The Undrained Behavior of Drilled Shaft
Foundations Subjected to Static Inclined Loading
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Abstract

Drilled shafts are used increasingly as the foundations for many types of structures.
However, very little knowledge of drilled shaft behavior under inclined load is available. In
this study, a systematic experimental testing program was conducted to understand the
undrained behavior of drilled shaft foundations under inclined loads. A semi—theoretical
method of predicting the inclined capacity was developed through a parametric study of
the variables such as shaft geometry and load inclination. Test parameters were chosen to
be representative of those most frequently used in the electric utility industry. Short,
rigid shafts with varying depth/diameter{(D/B) ratios were addressed, and loading modes
were investigated that included axial uplift, inclined uplift, and inclined compression loads.
Capacities were evaluated using the structural interaction formula and an equation devel-
oped from this experimental study. This new equation models the laboratory data well and
is applicable for the limited field data.
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1. Introduction

Depending on the geometry and type of structures, different combinations of loads would
be transmitted to the foundations. The foundations for truss towers like transmission line
structures are often subjected to inclined loading. The inclined load in this study is defined
as the applied load with a constant inclination during loading.

Because of nonlinear soil behavior and the nonsymmetric three —dimensional nature of
the problem, a very complex theoretical approach would result for analyzing the behavior of
drilled shaft foundations under inclined loads. Therefore, only approximate theoretical and
semiempirical solutions have been suggested by several authors. Most of these solutions were devel-
oped for predicting the inclined capacity of driven piles, and therefore they may be of limited
applicability to drilled shafts. Furthermore, most of the available studies have been conduc-
ted on the behavior of driven or bored piles under inclined loads in sand 1% %2 5.2 How.
ever, they provide useful background for the analysis of inclined load tests in clay.

2. Theoretical Background

Figures la and lb show simplified diagrams representing models of free —headed deep
foundations in clay, subjected to inclined compression and uplift load, respectively, and the

9 Por these models, the net lateral soil stresses on

corresponding soil stress conditions
the embedded shaft, H, and H,, were assurmned to have approximately rectangular and tri-
angular stress distributions, respectively. The lateral bearing factors{Ns,)} for inclined
loading can vary from zero at a load inclination(¥) of 0 (axial uplift) or 180 degrees {axial
compression), which are measured from the upward vertical axis, to the lateral bearing fac-
tor for pure lateral loading (N, at Wequal to 90 degrees. Therefore, the H, and H, forces in-
crease as ‘¥ deviates more from the vertical axis.

For undrained analysis(¢=0), it may be necessary to introduce the concept of an appar-
ent side contact area(As) to evaluate the side resistance of a shaft subjected to inclined
loads. For ¥=0 or 180 degrees, Ay, 18 obviously equal to zBD. For W=%0 degrees, Ay
can be assumed to be 0.5tBD‘®. Therefore, the apparent side contact area {(A) for arbi-
trary load inclinations can be assumed to vary from 0.5zBD at ¥=90 degrees to zBD at ¥
=(} or 180 degrees. Then, the maximum possible side resistance for an arbitray ¥ will be
s,Ay. However, it should be noted that the undrained strength(s,) azlso varies with the di
rection of applied load"'?’. It further should be noted that the side resistance can not reach
the full side resistance (s,Ay) if the shaft under inclined loading fails because of lack of lat-
eral resistance, i, e., in lateral dominant loading. Therefore, it is important to note
whether the dominant failure mechanism is axial or lateral.

The tip resistance(Q,..) under inclined compression develops at the shaft tip at an incli-

nation angle (w) from the vertical. For the limits of ¥=-180 and 90 degrees, w=0 and 90
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degrees, respectively. The tip load inclination () can be expressed as follows '¥:

o = (180°—¥)/ 90° (1)

in which w and ¥ are in degrees.
The undrained tip resistance of a deep foundation under axial compression loads can be
evaluated by using the bearing capacity factors defined uniquely as N.=b5.14, N,=0, and

N,=1. The ultimate tip resistance (q.) for axial compression is presented elsewhere!!!). The
tip resistance under inclined compression load (Q..) can vary from xs.A, at ¥=90 degrees
to quA. at ¥=180 dgrees, respecively, in which x,—=adhesion factor at tip and A,=tip area.
Therefore, the vertical component of tip resistance (Q., cos”} will vary from zero at ¥=90
degrees (or w=%0 degrees) to quA, at ¥=180 degrees (or w=0 degrecs), respectively. Also,
it must be noted that s,, which is used for calculating s.A. an Qu, is highly dependent on
the loading mode and boundary conditions‘'?,

The inclined loading effect on bearing capacity can be addressed using inclination factors

162 For inclined compression, the bearing capacity factors

proposed by several authors
N,, N., and N, should be modified by multiplying by the correspending inclination factors.
This approach is simple and straightforward because only the conventional bearing ca-
pacity and load inclination factors are needed to calculate the inclined capacity. However,
it should be noted that the lateral resistance of the foundation should be considered in
evaluating the inclined capacity because the inclined capacity is a combination of both ver-
tical and lateral reactions.

