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The general behavior of single drilled shafts subjected to lateral loads and 
of their design methods are reviewed. Such shafts can economically be 
used as sign supports in highway work. A simplified but accurate design 
method that assumes rigid·body motion of the pile and that the lateral 
soil resistance varies iinearly with the depth at uitimate ioad but reverses 
direction at the point of rotation of the shaft is developed. Charts are 
given for routine design. Methods for determining the maximum soil re
sistance at the surface and the slope of its assumed linear variation are 
reviewed and conservative recommendations are made for determining 
these values. Methods for determining the soil-strength parameters for 
the analysis are reviewed and design examples are given for both cohesive 
and cohesion less soils. 

The foundations that support the large overhead signs on 
modern multilane highways typically consist of shallow, 
reinforced-concrete spread footings. A possible eco
nomical alternative to these large footings, which would 
resist the high wind-induced moments, is a drilled-shaft 
foundation, constructed by augering a hole, inserting a 
prefabricated reinforcing cage, and filling it with concrete. 

This paper briefly examines the analysis and behavior 
of drilled shafts and presents a simplified design method 
(in cha.rt form) for short pile foundations subject to lat
eral loading. The proposed procedure considers two 
fundamental facts about pile behavior that are often over
looked in appr.oximate design methods: (a) The lateral 
force distribution in the soil along the pile is a function 
of the deflected shape of the pile even if limiting values 
of soil resistance are developed and (b) the limiting val
ues of the lateral soil force will generally increase with 
depth within any soil layer. 

The behavior of a pile depends on its length. In long 
piles, failure occurs when a plastic hinge forms at the 
point of maximum bending moment. Thus, pile deflec
tions are very important since they affect the soil pres
sure and the bending moment, particularly if there are 
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significant axial loads. In short piles having lengths less 
than about 10 times their diameter, failure occurs when 
the lateral soil resistance is exceeded and rigid-body ro
tation occurs. Drilled-shaft foundations of the size used 
for typical highway sign loads are normally designed as 
rigid short piles. 

PREVIOUS WORK 

Seiler (17) assumed a parabolic soil-resistance distribu
tion anddeveloped design charts for the depth of embed
J'nent of timber poles. This pressure distribution, which 
was confirmed by Rutledge (15), Osterberg (14), and 
Shilts and others (18), satisfies statics and qualitatively 
recognizes the force-deformation response of the soil, 
but makes several arbitrary assumptions including the 
location of the point of zero soil resistance. Rutledge 
(15) has developed a nomographic embedment chart that 
assumes the point of rotation of the pole to be at a depth 
of % the embedment and the distribution of soil resistance 
to be parabolic. 

Hansen (5) has developed a method for computing the 
ultimate load on rigid piles that recognizes the influence 
of the deflected shape on the lateral soil-resistance dis
tribution. This method most closely resembles the rigid
body design method presented here. 

?vtatlock (12) recommends a. Winkler a.na.lysis in v;hich 
the soil is considered to be a series of independent layers 
that provide a resistance (f) to the pile deflection (y) and 
has developed criteria (13 for p1·edicting the nonlinear 
p versus y curves for sO!f clays, while Parker and Reese 
(16) have developed critel'ia. for sand, and Welch (20) for 
stiff clay. -

Ivey and others (9, 10, 11) have developed a theory for 
determining the ultimate resistance of drilled-shaft foot
ings subject to overturning loads. By including all of the 
shear stresses acting on the pile, a three-dimensional 
ultimate load solution to the drilled-shaft problem is ob
tained. Ivey, Koch, and Raba (10) have conducted model 
pile tests in both sand and clay.-

Broms (!, ,b ~. in a series of three articles, discusses 
the lateral resistance and design of piles in cohesive and 
cohesionless soils. 

A rigorous analysis for deformable piles using a com-



puter program designated FRAME 51 has been developed 
by Hays and Matlock (7). This program performs a non
linear, disc1·ete-element analysis and can be used to ob
tain the complete load-deformation response of a pile ill 
a layered soil until failure occurs. The program was 
verified by using actual test results from laterally and 
axially loaded piles and frames supported on piles (~). 

