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Ultimate Uplift Capacity of Piles 1n Sand 

BRAJA M. DAS AND DAVID B. ROZENDAL 

Laboratory model test results for determination of the ultimate uplift capacity 
of plies embedded in dry sand are presented. In the tests the unit weight of 
compaction and the embedment ratio were varied. For a given unit of weight 
of compaction, and thus relative density of compaction and angle of soil fric
tion, unit skin friction increases with depth up to a limiting value. Beyond the 
critical depth, unit skin friction remains practically constant. The ratio of 
critical depth of embedment to pile diameter increases with the relative den· 
sity of compaction. The soil-pile friction angle also increases with relative den· 
sity of compaction. Based on the results of the model study and a theoretical 
relation, equations for estimation of the uplift capacity of piles have been sug
gested. These equations are based on tests conducted on a single pile. More 
laboratory and field tests are needed to verify the reliability of the equations 
for design use. 

Numerous studies of the compressive load-bearing 
capacity of piles are available in the literature. 
A similar problem involving the uplift capacity of 
piles subjected to tensile load has received much 
less attention. Pile foundations for structures 
ouch ao tranomiaoion towers and offshore platform& 
are required to sustain uplifting loads. A limited 
number of theoretical and experimental studies of 
the uplift capacity of piles embedded in sand have 
been reported by Das and Seeley <1>• Meyerhof !11]), 
Ireland (_!), and Esquivel-Diaz (~). Sowa (~) sum
marizes similar field studies on concrete piles 
embedded in clay soils. More recently, results of 
laboratory model studies for determination of the 
ultimate uplift capacity of wooden piles in satu
rated clay have been presented by Das and Seeley (7). 

A review of the literature previously cited re
veals that there are several aspects of the problem 
that are not yet clearly understood. The purpose of 
this paper is to review the past theoretical and 
experimental works and to present some recent labo
ratory model test results for the ultimate uplift 
capacity of rough piles in sand. 

REVIEW OF PREVIOUS INVESTIGATIONS 

Ireland (_!) reported the results of six pull-out 
tests in the field for Raymond step taper piles in 
sand. Based on the analy11 ia of these results, he 
proposed an equation for the net ultimate uplift 
capacity of piles: 

P0 =Ka/A,, tan¢ 

where 

net ultimate uplift capacity, 
lateral earth pressure coefficient, 
average effective overburden pressure, 

= surface area of the pile in contact with 
sand, and 
soil angle of friction. 

(l) 

The ultimate uplift capacity (see Figure 1) can 
be defined as 

where 

Pu gross ultimate uplift capacity, and 
W = effective self-weight of the pile. 

(2) 

The average value of K as recommended by Ireland was 

approximately 1.75. For piles of length L at depth 
z with uniform circular cross section (diameter • d) 
and skin friction fin dry sand (unit weight• y), 

av'= rL/2 

A,,= 11dL 

Thus, the net ultimate capacity is expressed by 

P0 = (1.75) (rL/2) (11dL) tan¢= 2.749 rL2 d tan¢ (3) 

In conjunction with his study of the ultimate 
uplift capacity of horizontal anchors subjected to 
oblique loading, Meyerhof (3) proposed the following 
equation for the net ultimate capacity of rigid 
piles subjected to vertical uplifting load. 

(4) 

whPrP. Kb = uplift coP.fficient that is a function of 
the soil-friction angle (~) and the embedment ratio 
(L/d). The variation of Kb with the soil-friction 
angle and the embedment ratio (L/d) is shown in 
Figure 2. 

Esquivel-Diaz (,l!) reported several uplift tests 
performed in the laboratory. The tests were con
ducted with model aluminum pipe piles with an out
side diameter of 76. 2 mm. The outside surface of 
the piles was roughened by coating with sandpaper. 
A summary of the results of his tests is given in 
Table 1. 

Figures 3 and 4 show the plots of the ultimate 
uplift load against embedment ratios as given in 
Table 1 for dense and loose sand, respectively. For 
preliminary comparison purposes, Equations 3 and 4 

Figure 1. Parameters for ultimate uplift capacity of piles. 
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Figure 2. Variation of uplift coefficient, Kb, with soil;friction angle (~). 
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Figure 3. Comparison of test results of Esquivel-Diaz (~) with Equations 
3 and 4: dense sand. 
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are also plotted in Figures 3 and 4. Based on these 
plots, the following observations may be made. 