™ established the force diagram in Figure 1 semitheoretically,

Although previous studies
they did not calculate the inclined capacity directly from the diagram because of the diffi-
culty and complexity inveolved in calculating each force. Therefore, the prediction of inclined
compression capacity can be accomplished using a well —known structural interaction for-

mula, given as follows'™ :

{Pycos¥ / Q.Y + (Pesin®?/H,) =1 (2)

in which Py.~inclined compression capacity, W=applied load inclination, Q,=axial com-
pression capacity, and H,=lateral capacity. Detailed methods for evaluating the axial com-
pression capacity and the lateral capacity of drilled shafts are given elsewhere'™ ¥,

It has been suggested that the analysis for anchor walls under inclined uplift load can be
used to calculate the inclined uplift capacity (Py,) of rigid piles by utilizing the shape

factors for the piles''”. Then Py, can be evauated as follows:

Py, = (acK . D+YDK,./ 2)B+WcosW¥ (3)
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Figure.1 Simplified force diagram of single rigid shaft under inclined

in which x=adhesion factor, c=cohesion, K., and K, =uplift coefficients, D=depth, ¥=s0il
unit weight, B=diameter, W=pile weight, and ¥=applied load inclination{(measured from
the upward vertical axis). For rigid rough circular shafts under axial uplift, x=1, K.=m,
and K, =0 for undrained analyses(#={). For laterally —loaded shafts in clay, K. varies
from about unity for very short piles to three for long piles.

From an analysis for rigid anchors with constant sections and the results of model tests
in both clay and sand, an approximate parabolic interaction relationship was proposed be-
tween the inclined uplift capacity (Py,) and the two limits of axial uplift (Q.) and lateral

capacity (H,), as given below(?:
P,. cos¥ / Q.+ (Pysin¥ /H,) =1 ()

in which Q.=axial uplift capacity. Detailed methods for evaluating the axial uplift are

given elsewhere!'”,

Figure 2 illustrates Equations 2 and 4 in the from of a polar diagram, which gives the
foundation capacities for various applied load inclinations. The load eccentricity (e) results
in reduction of the lateral component of inclined capacity(Py,sin'¥) and, in turn, results in

04 FEI1L4F E3M - 1995 9H



reduction of the resultant inclined capacity. Details on the eccentricity effects on the in-
clined capacity are given elsewhere™.
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Figure.2 Schematic of polar capacity diagram and load inclination definition

3. Preparation of Laboratory Clay Deposit

Soil deposits were prepared in (a) a short tank, 1.35m diameter by 1.21m high and (b) a
tall tank, 1.37m diameter by 2.13m high. The slurry consolidation method was chosen for
the preparation of clay deposits because it is the best process satisfying the required de-

gree of uniformity, saturation, and control over stress history(15).

3.1 Material Selection

A mixture containing 50 percent kaolin clay and 50 percent silica was chosen for soil de-
posit preparation by considering several factors, such as (a) cost of material, (b) consist-
ency, (c) gradation, (d) permeability, (e} consolidation time, (f) surcharge required for
consolidation, and (g) compressibility of soil''>. Grain size distributions for the kaolin, sil-
ica, and Cornell clay are shown in Figure 3. For this particle size distribution, Cornell clay
is categorized as a clayey silt in which approximately 33 percent of the particle sizes are
clay colloids({smaller than 0.002mm), 62 percent are silt size(between 0.074mm and 0.
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002mm), and the remaining 5 percent are fine sand(larger than 0.074mm). Table 1

summarizes the index properties of Cornell clay.

100

(14)

= Table 1 Index properties of cornell clay
§ 0] Kiz'iirxiej: 5] Property Symbol | Value
2 60t Cornell Clay 4 qum'd h.ml.t Wi 35%
5 Plastic limit W, 22%,
E sob _ | Plasticity index Pl 11
2 Supersil 125 Specifie gravity G. 2.65
g, (FOS10 ] Percent fines(< #200 sieve) | ¢ | 95%
& Clay fraction{<0.002mm) CF 33.3%

0 : " " Activity(PI/CF) A 0.33

1 0.1 0.01 0.001 (.0001 -

Equivalent Spherical Diameter(mm}
Figure.3 Particle gize distribution of cornell clay
and slurry constituents

3.2 Considerations in Soil Deposit Simulation

Natural scils are formed mostly under anisotropic consolidation, in which different effec-
tive principal stresses have been applied. This anisotrepic consolidation is assumed com-
monly to be one—dimensional without horizontal strain, and it is denoted usually as con-
solidation under K; conditions. In the laboratory, these K, conditions can be simulated by

one —dimensional consolidation in fixed ~wall chambers in which lateral soil strain is zero.

