lower load
transfer is expected than that calculated by the correlations listed in Table
3.9, ALPHA can be assigned a value lower than 1.0.

BLOWS refers to the average number of blows per foot for a soil
stratum obtained from the dynamic penetration test (SDHPT or SPT).

S0IL is used to specify a type of soil layer. For this computer
program, the soil types are broken down into five classes as follows:

1.0 defines a sand layer,

2.0 defines a homogeneous CH soil layer,

3.0 defines

4.0 defines a silty clay (CL), and

B

clay-shale,

5.0 defines a sandy clay (CL).

DEPTH specifies the bottom depth of each layer of soil. Units are
in feet.

TRANLM dis the maximum load transfer permissible for a given stratum.
Units are in pounds per square foot.

Card Type No. 6. This card is used in set B when the previously

specified strength reduction factors are to be modified without changing any
of the other information in set A. Even if only one ALPHA value is to be
changed, desired values for all soil layers must be included. When this type
of card is used, it must be preceded by Card Type No. 3 in set B. No more
than two No. 6 cards can be used because of the limit of 29 soil layers per
profile.

Card Type No. 7. This data card should always be the last one of

the deck and may follow a set A or B, whichever is the case. Upon reading
this blank card, the computer will assign NHEAD a value of zero, thus causing

the program to be terminated.



INPUT FORMAT FOR PROGRAM BSHAFT

CARD TYPE
NUMBER NHEAD  TYPB ONE IR
1 ] [as | CARD
1 6 10
HEADNG
' | D 7] NUMBER OF
2 . CARDS=NHEAD
) 80
NTYPDS DSTART DIALIM RATIO BELANG TOPLEN BS ONE
3 [11] } F10 | FI0 F10 | Fio | F1o0 | F10 | CARD > SET
1 11 20 21 30 31 40 41 50 51 60 61 70 A
N WID P QCHECK FST FSB
: ONE
4 L2 | [ _ri0 ] F20 [ F20 [ Fi0__ | Fi0__|
1 2 11 20 21 20 41 50 61 70 7T g CARD
ALPHA BLOWS SOIL DEPTH TRANLM AS ARy
F FI F10 FI0
s [ Fi0 [ 10 | Fio l | CARDS AS
1 10 11 20 21 30 31 40 41 50 THERE ARE
SOIL LAYEEE)
NTYPDS DSTART DIALIM RATIO BELANG TOPLEN BS
ONE
3 L] [ ri0 [ rmo | rio Fl0__ | F10 F10 [ CARD
1 11 20 21 30 31 40 41 50 51 60 61 70
v >
ALPHA(1)  ALPHA(2)  ALPHA(3) . . . . . . C e . ... ALPHAN) e oo 2 gpp
6 l F5 F5 | FS . . . . . . . . . . . . | F5 ] CARDS, AS B
1 56 10 11 516 - - - - - - - - - - - - - - 1576 80 REQUIRED

4

(BLANK CARD TO END PROGRAM)

ONE
7 CARD

691



SAMPLE OUTPUT FOR PROGRAM BSHAFT

BRYAN;TX, = MAR 1973(DRY)
42 FT, PENETRATION = 0U=325 TONS = Q@Sz255 TONS

DESIGN LOAD = 9880029LBS.,

MAKE COMPARISONS OF Qu/YOLUME
FOR DESIGN LOADS GREATER THAN 100900LBS,

NUMBER OF LAYERS = a

WATER TABLE DEPTH = 29 F71,

SOIL(I)= 1 REPRESENTS A SAND

SOIL(I)= 2 REPRESENTS A HOMOGENEOUS CW SOIL
SOIL(I)= 3 REPRESENTS A CLAY SHWALE

SOIL(I)= 4 REPRESENTS A SILTY CLAY(CL)
SOIL(I)= 5 REPRESENTS a SANDY CLAY(CL)

NTYPDESE 1
DSTART = 2,58 FT,
DIALIM ==0,08
RATID =ep,dp
FSY £ 2,89
F88 ® 3,00

REDUCTION FACTOR SIDERES(TSF) BRESIS(TSF) THON(BLOWS/FT,) SOIL DEPTH(FT,)
)
W68 1,38 11,07 33 2
12
.60 .76 6,83 18 2
32
Y 2,00 35,00 158 s
42
.68 2,00 35,00 176 s

Se

061



DIAMETER OF SYEM = 2,5@ F71,
DIAMETER OF BASE = 2,58 FT,
END QF STEM TO BASE = 09,02 FT,
ANGLE OF BELL s =0,8 DEGREES
IGNGREDR TOP PORTION e 5,082 F1,
IGNORED B0OYTOM PORTION s 2,08 FT,
AREA OF ONE PERCENT STEEL® 7.87 80,IN,

YOLUME OF UNDERREAM = @,00 CU,YDS.