Figure 1. Ultimate soil resistance for cohesive soil. 
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Figure 2. Design chart for cohesive soils. 
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LOAD-DEFLECTION SOLUTION FOR 
RIGID PILE 
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Two methods for solution of a rigid-pile model were de
veloped during this research. The first, the more ana
lytical load-deflection procedure, is similar to FRAME 
51, but is simpler since only rigid-body motion is in
volved and the rotation of the pile and the displacement 
of the ground line define the position of the pile. The 
nonlinear response of the soil is approximated by discrete 
nonlinear Winkler springs. Since this model has only two 
degrees of freedom, a solution procedure could be written 
for a programmable calculator to handle from one to three 
soil layers (il). 

In the solution of this problem, it was observed that 
the point of rotation was not at some constant depth, but 
shifted from somewhere below the middle of the pile
embedment distance for light loads to beyond the three
quarters point for failure loads. The point of rotation var
ied at ultimate loads for different soils and for different ra
tios of applied moment to shear. Thus methods that assume 
a constant location for this point are not truly rational . 

ULTIMATE-WAD SOLUTION FOR 
RIGID PILE 

The solution of the load-deflection program showed that, 
as the applied load increased to its ultimate value, the 
soil resistance along the pile increased to it.s ultimate 
value along almost the entire length of the pile. (This 
assumed that premature material failure did not occur 
and that the p versus y curves had almost unlimited duc
tility and did not decrease sharply J This behavior gave 
rise to the second method of solution of the rigid-pile 
model, the ultimate-load solution. 

Figure 1 shows the actual and assumed soil-resistance 
distributions at failure for a cohesive soil. By applying 
statics to this ultimate soil resistance, we can find val
ues of the applied lateral load (S) and the bending moment 
(M) in terms of the soil parameters, the pile-embedment 
depth (D), and the unknown distance (x) to the point of ro
tation. For cohesive soils these are 

S = Po(2X - D) + (a./2)(2X2 - D2 ) (I) 

and 

(2) 

where 

01 = slope of the soil resistance diagram, and 
pa = ultimate soil resistance at the ground surface. 

If the ratio of X to D is defined as K, and a nondimen
sional variable (fJ) defined as 

(3 = a.D/po (3) 

is introduced, then equations 1 and 2 are modified to the 
nondimensional form 

S/p0 D = 2K - I + {3(K2 - 1/2) (4) 

and 

(S/p0 D)(H/D) = -K2 + 1/2 - ({3/3)(2K3 
- I) (5) 

where H is the height above the ground surface to the 
paint where the lateral load is applied. This gives two 
equations with two unknowns, Kand {3. A graph was de
veloped for different values of f3 (Figure 2) to relate 
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S/poD and H/D. The procedure is iterative, with the de
signer picking a trial embedment depth and then checking 
the solution to see whether it has adequate strength and 
converges quickly. Examples for both cohesive and co
hesion.less soils are given. 

Figure 3 shows the actual and assumed soil-resistance 
distributions at failure for cohesionless soils. By ap
plying statics to the assumed soil distribution, we can 
find the following equations for S and M. 

S = (a/2)(2X2 - 0 2 ) (6) 

and 

M = (-a/3)(2X3 - 0 3 ) (7) 

Again, if K is defined as the ratio of X to D, the equa
tions are modified to a nondimensional form: 

Figure 3. Ultimate soil resistance for cohesionless soil. 
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Figure 4. Design chart for cohesionless soils. 
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S/aD2 = K 2 - 1/2 (8) 

and 

(S/a02 )(H/D) = (-2/3)K3 + 1/3 (9) 

Here again the soiution is iterative from the chart in 
Figure 4. 

MAXIMUM MOMENT 

The maximum moment (Mm.J in the pile is not the applied 
moment, but occurs at a depth (z) below the ground sur
face. The nondimensional equation for Mmax in both co
hesive and cohesion.less soils is 

Mmax/M = I+ z/H -(p0 /aH) [(aH2 )(z/H)2 /2S] 

- (1/3)[ (aH2 )(z/H)3 /2S] 

Thus 

z/H = [(p0 /aH)2 + 2S/aH2 ] 1l2 - p0 /aH 

(10) 

( 11) 

Figure 5 presents a graph for various values of po/ aH. 

RECOMMENDED SOIL RESISTANCE 

Comparisons of existing theories for predicting the max
imum soil resistance with the model tes ts pel'formed at 
Texas A&M University gave the resistance value equa
tions g iven below. These almost always gave conserva
tive results. 

A capacity reduction factor (11) similar to the one used 
in ultimate-strength concrete design is included in these 
equations to account for the accuracy with which pertinent 
soil properties are known. This factor should vary from 
a value clos e to one when good soils data are available to 
lower values if only general soils conditions at the site 
are known. 

