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The purpose of this paper is to present the st ate of the art concerning 
bearing capacity of foundation piles . Topics presented include {a) soil 
property changes due to pile driving in cohesionless and cohesive soils 
and {b) determination of bearing capacity for single piles and pile groups 
in cohesionless and cohesive soils. The methods presented for design 
of single piles include the static formula, the dynamic formula, and a 
recently developed numerical method. The numerical method has been 
used to predict immediate pile movement under static load as well as 
ultimate pile load. The methods for design of pile groups that are pre
sented are empirical in nature and include design against bearing ca
pacity failure and design against excessive pile and soil settlement. 
Because this is a state-of-the-art presentation, no definite conclusions 
are given concerning the use of one design method in preference to 
another. It is shown that no single method has been adopted for gen
eral use by designers at this time except for field load tests, which are 
generally used on large construction projects involving pile foundations. 

•PILE FOUNDATIONS are used when the soil near the surface is not able to support 
foundation loads because of either low bearing capacity or the possibility of excessive 
settlement. The primary function of a pile is to transfer foundation loads to deeper 
soil strata that are stronger and less compressible. Even though in practice piles 
are generally used in groups, most of the published research in the United States and 
abroad, as surveyed by Kezdi (W, has dealt with single piles. Designers rely on the 
bearing capacity of single piles to forecast the bearing capacity of pile groups. 

The bearing capacity of single piles is presently being determined by one or more 
of the following methods: static formulas, dynamic formulas, and field load tests. The 
static formula method relates soil shear strength, as determined from laboratory or 
in situ tests, to skin friction along the pile shaft and to end-bearing below the pile point. 
The 2 components, friction and end-bearing, are combined to estimate pile-bearing ca
pacity for any selection of pile diameter and length. Depending on the designer's ex
perience in his local area, the pile chosen may or may not constitute a final design. 
The dynamic formula method relates the resistance to penetration during driving to the 
static bearing capacity. In many areas designers have pile-driving records from nu
merous projects, and may use a dynamic formula for initial design. Bearing capacities 
as determined by the static or dynamic formula method may be considered conservative, 
and considerations of economy may favor the use of a field load test. This is especially 
true on large projects where it is desirous to obtain a more exact value of bearing ca
pacity at one particular site. After the capacity is determined for a single pile , an 
adjustment for group action, coupled with an estimate for group settlement, would lead 
to a more or less final foundation design . 

Paper sponsored by Committee on Foundations of Bridges and Other Structures and presented at the 49th Annual 
Meeting. 
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SOIL PROPERTY CHANGES DUE TO PILE DRIVING 

When piles are driven into the ground, changes occur in the in situ geotechnical 
properties of the soil. The soil experiences considerable displacement. The resulting 
stress distribution in the soil surrounding the pile is far different from that which 
existed prior to driving. For a given pile shape, the mode of disturbance depends on 
the type of soil. 

Cohesionless Soils 

Upon cessation of driving in cohesionless soils, the relative density is increased 
within the limits of 7 to 12 pile diameters around the pile shaft, and 3 to 5 pile diameters 
below the point. These limits, as shown in Figure 1, have been established by Broms 
(~),and are based on the works of Meyerhof (~, Weele (W, Kishida (W, Kerisel (~, 
and Plantema and Nolet ~. The extent of the zones indicated has been observed pri
marily by use of probes or penetrometers and is influenced by soil density, hammer 
input energy, and pile type. Vesic ~has shown that the increase in relative density 
is larger for loose material than for dense material. Robinsky and Morrison (.1m have 
shown that the limit of the compacted zone is larger around tapered piles than around 
piles of constant cross sections. 

When a pile comes to rest in a cohesionless soil, there are residual stresses acting 
on the pile shaft. These stresses have been observed and reported in the literature by 
Mansur et al. (W and Hunter and Davisson <W. Residual stresses are negligible in 
jetted piles and in piles driven with vibratory hammers, but they may be significant in 
the lower portion of piles driven with impact hammers. The distribution of load be
tween the shaft and the point is influenced by residual stresses. 

Meyerhof (34), Fleming (.!fil, and Pepper (!!) report overlapping of compacted zones 
for pile groups in cohesionless soils. Also, the soil surrounding the center piles is 
compacted more than the soil near the periphery of the group. 

Cohesive Soils 

When a pile is driven into a cohesive soil, the material is compressed and remolded. 
According to Broms (fil, this remolded zone extends from 1 to 3 diameters laterally and 
about 1 pile diameter below the pile point as shown in Figure 1. The stiffer the soil, 
the larger is the extent of the compressed zone. 