ESTIMATED

SHAFT LENGTH VoL UmE as o]} ou 0BD QDN SU/VOLUME

(FEET) (Cu.YDS,) (TONS) (TONS) CTONS) (TONS) CTONS) tYONS/CU,Y08,)

8 1,08 10,23 49,80 60,02 26,83 32,01 41,26
9 1,640 20,45 45,24 6%,69 35,53 32,8% 60,14
10 1,82 30,68 40 ,68% 71,36 44,24 35,68 39,25
11 2,00 40,91 36,12 77,03 52,95 38,51 318,51
12 2,18 51,14 31,56 82,70 61,66 41,35 37,99
13 2,36 61,36 31,56 92,92 71,88 46,46 39,31
14 2,5% 71,59 31,56 183,15 82,11 51.58 4,52
15 2,73 77:53 31,56 109,09 88,85 S¢,54 4e .00
16 2,91 83,47 31,56 115,03 93,99 57,%] 39,54
17 3,99 89,41 31,56 122,97 99,93 68,48 9,13
18 3,27 9%, 34 3t,56 126,92 105,86 63,45 Je,77
19 3,48 121,28 31,56 132,84 111,80 66,42 38,45
28 3,64 187,22 31,56 138,78 117,74 69,39 38,16
2% 3,82 113,16 31,56 14a,72 123,68 72,36 37,98
22 4,00 119,18 31,%6 152,66 129,62 75,33 37,66
23 4, 18 125,84 31,56 186,60 135,56 78,38 37,44
24 4,36 138,97 31,56 162,53 141,49 81,27 37.25
2s 4,58 136,91 31,56 168,47 147,43 84,24 37,86
26 4,73 142,85 31,56 174,41 153,37 87,2¢ 36,89
27 4,91 148,79 31,56 180,38 159,31 99,17 36,74
28 5,89 154,73 56, 61w 214,34 174,68 187,17 42,18
29 5,27 168,67 87,67 248,33 189,89 124,17 47,10
32 5,45 166,080 115,72 282,33 285,18 141,16 51,76
3 5,64 172,54 143,17» 316,32 228,47 158,18 56,12
32 5,82 178,48 171,83 358,31 235,76 175,15 68,21
33 6,82 185,42 171,83 156 ,2% 241,70 178,12 59,37
34 6,18 198,36 171,83 362,19 247,63 181,89 58,59
38 6,36 286,87 171,83 377,9¢ 263,34 188,95 59,38
36 6,55 221,78 171,83 393,81 279,85 196,88 62,13
37 6,73 237,49 171,83 499,32 294,76 296,68 68,84
38 6,98 253,20 171,83% 425,83 310,47 212,54 61,51
19 7,89 268,91 171,83 440,74 326,18 220,37 62,15
42 7.27 284,62 171,83 456,45 344,89 228,22 h2,76
41 7,45 328,33 171,83 472,16 357,60 236,08 63,33
42 7,64 316,84 171,83 487,87 373,31 243,93 63,88
43 7.82 331,75 171,83 503,58 389,02 251,79 64,4y
44 8,008 347,46 171,83 519,29 404,73 259,64 64,91
45 8,18 363,17 171,83 535,00 uge,dd 267,59 65,38

THE MOUSY EFFICIENT SHAFT FOR THIS SOIL PROFILE APPEARS 70 BE THE FOLLOWING ONEg
DIAMETER OF STEM s 2.5 FT,
DIAMETER OF BRASE = 2,5 FT,
ESTINATED SHAFT LENGTHE 45 FT,

16T



VOLUME OF CONCRETE z

8,18 CU,YDS;

ULTIMATE LOAD CAPACITYe= 535,88 TONS

QU/VOLUME OF CONCRETE =

65,38 TONS/CU,YD,

[453!



APPENDIX C

DRILLED SHAFT CONSTRUCTION METHODS
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DRILLED SHAFT CONSTRUCTION METHODS

In the following paragraphs, three methods of installing drilled
shafts are briefly discussed. However, the reader is advised that every
contractor may have a construction method that deviates slightly from those

presented below.

Dry Method

This method of construcion entails excavating the shaft without the
aid of any fluid and following the excavation phase with complete concreting
of the hole. This method of constructing drilled shafts is used in firm to
stiff cohesive soils above the water table which do not have a pronounced
secondary structure that will cause the soil to slough into the excavated
hole. Drilled holes in similar soils below the water table will remain
open for small time periods. However, at greater depths below the water
table, the high seepage pressures will cause softening of the soil and induce
caving of the shaft walls. Under such circumstances, the hole is advanced
with the aid of a steel casing which is withdrawn as the hole is filled with

concrete.

Slurry Displacement Method

In areas where excavation shafts will not remain open due to the
softness or pronounced secondary structure of the cohesive soil, the presence
of cohesionless soil or high seepage pressures, or a combination of any of
these cases, a shaft hole can be advanced by filling the hole with a slurry
of drilling mud of sufficient specific gravity to stabilize the hole.

After the shaft is excavated to design grade, the concrete is poured with a
tremie pipe in a cuatious operation so as to displace the slurry with con-
crete and ensuring that no slurry is trapped along the sides of the shaft.

Disadvantages of this method are that the use of the slurry precludes
any visual inspection of the drilled hole and that a highly experienced
drilling crew familiar with the method is necessary to ascertain proper dis-

placement of the slurry during the concreting operation.
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Casing Method

In this method of construction, which is also used for unstable
soils, the shaft can first be advanced with drilling fluid until a strong
clay layer is encountered beneath the caving soils. A steel casing is then
inserted into the hole and pushed into the strong clay to form a tight seal.
The slurry is then removed with a cleaning bucket and the hole is advanced
in the clay. Upon completion of the drilling operation, concrete is poured
to a suitable elevation so as to allow proper withdrawal of the steel
casing. A major advantage of this method is that the hole the be visually

inspected upon completion of the drilling operation.
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