Details on K, are given elsewhere 10 12},

Two major problems associated with soil deposit preparation in the laboratory are:(a}
there might exist some difficulties in increasing the overburden stresses and (b) the pre-
pared soil deposit might have a rather high overconsolidation ratio ({OCR) profile. The prob-
lem associated with the low overburden stresses can be solved partially by prestressing the
clay by using high fluid pressure, Some researchers"™ *) have tried to simulate low OCR
profiles without major increases in soil deposit size. However, some difficulties were
encountered in maintaining a surcharge stress during either constructing shafts or test
loading. One suggestion was to use large chambers and model shafts to minimize the prob-
lem of the high OCR profiles''".

3.3 Adopted Method of Soil Deposit Simufation

For this study, the clay deposits were prepared in three stages:(a} slurry mixing, (b)
consolidation, and (c) rebound. Soft and saturated slurry, which was obtained by using a
slurry mixing system, was pumped into large fixed —wall chambers. The detailed procedure
for mixing slurry is described elsewhere'™ ', The slurry was consolidated and brought to a
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soft clay deposit consistency. Subsequently, the clay deposit was allowed to rebound by re-
moval of the overburden stress. These three phases currently are the most desirable
simulation of clay deposits and could provide advantageous soil characteristics, such as

homogeneity, uniformity, saturation, consolidation under K, conditions, and proper

strengh(4.

4. Consolidation Results

The preconsolidation stres was 48kN/m? for all the of deposits prepared in this study.
During consolidation, the soil settlement was measured to monitor the consolidation pro-
cess. After completion of primary consolidation, the prestress was removed to allow the
soil deposit to rebound for several days before the construction of the drilled shafts. Water
contents and miniature vane tests were conducted for each drilled shaft during excavation.
After the loading tests, each soil deposit was investigated by miniature cone and
piezoprobe tests. The data from the water content, vane, cone, and piezoprobe tests were
used to characterize and evaluate the quality and physical properties of each soil deposit.

4.1 Consolidation Time

The primary consolidation time was predicted using the consolidation coefficient (c,)

U9 which decreases from 0.2x10° to 2.0x 10 ™°m2/sce as the water content

increases from 25 to 50 percent. A representative value of ¢, during the whole consolidation

given previously

period was takén to be 0.4x10™"m?/sec, because the initial and final coefficients of con-
solidation were about 0.1 x10°° and 0.7x10™"m2/sec at the corresponding water contents of
about 60 and 372 percent, respectively. The coefficients of consolidation also were
back —calculated using the log time method(Casagrande’s method) and the square root of

Table 2 Consolidation time for soil deposits

Deposit Thickness Consolidation Time Coefficient of Consgolidation, ¢,
No. (mm) (mm) (107 °m2 /sec)
Predicted® Measured Assumed” Calculatd
Cr Td
51 940 9204 6530 0.4 0.67 0.76
82 990 10416 12022 0.4 0.45 0.68
T1 1940 39204 30903 0.4 0.35 (.38
T2 1880 36817 20184 0.4 0.47 0.58
T3 1860 36038 19065 0.4 0.54 0.62
T4 1900 37604 27542 04 0.48 0.53 J

a—t=H"/c, in which H=half of soil deposit thickness and ¢,=0.4 %10 *m?/sec
b —assumed representative ¢, of whole consolidation period

c—calculated by Casagrande's method

d —calculated by Taylor’'s method
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time method(Taylor’s method). Table 2 summarizes te consolidation data.

4.2 Water Content and Vane Shear Tests

The average water content and vane strength from 142 test sets were 37.2 percent (S.D.
=1.17 percent} and 8.1 kN/m? (8.D.=177 kN /m?), respectively. The coefficient of vari-
ation of water contents obtained from this study, which is about 3 percent, indicates rela-
tively consistent and uniform conditions of soil deposits throughout the whole test

program 21,

4.3 Cone Penetration Tests and Piezoprobe Tests

Cone penetration tests (CPTS) and piezoprobe soundings were performed using a minia-
ture electric cone penetrometer and piezoprcbe built at Cornelll After completion of the
load tests, all of the clay deposits were subjected to miniature CPT and piezoprobe
soundings, It was necessary to perform the piezoprobe tests together with the CPTS_%to‘cor-
rect the cone resistance properly. Details of the test procedures and test profiles from each
deposit are given elsewhere'™,

For Cornell clay, the average of the measured tip resistance {q.) and calculated vertical
total stress (q) at a depth of 250mm are 58.3 kN /m? and 4.5 kN /m?2, respectively. Since
the average undrained vane strength(s..) is about 8 kN/m?2, the average empirical cone
factor [N.(FV)] at a depth of 250mm is 6.7. This average N.(FV) value is in the range of

N.(FV) found by others®. The average N.(FV) from this study is close to the lower limit