1. For dense sand, Equation 3 yields substan
tially lower values of ultimate load at any given 
value of L/d. 

2. For dense sand, Equation 4--that is, the 
equation proposed by Meyerhof--gives excellent 
agreement with the experimental results. 

3. For very loose sand, both Equations 3 and 4 
yield values of ultimate load that are too high. 
Note, however, that the equation given by Ireland 
was developed for steel taper piles made most likely 
of corrugated steel. The pile tests conducted by 
Esquivel-Diaz were with straight-shafted steel piles 
coated with sandpaper. 

Another theoretical equation for the ultimate 
uplift capacity of piles has also been proposed by 

Figure 4. CompariSOl\.Of test results of Esquivel-Diaz (~) with Equations 
3 and 4: loose sand. 
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Meyerhof <1>· According to this equation, the ulti
mate capacity can be expressed by 

P0 = K0 a/A, tan ll 

where 

Ku uplift coefficient, and 
6 = angle of friction between the soil and the 

surface of the pile. 

I 

(5) 

The terms ov and As are as defined in Equation 1. 
For circular piles, Equation 5 takes the form: 

P0 = K0 (rL/2)(11dL) tan ll = (11/2)K0 rdL2 tan ll (6) 

The variation of the values of Ku with the soil
frict ion angles is given in Figure 5. Equation 6 is 
similar to Equation l; however, Ku is determined 
theoretically as compared to the experimenta l value 
of K. The angle ~ in Equation 6 will depend on 
several factors, the most important of which are (a) 
the soil-friction angle, 67 (b) the relative density 
of compaction, Dr; and (c) the roughness of pile sur
face. This will be discussed later. 

Equation 6 essentially is the sum of the fr ic
t ional resistance developed along the pile surface or 

z=L 
P0 = / (11'd)fdz (7) 

1 - 0 

where f is the unit skin friction at a depth z. So 

f = rzK0 tan ll (8) 

LABORATORY MODEL TESTS 

Uplift capacity tests in the laboratory were con
ducted with a wooden pile 25.4 mm in diameter and 
0. 61 m long. The outside surface of the pile was 
roughened by applying glue to the pile and then 
rolling it over the sand used for the tests. The 
pile was allowed to dry for several days before the 
tests. Questions might arise about whether gluing 
might negate the influence of friction between pile 
and sand, but it is doubtful that this will occur. 
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Table 1. Laboratory uplift tests on model piles as reported by Esquivel-Diaz (§_) . 

Average Unit 
Weight of 

Sand Compaction, "f 
Compaction (kN/m3

) L/d 

3.0 
3.0 

Dense l 5.03 4.5 
4.5 

10.0 

1.5 
3.0 

Loose • 12.81 4.5 
6.0 

10.0 

Note: Diameter of pile= 76.2 mm. 

Figure 5. Variation of Ku with soil-friction angle (~). 
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The model tests were conducted in a box measuring 
0.61 m x 0.46 m x o. 76 m. A dry silica sand was 
used for the model tests. The sand had 99 percent 
passing No. 20 sieve, 55 percent passing No. 40 
sieve, and O percent passing No. 200 sieve. With 
the model pile located centrally, the sand was 
poured into the test box in layers 25.4 to 50.B mm 
thick and compacted to the desired unit weights and 
heights. A steel cable 3.18 mm in diameter was 
attached to the top of the pile. Th is cable, in 
turn, was attached to a lever arm type arrangement. 
The steel frame that conta i ned the lever arm was 
attached rigidly to the top of the test box. For 
some tests in dense sand, the cable was replaced by 
a steel rod 6.35 mm in diameter. Step loads were 
applied at the other end of the lever arm and de
flection monitored by a dial gauge. The lever arm 
ratio was 1 to 1. 5. Three series of tests were 
conducted, and the details of the test parameters 
are given in Table 2. 

Table 2. Details of the test parameters. 