Excess pore water pressures are induced in the cohesive soil surrounding a pile 
after it is driven. In soft sensitive clays that are normally consolidated, measure
ments by Reese and Seed (,!ID and by Bjerrum and Johannssen (1} indicate pore pressures, 
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Figure 1. Zones of compaction and remolding due to pile driving (5.). 
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which occur immediately after driving, that increase almost linearly with depth and 
approach the total overburden pressure. Similar findings were obtained for stiff pre
consolidated clay by Airhart et al. (1). The increase in pore water pressure is not re
stricted to the zones shown in Figure 1 but has been detected by Reese and Seed (1Q) up 
to 15 pile diameters away from the pile. 

Pore pressures induced by pile driving in the vicinity of natural slopes and within 
embankment sections cause a temporary reduction in shear strength that can lead to 
rather sudden slope failures. This situation has been reported by Bjerrum and Johann
ssen (1). Methods for predicting induced pore water pressure have not been very re
liable. Therefore, if pore pressures are to be considered in design, field measure
ments are recommended. For detailed information on field instrumentation, the reader 
is referred to publications by Bjerrum and Joha.nnssen (1) and Hanna M. 

The dissipation of induced pore water pressure and the consolidation of the soil are 
accompanied by movement of water away from the pile-soil interface. The rate of 
movement is governed by the permeability of the clay, the thickness of the layer, the 
pile spacing, and the pile material. The decrease in moisture content at the pile-soil 
interface causes an increase in the shear strength in the soil at the interface. In soft, 
normally consolidated clay, Reese and Seed (!2,) reported that pore pressures at the 
pile-soil interface dissipated about 24 days after driving. The final strength of the clay, 
as measured by the unconfined compression test, was approximately 1.5 times the in 
situ shear strength. For sensitive clays, Meyerhof (ll) and Fellenius (!.Q) reported 
that 90 percent of the undisturbed unconfined compressive strength of the clay was re
gained in 30 to 50 days. 

The formation of a gap between the pile and the clay due to transverse vibrations 
during driving has been reported by Glanvi1le et al. (17), Faber (14), Reese and Seed 
(45), and Tomlinson (.§.fil. The gap may occur in association witha soil heave at the 
ground surface. The gap should close in soft clays in a relatively short period of time 
because of consolidation. However, in stiff clays it may remain open for an extended 
period of time. When piles are driven in groups, the closing of gaps near the center 
of the group is expected, especially for a pile spacing of 2.5 to 3 pile diameters. 

Tapered piles tend to compact the material surrounding the shaft during driving, 
similar to the action observed in sands. The fact that H-piles displace a smaller vol
ume of soil during driving has been used by Casagrande (fil, among others. 

The preceding discussion concerning soil property changes due to pile driving is very 
brief and is qualitative in nature. There is a definite need for more quantitative data 
in the form of full-scale field measurements, especially in the area of the action of pile 
groups. 
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Ultimate bearing capacity, static formula 
method. 

BEARING CAPACITY OF SINGLE 
PILES BY THE STATIC 

FORMULA METHOD 

Two recent publications, one by 
McClelland et al. (30) and the other by 
Broms (.§), give a good summary of the 
procedure presently used to determine 
bearing capacity of a single pile by the 
static formula method. The simplified 
concept is shown in Figure 2. The fa
miliar static bearing capacity equation 
is as follows: 

Qs and Qp are the shaft and point re
sistance respectively, and the other 
terms are defined in Figure 2. Both 
types of resistance are determined from 
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measured or estimated shear strength of the soil. Static and dynamic penetrometers 
may be used to measure the 2 components of resistance directly. The penetrometer 
may be a cone similar to the Dutch cone, which is commonly used in Europe and which 
has been reported on by Begemann (~), Kanty (!!,), and Schmertmann (,!fil. 

Design factors for cohesionless soils are as follows: 

Friction 

f KP0 tan 6; 
K = earth; 

P0 = average effective overburden pressure =YD; 
y = effective unit weight; 
D = pile embedded length; and 
Ii = angle of shaft friction. 

End-bearing 

q = P 0 N4; and 
Nq = bearing: capacity factor for deep circular base (Fig. 3). 

Earth pressure coefficient K 

Impact-driven piles 
Steel and concrete = 1.0 to 1.5; 
Tapered = 2.0 to 3.0; and 
With jetting = 0.6 to 0.8. 