(about 5), because laboratory soil deposits are shallower than most situations in the field.
5. Model Testing Program

5.1 Construction of Model Drilled Shafts

The shafts had an effective diameter {B) of 85mm, while the depths (D) were varied.
Since the common range of D/B for transmission line structure foundations is 3 to 10,
D /B ratios of 3, 6, and 9 were selected for this study. The shaft construction procedures
include : (a} excavating a hole using a hand auger, (b) aligning a single threaded stainless
steel reinforcing rod in the open excavated hole, (¢) placing a microconcrete mix into the
excavated hole, and (d) setting up the direct current differential transformers (DCDTS)
and inclinometer. A special microconcrete mix was used because scaled aggregate sizes were
necessary to facilitate placement in the small excavation size''”, A superplasticizer also was
added to increase workability during handling and placement. The constituents of the mix
consisted of water, Type I cement, fine aggregate, and coarse aggregate in proportions of
6:1.0:2.4:1.7 by weight, respectively. Details on the shaft construction procedures are given

elsewhere®®.
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5.2 Loading System and Testing Facilities

Load tests were conducted using a servo—controlled hydraulic actuator controlled by a
hydraulic pump station, manufactured by Minneapolis Testing Systems(MTS) Corporation.
An MTS master controller unit can control the loading modes, range of loading, and rate of
loading of the actuator. The actuator unit consisted of a Dayton model 4Z633, which has a
total stroke of approximately+50mm and full capacity of 4500N. lLoads were measured
using a Model JP —1000 load cell, manufactured by Data Instruments, Inc. At the actuator
level, a TransTek model J—6 linear variable displacement transducer(LVDT)monitored
displacements. The actuator and LVDT were mounted on a steel plate base that was
designed to be swung about an upper hinge made between two parallel triangular aluminum
plates. The test system was linked to a Hewlett —Packard HP 1000, AS00 series mini —com-
puter. Peripherals were interfaced to the computer to facilitate an automated testing pro-
cedure. For all of the static tests, the loading rate was fixed at 1.0mm /min, which allowed
enough readings to be taken during the entire test.

5.3 Data Acquisition and Reduction

Data acquisition was automated. The data file was stored on the HP 1000 hard disk, and
later it was downloaded to a personal computer for manipulation. To infer the horizontal
and vertical movement of the shaft butt, the data were reduced further. The actual shaft
horizontal and vertical displacements, as well as the apparent depth of rotation (ADOR),
were calculated from the shaft geometry and rotation angle measured by the inclinometer.

6. Response of Model Drilled Shafts to Inclined Loads

Twelve inclined static compression and uplift tests were conducted to develop an under-
standing of the behavior of drilled shafts under static inclined loads. The detailed individ-
ual static load test results, including load versus displacement, horizontal load component
versus rotation, and normalized apparent depth of rotation versus horizental displacement,

) The effects of shaft geometry and load inclination on the undrained

are given elsewhere
response of drilled shafts to inclined compression load are pressented briefly in this paper.
The lateral / moment limit method'”, which had been developed originally for interpreting
the lateral failure load, was adopted to interpret the failure loads from the inclined load
tests. Once the horizontal component load at failure is interpreted, the vertical and result-
ant applied load at failure could be back —calculated from trigonometry. This method has
already been shown to be useful for interpreting inclined load tests in sand'®®. The detailed
procedures for interpretation are given elsewhere'™. Table 3 summarizes the interpreted
failure loads and the apparent depths of rotation normalized by depth{ADOR/D) at the
corresponding interpreted failure loads for the inclined compression and uplift tests.
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Table 3 Summary of statie inclined compression and uplift tests

Average Vane | Average Water | Applied Load Interpreted ADOR/D at

Test Code* Strength, Content, Inclination, Failure Load, Interpreted

Suvm(kN / m?) Wnm{ %) ¥(degrees) Pyi(N) Failure Load
S3B135 7.3 375 135 340 0.62
538165 6.3 37.3 165 541 0.76
S6B135 8.3 371. 135 806 0.62
S6B165 8.2 371 165 1121 0.74
S9B135 10.8 36.4 135 1385 0.31
S9B165 7.0 375 165 1627 0.44
S3B015 6.5 37.7 15 346 0.77
S3B015 8.6 36.9 45 310 0.53
S6BO15 7.1 37.3 15 1257 0.70
S6B045 91 36,4 45 706 0.23
S9B015 100 36.2 15 1441 0.50
S59B045 11.2 362 45 1063 0.37

a—Test code indicates : (a) S=static, (b) D=3B, 6B, 9B, (c¢) load inclination=135, 165, 15, and 45
degrees measured from upward vertical axis
IN=02251b

6.1 Inclined Compression

6.1.1 Effect of Shaft Geometry

To evaluate the effect of shaft geometry on drilled shaft response to inclined load, the re-

sultant load versus displacement curves for all D/ B ratios under comparable initial load

inclination are compared in Figure 4. As can be seen, deeper shafts have higher initial stiff-

ness and capacity.