Relative Triaxial Angle 
Unit Density of of Friction at 

Series Weight:\"! Compaction, Dr Test Density, </> 
No. L/d (kN/m) (%) (degree) 

l 4 to 24 14.81 21.7 31 
2 4 to 24 15.79 47.6 34 
3 4 to 24 16.88 72.9 40.S 

Po 
(N) 

241.97 
253.09 
698.40 
689.40 

4,132.20 

5.78 
31.14 
57.83 

117.43 
269.55 

Angle of 
Friction,</> 
(degree) 

43 

33 
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Approximate 
Relative 
Density, D, 
(%) 

75 

13 

The ultimate uplift load obtained from the labo
ratory tests is shown in Figures 6 and 7. 

ANALYSIS OF TEST RESULTS 

The average skin friction that contributes to the 
resistance against upl i ft force between depths L = 
L1 to L = L2 can be given by the relation 

(9) 

The value of skin friction evaluated by Equation 9 
may be assumed to be the representative skin fric
tion at a depth z = (L1 + L2)/2. Using the net 
uplift capacity from two consecutive tests in a 
given series, the values of the experimental skin 
friction for all three series of tests have been 
evaluated and are shown in Figures B and 9. Figure 
8 is the plot of the results for test series I and 
II. The variation of skin friction as calculated 
from the results of Esqu i vel-Diaz (.?_) for the case 
of loose sand is a1·so plotted. The variation of 
skin friction of test series III, along with those 
obtained by Esquivel-Diaz 12) in dense sand, is 
shown in Figure 9. 

From the variation of the skin friction f in 
Figures B and 9, it can be seen that 

1. The skin friction, in all cases, increases 
from zero to a certain critical depth. Beyond the 
critical depth, skin friction remains; almost con
stant. 

2. The nond imensional critical embedment ratio, 
(L/dlcr• increases with the relative density of 
compaction. 

3. For the tests in dense sand made by Esquivel
Diaz, the critical embedment ratio could not be 
determined because the tests were not extended far 
@nough. 

In order to formulate a tentative procedure for 
the estimation of net ultimate uplift capacity, it 
was assumed that Equation 8 can be used for 0 ~ 
L/d ~ (L/dlcr· Using the proper value s of the 
soil-frict i o n angle a nd the uplJ.ft coe f fic i e nt qiven 
in Figure 5, the values of 6 were back-calculated 
for all experimental test series. The variation of 
6/~ obtained from these calculations is plotted 
in Figure 10 with the corresponding relative density 
of compaction. Note that, in arrivinq at Figure 10, 
the theoretical Ku values have been assumed to be 
correct and the values of 6 /~ are deduced quan
tities. 

The procedure adopted here for the determination 
of the approximate critical embedment ratio, (L/dlcr• 
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Figure 6. Net ultimate uplift load for series I and II tests. 
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is shown in Figure 11. The critical embedment ratios 
in Figures 8 and 9 were determined in this manner 
and are plotted in F igure 10 against correspond ing 
relative densities. From these plots, it appears 
that an approximate equation can be formulated as 

(L/d)er = 0.1 380, + 4.5 (for D, .;; 80%) (JO) 

TENTATIVE PROCEDURE FOR ESTIMATION OF UPLIFT CAPACITY 

Based on the observations made during the model 
tests, it appears that the uplift capacity of the 
model piles can be reasonably estimated by the fol
lowing steps for Dr 2 80 percent. 

1. Estimation of the critical embedment ratio 
using Equation 10. 

2. For L 2 Lcr 
L 

P0 = J (rrd)(")'ZKu tan8)dz= ~7rd")'L2 Ku tan8 (!!) 
0 

The values of Ku and can be obtained from 
Figures 5 and 10. 

3. If L > Lcr (Figure 11), 

L Lcr 
P0 = J (rrd)fdz = J rrd(")'zKu tan 8)dz + 1Td"YLe,Ku tan 6 (L- Le,) 

0 0 

= ~7rd")'L~, Ku tan 8 + 1Td"YLerKu tan 6 (L- Le,) (I 2) 

APPLICATION TO FIELD CONDITIONS 

The results are in teresting ; however, the uplift 
capac ity estimation procedur e g iven in Equations 11 
and 12 is based only on this model test. Therefore, 
it is not recommended for immediate use in the field 
because 

1. The depth beyond which the unit skin friction 
remains constant is highly dependent on the critical 
embedment r atio. The estimation g i ven in Figur e 10 
is base d only on tes t s cond uc t ed f or a pi.le o f a 
single diamet er . Results of f u tu re investiga tions 
should be compared with the p r e sen t fi ndings . Future 
tests should be conducted in both the field and the 
laboratory. 