For cohesionless soils, Broms' assumption (.!_,,; .;!) of 
a zero resistance at the ground surface that increases to 
three times the passive pressure times the pile diameter 
always gave conservative results. However, in this 
analysis the soil resistance is assumed to cliange direc
tions at the point of rotation of the pile. The equation for 
the slope of the soil-resistance distribution (oc) is 

H/D 



01 = 3')'Btan2 ( 45° + ~/2)ri 

where 

B = pile diameter, 
'Y =effective soil unit weight, and 
r/J = angle of internal friction. 

(12) 

For cohesive soils, the criteria developed by Matlock 
(13) were slightly modified in the direction of conserva
tism. It was assumed that the ultimate soil resistance 
begins at the ground level with a value of twice t he co
hesive str ength (c) times t he pile diameter (Matlock as
sumes a factor of three). Thus, 

Figure 5. Maximum moment chart. 
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Table 1. 

Test 
Number 

5-1 
5-2 
5-3 
5-4 
5-5 
5-6 
5-7 
5-8 
5-9 
5-10 
5-11 
5-12 
5-13 
5-14 
5-15 
5-16 
5-17 
E-1 
E-2 
E-3 
E-4 
E-5 
C-1 
C-2 
C-3 

0. 5 1.0 1.5 

(25 /aH2J'> 
u 

Comparison of analyses with results of Texas A&M tests. 

Type 
of H 0 B Po CJ 

Soil' (m) (m) H/ D (m) (N / m') (N / m') 

1 0.610 0.305 2 0.102 0 1951 
1 0.610 0.305 2 0.102 0 1951 
1 0.610 0.305 2 0.102 0 1951 
1 0. 610 0. 305 2 0.102 0 1951 
1 0.509 0.254 2 0.102 0 1951 
1 0.610 0.305 2 0.102 0 1951 
1 0.610 0.305 2 0.102 0 1951 
1 0.509 0.254 2 0 .102 0 1951 
1 0.558 0.254 2 0.102 0 1951 
1 0.254 0.254 1 0.102 0 1951 
1 0.610 0.305 2 0.076 0 1464 
1 0.305 0. 305 1 0 .076 0 1464 
1 0.610 0.305 2 0 .051 0 975 
1 0.305 0.305 1 0 .102 0 1951 
1 0 0.305 0 0.102 0 1951 
2 0.610 0 . 305 2 0.102 0 1477 
2 0 .610 0.305 2 0 . 102 0 1477 
3 0.509 0.254 2 0.102 8335 7525 
3 1.069 0.305 3.5 0.102 8335 7525 
3 0.610 0.305 2 0.102 8335 7525 
3 0.305 0 .305 1 0.102 8335 7525 
3 0.610 0.305 2 0.076 6252 7467 
4 0.509 0.254 2 0. 102 11 245 10057 
4 0.610 0.305 2 0.102 11245 10057 
4 0.610 0. 305 2 0.076 8433 10004 

Notes: 1 m = J ,26 ft ; 1 N =0,02 1lbf; 1 Nim'=0.225lb/ft';1 Nim'=0.735 lbift'; ~ = 1. 

/3 

0 .75 
0.903 
0 .903 
0.903 
1.19 
0.745 
0 .894 
1.19 
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Po = 2cBri (13) 

The strength then increases to nine times the cohesive 
strength times the pile diameter at a depth (x,) below the 
ground surface, where 

x, = 7cB/(/'B + 0.5 c) (14) 

To satisfy the assumption of a linear increase in soil re
sistance, O! is determined in one of two ways for cohesive 
soils. If the required embedment depth is less than x., 
then 

(15) 

This is the actual slope of the soil resistance. If the re
quired embedment depth is greater than x., then con
servatively 

a= (7cB/D)ri 

DETERMINATION OF SOIL STRENGTH 
PARAMETERS 

(16) 

Three different possible procedures exist for determining 
the soil strength parameters to be used in the design of 
drilled shafts: laboratory testing of soil samples, in situ 
field testing, and estimation of the properties by a visual 
inspection of the soil. 

The most fr equently used laborator y test on undis
turbed clay samples is the unconfined compression test, 
but triaxial UU and CU tests, miniature vane shear, and 
pocket penetrometer tests can also be used. For co
hesionless soils, the angle of internal friction (r/J) may 
be determined in the laboratory by direct shear testing. 