The interpreted failure loads normalized by a reference failure load at D/B=6 for each

corresponding load inclination were plotted versus D/B in Figure 5. The plot of the

:
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Figure.4 Effect of shaft geometry on inclined compression response for
(a) ¥=135 and (b) ¥=165 degrees
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normalized undrained inclined compression failure loads at ¥=135 and 165 degrees versus

D/B could be compared with the results from the inclined load tests in sand“®. A linear

fit is shown for reference. As can be seen, the normalized failure load in clay increased as

ID/B increased, just as in sand. Note that the rate of failure load increase with D/B in

clay was less than that in sand.

The ADOR/D wversus the horizontal displacement components {d,) for the same

conditions as in Figure 4 are shown in Figure 6. As ID/B decreases, the ADOR/D tends
to be greater at the same horizontal displacement, up te almost 2mm(0.08 in), probably be-

cause of more nonlinearity of load —displacement behavior with shorter shafts. However,

the ADOR/D values at larger displacements were more or less the same, except for one
test at ¥=135 degrees with D/B=8. The prior study in sand also indicated that shaft ge-
ometry does not influence the ADOR/D at larger displacements.

ADOR /Shaft Depth

15

1.4

0.5

6}

Normalized Net Inclined Failure Load,
R(LF):P?(/ Pw at D/B

3 Inclined compression
B=8%mm — R{135°) in sand”
5,=48kN /m2 —— R(165%) in sand®

2t 8 R(135°) in clay ]

° R{165") in clay

R(¥)=0172 D/B
+=0.962 7 At
1r SD.=0.10 pe .

a-from Vidic, et al.{1992)

0 e s

0 2 4 6 8 10

Depth to Diameter, D/B

Figure.5 Normalized inclined compression failure load versus D /B

Horizontal Displacement, dy{mm)

(a)

(b}

T T T 1.5 M T T . T
Inclined compression, ¥=135" ___ . Inclined compression, V=165 .
B=8mm . B;g;g o B=89mm :__'g;gfg
Gy~ 48KN /m? BTl B | a=askN/me —D)/B=9
1A 1of ]
&
...... —'.i prrm St ..g
---- . M 7]
s S~
- g ~ i
g
¥ AT
M*“V”{“ | lmm= ?.939 in{ 0 1mm =5.039 in
0 2 4 i 8 10 0 2 4 6 8 10

Horizontal Displacement, dg{(mm)

Figure.t Effect of shaft geometry on ADOR in inclined compression tests for
{a) ¥=135 and (b) ¥ =165 degrees
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6.1.2 Effect of Load Inclination

To evaluate the effect of load inclination, the resultant load —displacement curves for
each geometry were plotted, as shown in Figure 7. In addition to the inclined compression
test results, the hyperbolic approximation curves for the lateral load tests(W=90 degrees)
from previous research''’ were provided for comparison.

As the load inclination (W) increased from 90 to 165 degrees, the initial stiffness and ca-
pacity increased. The larger deviation of the applied load from the vertical axis resulted in
smaller mobilization of vertical side resistance. Also, a smaller tip resistance might be de-
veloped as the load deviation increases from the vertical. The same type of behavior was
observed in inclined compression load tests in sand®,

1030

g

- Inclined co'mpreésion ’ 1N=d_225lb ’2 Inclined (;nmpressiunl IN = (.2251b
Z B=8Imm, D/B=3 1mm=0.039 in e B=8%mm, D/B=6 lmm=0.039 in
& BOOF 6,=48kN / m? 1 ™ (500} #%=48kN/m? .
) = ¥=165
o
g 600 y=165 1 3§
= g 1000f 1
g 400} 1 = 135
= 135° =
2 a00b 1 g 00 iy’
T 90" Z
z,
o . ; , . 0 . . . .
0 2 4 6 8 10 [ 5 10 15 20
Displacement, d¢(mm) Displacement, &¢({mm)

(a) (b)

—~ 3000 Inclined comlpression ‘IN =0.2251b

£ B=89mm, D/B=9 Imm=0.039 in

o 7,=48kN /m?

g 2000k ¥=165" 1

. 135°

E 50°

= 1000} | h

ksl Estimated from

o hyperbolic parameters

=z for D/B=3, 4, 6, and 8

0 L n
0 5 10 15
Displacement, &y{mm)

(¢}

Figure.7 Effect of load inclination on inclined compression response for shafts with
{a) D/B=3, (b) D/B=6, and (¢) D/B=9

As summarized in Table 3, the ADOR/D for 165 degree compression loading was greater
than that for 135 degree loading. This finding also coincides with the previous study'*’, in
which it was found that the point of rotation moved downward to the tip as the applied
load deviated less from the vertical. When a shaft is subjected to inclined compression, in
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addition to the moment with respect to the peoint of rotation produced by the horizontal
load component, the nonuniform tip resistance stress and nonsymmetric side resistance
produce a moment that has the same sense of rotation as the moment affected by the hori-
zontal load component. The moment added by the vertical component of nonsymmetrical
resisting forces could be compensated only by the counteracting moment resulting from the
lateral soil restraint by increasing the ADOR. Therefore, the less the load inclination
deviates from the vertical. The higher the moment produced by the vertical nonsymmetric
resistance will be at the same shaft rotation, which will result in lower point of rotation.