2. The method used to place sand in the present 
tests differs from that used in the field. This may 
affect the values of (L/d) er and o. Without suf-

ficient large-scale field test results, the problem 
cannot be confidently resolved. 

Questions may also arise when piles are driven 
below the groundwater table. For example, the sur
face tension effect may tend to increase the gross 
ultimate uplift capacity. However, in our opinion, 
this should not be taken into account because it is 
unpredictable. 

CONCLUSIONS 

Laboratory model test results for determination of 
the ultimate uplift capacity of piles in sand have 
been presented. Based on these results, the follow
ing conclusions can be drawn. 

1. The unit skin friction, 
and the piles increases in an 
manner up to a critical depth. 
depth, the unit skin friction 
constant. 

f, between the soil 
approximately linear 

Beyond the critical 
remains practically 

2. The critical embedment r a tio , (L/dlcr• as 
determined from these tests , inc rease s with relative 
density of compaction up to about 1. 5 for Dr 2 
80 percent. 

3. Based on the limited test results, equations 
for the prediction of ultimate uplift capacity have 
been developed. Before they are applied to field 
design problems, these equations may need to be 
modified to reflect the results of additional field 
and laboratory tests. 
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Fi~Jre 7. Nat ultimate uplift load for series Ill tests. 

120 ......................................................................................................... ... 

600 

G.o 460 

'8 
.2 -a. 
" ., 
c; 
~ 
:; 

• z 

360 

240 

120 

4 6 12 

Emt;°adment ratio, L/~ 
20 

Figure 8. Variation of unit skin friction of test series I and II. Figure 9. Variation of unit skin friction of test series Ill. 

.. 
::i 
i .. 
! .. .. • E .. • .. • Ill 

4 

8 

IZ 

• 
16 

Preeant 
teat 
SerlH 

20 

2 ll 4 

THll by 
E1qulv11-Dloz 
<m<Lo- eandl 
Eq. 181 
s1;• o.38 

). 
\ 

\ Eq,(B) Eq .(8) 
~8/</>• OJIZ '-~/P-O!ill 

• 

• 

\ IL/dl--+ 
er 

• 
Pr •••nl te11---
(S• rln XII 

• 

• 
• 

24 .................................................................... -

... 

.... 
..J 

0 .. 
~ -c 
• E ... 
• ... 
Ii 
Ill 

8 

12 

16 

20 

Unit •kin friction, f(kN/1112 1 

Preeent teu 
!Strl" Ill) 

4 

(l/d)cr ~ e 

5 • 

• 
• 



Transportation Research Record 945 

Figure 10. Plot of li/¢ end IL/dl0 , against relative density of compaction. 
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Analysis of a Spiling Reinforcement System 1n 

Soft-Ground Tunneling 
S. BANG 

An investigation of a spiling reinforcement system used for stabilizing tunnels 
is presented. The system is composed of a series of radially installed reinforcing 
spites placed around the perimeter of the tunnel heading before excavation. 
This system provides immediate stabilization of an opening as well as permanent 
stabilization. It has been successfully used for tunneling in weak rock formations 
and, to a lesser oxtont, in soft grou nds. To date, no rational design methodology 
has been formulated because no reasonable analytic method of analysis has been 
suggested. A generalized plane strain composite finite-element analysis, which 
uses the proper simulation of the excavation and reinforcement to calculate 
three-dimensional stresses and displacements while the finite-element grid 
remains in two dimensions, is presented. The effects of tho reinforcement, the 
incli nation, and the spacing of the spiles on the performance of the systom 

have been analyzed with the proposed method. The ground surface move· 
ments are used to calculate the vertical and horizontal distortions that are 
directly related to damage to buildings located above the tunnel. 

A spiling reinforcement system has been successfully 
used in tunneling to strengthen weak rock formations 
as well as other soft grounds (1). The system typi
cally consists of a series of radially installed 
15- to 20-ft reinforcing spiles spaced from 2.5 to 5 
ft with an inclination angle of approximately 30 