There are several field tests that provide values of c 
and r/J or both for in situ soil. These include standard 
penetration, static cone penetration, pressuremeter, 
and Iowa bore-hole shear testing. 

If no soil testing is done or if preliminary numbers 
are desired, estimates of values of c and r/J can be made 
by inspection. For cohesionless soil, the ease with which 

Ultimate Load (N) 
Solution 

Solution A&M Theory / A&M Theory/ 
Actual Theory Theory Actual Actual 

1356 752 1557 0 . 555 1.15 
1629 752 1557 0.462 0.956 
1346 752 1557 0 .559 1.16 
1423 752 1557 0 . 529 1.09 

958 524 1145 0 . 546 1.20 
1581 752 1557 0.476 0.985 
1250 752 1557 0. 602 1.25 
1054 524 1145 0.497 1.09 

886 524 1145 0 . 591 1.29 
1605 820 1830 0. 512 1.14 
1054 566 1116 0.537 1.06 
2299 884 2433 0. 384 1.06 
1068 377 714 0 .353 0 .668 
2491 1178 2515 0.473 1.01 
5509 2730 6419 0.496 1.17 

445 571 1087 1.28 2 .44 
685 571 1087 0.833 1. 59 

23854 11515 21986 0 .483 0.922 
19639 8526 16142 0.434 0.822 
23950 11889 25627 0.496 1.07 
29459 19735 41721 0. 670 1.42 
16861 9757 18394 0.579 1.09 
11783 12909 14370 1.10 1.22 
17100 15855 16478 0.927 0.964 
13891 13072 11544 0.941 0.831 

'For soil 1, c = 0, <I> = 37°, and"(= 148 N/m3; for soil 2, c = 0, ¢ = 32°, and 'Y = 139 N/mJ; for soil 3, c = 12 505 N/m2, ~ = 9°, and y = 181 N/ml ; and for soi l 4 , c = 16 866 
Ni m'. <I> = 0°, and -y = 171 N/m3, 
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a 0.5-ln diameter reinforcing bar can be pushed into the 
soil bas been related to the relative density [ Cooling, 
Skempton, and Gloss up {!)], which can then be related 
to¢ [Terzaghi and Peck (19)). For clays, the ease 
with which a specimen of tile soil can be deformed be
tween the fingers h:1 b e1 ·elated to stiffness t Cooling, 
Skempton, and Glossup (4)], which can be related to the 
undrained sfrength [Terzaghi and Peel{ (19)] . 

The soil strength reduction factor has been used in 
the equations to account for the possibility of the soil 
having less than the anticipated strength and for any dis
crepancies in the simplified theory. The choice of this 
factor should reflect how well the actual soil strength is 
known. The following values are recommended: 

11_ Quality of Soil Information 

0.5 Good visual description possibly supplemented by standard 
penetration testing in general area 

0.7 Standard penetration testing or other in situ testing at loca-
tion of structure 

0.9 Laboratory testing at location of structure 

Since a drilled shaft is essentially a deep foundation, the 
soil at the bottom of the shaft is as important as that nea1· 
the surface (8), and whenever only limited soil tests have 
been periorm-ed, a close inspection procedure during 
construction should be followed so that, if weak soil lay
ers are encountered, the shaft length can be increased. 

TEXAS A&M MODEL TESTS 

Ivey (10, 11) has conducted a number of model and full
scale drilled-shaft tests. Details of the model tests are 
given in Table 1 with the Texas A&M predtctions, and 
predictions made using the ultimate-load solution de
scribed here. The Texas A&M theory usually gave un
conservative answers; the mean prediction was 1.15 
times that of the actual obse1·ved ultimate loads. The 
ultima:te-load solution was almost always conservative; 
the mean was 0.61 times that of the observed mean. A 
reason for this conse1·vatism is the relatively low D/ B 
ratios of the models that imply that there will be some 
footing action that was neglected in the analysis. Load
deflection solutions (8) using the rigid discrete-pile 
model confirmed that-the ultimate-load solution was ade
quate, provided that the pile was designed to have suffi
cieul i:;lrength. In fact, solutions with the discrete model 
(8) sl1owed that, even for long piles, the ultimate-load 
solution is adequate provided that there are no significant 
axial loads and that the magnitude of deflections is not 
impo1·tant. Most highway sign structures would satisfy 
these criteria. 
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