6.2 Inclined Uplift

For inclined uplift tests, care must be taken to separate the effective weight of the shaft
plus the hook —up equipment and attached instrumentation from the measured load. Some
suction forces likely occur at the interfaces between the upper front or lower back and tip
interfaces of the shaft and clay during inclined uplifting loading. However, less suction
than during axial uplift loading is expected in inclined uplift tests because the lateral
component of inclined load causes the shaft to rotate, resulting in cracks and gaps at the
shaft —clay interfaces. Note that the peak suction forces measured at the tip in axial uplift
tests were less than 5 percent of net axial uplift capacity.

6.2.1 Effect of Shaft Geometry

The resultant load versus displacement curves for all D /B ratics under comparable in-
itial load inclination are compared in Figure 8. As can be seen, deeper shafts have higher
capacity and generally higher initial stiffness like inclined compression tests. As shown in
Figure 8b, the load —displacement curve for the shaft with D/B=9 indicates that there
might have been some unknown factors present possibly caused by nonuniform shaft con-

struction or soil nonuniformity.
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Figure.8 Effect of shaft geometry on inclined uplift respense for
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The interpreted failure loads normalized by a reference failure load at D /B=6 for each
corresponding load inclination were plotted versus D/B in Figure 9. The plot of the
normalized inclined uplift failure loads at ¥=15 and 45 degrees versus D/B can be
compared with the results from the inclined load tests in sand'*’. A linear fit is shown for
reference. As can be seen, the normalized failure load in clay increased as D /B increased,
just as in sand. However, the rate of inclined uplift failure load increase with D/B ratio

in clay was less than that in sand, and the same trend also was found in the inclined com-

pression test results.

The apparent depth of rotation normalized by depth(ADOR/D) versus the horizontal
displacement component (&) for the same conditions as in Figure 8 are shown in Figure

10. The same trend
pression tests

6)

Peoi/ Py at D/B

R{¥)=

Normalized Net Inclined Failure Load.

Inclined' uplift
B
F=48kN /m2™"" R(45°) in sand’

T

=89mm — R(15°) in sand*

LA R(15%) in clay
®  R(45°) in clay

R(¥)=0.15! D/B o
r=0889 /A . o
L sp=01s [ l
----------------- a-from Vidic, et al.(1992)
0 2 4 6 8 10

Depth to Diameter, D/B

Figure.3 Normalized inclined uplift failure load versus D/ B

of geometry effect on ADOR/D was found as in the inclined com-

1.5 T Y —r 1.5 t T T
" . im0 Incli . —45°
Inclined uplift, ¥=15 D/B=3 .nﬁ]med uplift, ¥=45 D/B=3
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Figure 10. Effect of shaft Geometry on ADOR in inclined uplift tests for
(a) ¥=15 and (b) ¥=45 degrees

6.2.2 Effect of Load Inclination

The resultant load —displacement curves for each geometry were plotted also to investi-

gate the load inclination effect, as shown in Figure 11. In addition to the inclined uplift
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test results, the hyperbolic approximation curves for the lateral load tests{¥=90 degrees}

from previous research' were also provided for comparison.

1000 y ; ' ined ¢ 4 '
z Inclined uplift IN=0.2251b —~ 2O Sired compression IN=0.2251b
Z | R=89mm, D/B=3 1mm=0,039 in | ?; B=89mm, D/B=6 lmm=0.039 in
& B00F 2, = 48N /m? B 1500f &= 48kN /m? 1
K B 1 B 15°
- - = 1000},
2 400 1 & .
] 2 45 -
— = 1
= 200 137
> z.
o ol . . .
10 0 5 10 15 20
Displacement, dv(mm) Displacement, Jy(mm)
(a) (b)
3000 ¥ T
0 Inclined uphft 1N =0.2251b
B=89mm, D /B=9 1mm=0.039 in
Z=48kN /m®  w=r

20001

:

Net Inclined Load, Pe(N)

90° 1
Estimated from
hyperbolic parameters
for D/B=3, 4, 6, and 8

=)

Figure.1t

5 10 15

Displacement, d+(mm)

(c)

(a} D/B=3, (b) D/B=6, and (¢) D/B=9

Effect of load inclination on inclined uplift response for shafts with

As the load inclination (¥) increased from () to 90 degrees, the initial stiffness and ca-

pacity decreased. The larger deviation of the applied load from the vertical axis resulted in

smaller mobilization of vertical side resistance. The same type of behavior was observed in

inclined uplift load tests in san

d(24)

As summarized in Table 3, the normalized ADOR for 15 degree uplift loading was greater

than that for 45 degree loading. This finding also coincides with the previous sand study

(24)

, in which it was found that the point of rotation moved downward to the tip as the ap-

plied load deviated less from the vertical. This finding can be explained in the same man-

ner as described previously.

1. Prediction of Inclined Capacity
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The vertical and horizontal components of the resultant inclined failure load must be
functions of both the vertical and horizontal failure loads, load inclination, and, probably,
the D /B ratios. Unfortunately, there has been no theory to establis these functions con-
sidering all of the probable factors. Therefore, only the major factors that could be derived
from the load test results were consiered at this time. Simplified functions for calculating
each component were established by assuming that the vertical and horizontal components
of inclined failure load are functions of the axial and lateral capacity, respectively, and the
load inclination as follows:

For inclined uplift:

Pyt = Pos fA¥) = Qu (W) +W, (5)

Poctimre = Py hu(q") = H, hu(lp) (b)
For inclined compression:

Puotawe = Pue f.(F) = Q. LA¥)+Q. t.(¥) (7

Pyetiie = Pos h(¥) = H, h.(¥) (8)

in which Py = vertical component of inclined uplift failure load, Py, = axial uplift failure
load, Q.. and Q. =side resistance under axial uplift and compression, respectively, ¥ = load
inclination increasing from O degrees in axial uplift to 180 degrees in axial compression, W,

3

= effective shaft weight, Pyuwmw. = horizontal component of inclined failure load, Py, = H, =
lateral failure load, Pusassi. = vertical component of inclined compression failure load, Py
= Q. = axial compression failure load, Q.= tip resistance under axial compression, f.(‘¥)
and h,(¥)=determinant functions of axial and horizontal components in inclined uplift, re-
spectively, f.{¥) and h{%¥)=determinant functions of axial and horizental compenents in
inclined compression load, respectively, and f,,(¥) and f.(¥)=determinant functions of side
resistance in inclined uplift and inclined compression, respectively.

The determinant functions [f.(¥) and f.(¥)] for side resistance are assumed to be the
same for both inclined uplift and compression cases at the same deviation angles from the
vertical [for example, £,(15°)=f,.(165°)]. To evaluate the effect of load inclination on tip
resistance in inclined compression, a tip resistance determinant function of t.(¥)} is also
necessary. Tip resistance in inclined uplift is neglected as in axial uplift loading.

To evaluate the determinant functions, the resultant inclined failure load interpreted by
the lateral/moment limit method is divided into the vertical and horizontal components
and is investigated separately. Figure 12a shows the vertical components of the inclined
failure loads, normalized by the comparable axial uplift failure loads, versus the load incli-
nation (¥). The relationship between the normalized vertical components of the inclined
uplift failure loads and the load inclination can be approximated as follows:

Pu"wf-u'lm/ Py= (900 -¥) / 90° (9)
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Since the side resistance of rigid drilled shafts under undrained inclined uplift loads is
assumed to be the same as that under inclined compression at the same deviation angles
from the vertical, the difference between the dotted and solid curves in inclined com-
pression in Figure 12a represents the tip resistance. The tip resistance versus load incli-

nation from a nonlinear regression analysis can be expressed as follows(r'=0.812):
Q.r = [(¥/90°) —117Q. (for 90°<¥ <180°) (10)

in which Q.+=tip resistance under inclined compression load and Q,.=tip resistance under
axial compression.

A similar approach is used to cobtain the determinant functions for the horizontal load
components. Figure 12b shows the horizontal components of the inclined failure loads,
normalized by the comparable lateral failure loads, versus leoad inclination. From nonlinear
regression analyses, the relationships between the normalized horizontal components of the
inclined failure loads and the load inclination can be approximated as follows:

For uplift(0°< ¥ <90°, r*=0.961) :

Puywtusnre / Pory=0.953 V/sin'¥ (11)
25 ’ ) ' ’ ' Loz ho=Poramae/ POCF j
—_— f“(‘{") :Pﬂ»@rmlurt/Qu 4 — hc=P90'@fnj1un./ POt
2.0F _:' g(‘]’) = Pisraie/ Qe 7 —— hg=Pwanize *Experimental{ Pyratuir
_ xperimental( Poramiie / Qu) 5 . /POO°F * /PU0°M)
& . & Lor P )
i 21 £0F)=(50"—¥) /90 p \E\ ==/ (%)
: f=(¥—50°)/90°+061 /¥ 3 % “3 TR
2 104 (¥ /90— 1) 53 / e ress ¢
& compression o~ 7 ool h“(qj? o5 ICom. pression
- —— Ay U s 0.953 sin™ ¥y .
0.5F Uplift 1 Uplift
et =1 h.(¥)=1.033 sin™*¥
0 30 60 a0 120 150 180 0 0 30 60 90 120 150 180
Applied Load Inclination, W{degrees) Applied Load Inclination, ¥(degrees)

(a) {b)

Figure.12 Normalized (a) vertical and (b) Horizontal load components of
inclined capacity versus applied load inclination

For compression(90°<¥ <1807, r'=0.971) :

P osiie / Pyy;=1.033+/sin¥ (12)

For both uplift and compression(0°<W¥<180°, v*=0.920) :

Pg(]"[gf.j[nm/Pgn'f=0-995 W Sian SN, Sin“[" (13)
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Normalized Horizontal and

in which Pswni.=horizontal component of inclined failure load, Py-=H,=lateral failure
load, and ¥ =load inclination. As shown in Equations 11 through 13, the lateral component

of undrained inclined uplift is a little bit less than that in compression at the same devi-
ation angles from the vertical.

From Equations 5 through 13, the resulting determinant functions are found as follows:

f.(F) = (90° =) /9’ (14)
£AP) = (¥ —90") /9 (15)
h(¥) = h({¥) = ~sin¥ (16)
t(¥) = [(¥/90") —1]" (17)

The horizontal and vertical components of inclined capacity normalized by the horizontal
and vertical capacities, respectively, are shown in Figure 13a. Note that the vertical
components of inclined compression and uplift capacities are normalized by the axial com-
pression capacity (Q.) and the axial uplift capacity {Q.). Axial ~dominated failure will oc-
cur when the ratio of the vertical component of inclined capacity to the axial capacity is
larger than that of the horizontal component of inclined capacity to the horizontal capacity
(Zones A and C). Lateral —dominated failure (Zone B} occurs when the ratio of the hori-
zontal component to the horizontal capacity is larger than that of the vertical component
to the vertical capacity. Therefore, if the load inclination measured from the vertical is less
than about 30 degrees or greater than about 160 degrees, the axial failure mechanism
dominates. For example, an axial —dominated failure mechanism is expected in lattice tower
structure foundations because of the geometry of the transmission line structure. When
this mechanism is known and understood, the designer must focus on improving the axial
capacity of the foundation rather than the latral capacity.

5 . y . . . & 25 . ,
15 Pyrursiur/ Hy(inclined uplift) g ~ ° This stud
"""" Pag erainure / Ho (inelined compression) = * —— This study
g | e P 5~ 20 . Koumoto, et al. (1586)(9)
=] Tt/ Qu g .
2 === Pisramiue/ Q. 1 55 v Meyerhof(1973) (17)
1 Rliure " l_._._-.-.... r a -
g e e, ’l VA | S Chari and Meverhof{( 1983)(4).:
g 7 Uplift ~. /| 2k
S 1 BT Lot
Sost | Compression J{. ] S
s L 0 e 55
= ' P i _E =
0 A L =" N . E ; 0 N . L . .
0 30 66 90 120 150 180 — s an 60 a0 120 150 180

Applied Load Inchination, ¥{degrees)

(a)

Applied Load Inclination, ¥(degrees)

{b)

Figure.l'3 (a) Dominant failure mechanism based on capacity criteria and

(b) comparison of inclined capacities predicted by structural interaction

formula and new developed equation
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The undrained inclined capacity for a given load inclination can be calculated by the sim-
plified determinant functions and the known axial and lateral capacities. Figure 13b shows
the inclined capacity versus load inclination calculated by these determinant functions and
those suggested by others'™ * ", The ratios of H,/Q. and Q./Q, are 0.60 and 1.6, respect-
ively, in this example. The newly developed equation shows a somewhat less conservative
evaluation than the structural interaction formula in inclined uplift loading, while it
predicts more conservatively in inclined compression. However, the differences from the
different prediction methods are relatively small. A design example using field inclined load
test data shows that the new equation yields closer agreement to the test results than

others'™.
8. Conclusions

In predicting the inclined capacity of drilled shafts, it is necessary to evaluate first the
axial and lateral capacties. They should be interpreted correctly from field data or be
calculated by rational methods. Based on the evaluated axial and lateral capacities, the tra-
ditional structural interaction formula and/or the newly developed formula can be used.
For drilled shafts in clay, the new formula is recommended, because it is developed from
specific inclined load test data on drilled shafts. it is not recommended to use the incli-
nation factors, which do not consider the lateral resistance, because the inclined capacity is
a combination of the axial and lateral componentis of the foundation resistance.

It can be very important to predict the dominant failure mechanism of deep foundations
under inclined loading. To increase the inclined capacity effectively, the dominant failure

component, which is vertical or lateral, should be improved rather than the other.
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