Vibration-driven piles 
Steel pipe= 0.75. 

Ratio of 15/ ¢' 
Dense saturated sand = 0.64 to 0.90. 

Design factors for cohesive soils are as follows: 

Friction 

f = kc (Figs. 5 and 6); 
c = cohesion; and 
k = soil resistance factor. 

End-bearing 

q = cN~; and 
N' = bearing capacity factor = 9.0 for deep circular base. 

These factors will be discussed separately for cohesionless and cohesive soils. 

Cohesionless Soils 

One method used in the past to determine frictional resistance in cohesionless soils 
was to conduct pull-out tests on full-scale piles. It has been shown by Hunter and 
Davisson (g_Q,) that frictional resistance measured during pull-out tests is approximately 
30 percent less .than the frictional resistance measured from compression tests on in
strumented full-size piles. Also, from tests on instrumented piles, it has been shown 
by the same investigators that the measured friction depends on whether the residual 
stresses are included or excluded from the analysis. During a field load test, when a 
compressive load is applied, the resulting friction must overcome residual stresses 
in orde!' Io1· the pile to move. Once Lhe pile moves, Lhe fricLiunal resisLance Lends to 
mobilize prior to tip resistance. The mobilization of frictional resistance, which oc
curs first at shallow depths, has been reported by D'Appolonia and Romuldi (g) and 
Coyle and Sulaiman (!Q). As additional loads are applied they are transferred in part 
or in whole to lower portions of the pile. In general, the frictional resistance decreases 
with depth and is independent of initial overburden pressure. 

Current design methods incorporate neither pile movement nor residual stress. 
They do not consider the complete state of observed behavior. The simplified form of 
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the formula generally used for computing frictional resistance in cohesionless soils 
is as follows: 

f = Kp0 tan Ii (2) 

The coefficient K is the earth pressure coefficient (g) and is defined as the ratio of 
horizontal to vertical earth pressure; Po is the overburden pressure based on effective 
unit weights, and ll is the angle of friction between the soil and pile material. The mag
nitude of ll is usually estimated as being some fraction of ¢ ', which is the effective 
angle of shearing resistance of the soil. Typical values of ll/ ¢' as recommended by 
Potyondy (~ range from 0.64 for smooth steel in saturated sand to 0.90 for rough con
crete in saturated sand. 

Considerable disagreement exists at present concerning the use of appropriate values 
of K for design purposes. A review of the works of Meyerhof (32), Nordlw1d (W, Man
sur et al. ~. ~. D'Appolonia and Romuldi (!!), and Hunter and Davisson (gQ) indicates 
the range of K-values as listed earlier. 

The point resistance of piles in cohesionless soils is generally determined by the use 
of the bearing capacity equation originated by Terzaghi (M) and modified for deep foun
dations. The equation in its most simplified form is as follows: 

(3) 

The overburden pressure, p0 , is determined by multiplying an assumed effective 
unit weight times the embedded depth of the pile. The quantity Ne{ is tJ1e bearing ca
pacity factor for deep circular foundations. Values for Nq have been determined tJle
oretically by different investigators , and typical values are shown in Figure 3. The 
magnitude of Ne{ varies widely, and these differences are tlle result of the assumptions 
used concerning the path of shear failure in the soil. In practice, the specific value of 
Ne{ used by the designer is primarily a function of experience gained in a local area. 

It has been shown by Kerisel (~ and Vesic (&Q) that q does not increase linearly 
with depth as implied by Eq. 3. As shown in Figure 4 for model piles, the point re
sistance increases to some limiting value and then remains more or less constant. 

It should be noted at this point that Terzaghi 's original bearing capacity equation 
contains a quantity that includes the para.meter Ny. The magnitude of this term is so 
small in comparison wiU1 (p0Nq) that the quantity containing the parameter Ny is ne
glected by most designers . 

-In order to determine Nq for use in Eq. 3, it is necessary to evaluate ¢ ', the effec
tive angle of shearing resistance. The magnitude of ¢' is a function of effective particle 
size, grain size distribution, rel-
ative density, and angularity of the 
particles. Representative values z .. 10,000 

of ¢ ' are usually determined from 
triaxial tests or standard penetra
tion test results. DeBeer (13) has 
shown that crushing of sandgrains 
under high intensity loads can es
tablish a limiting value of q in Eq. 
3 regardless of the magnitude of 
¢'or Nq. 

Cohesive Soils 

a: 
0 
t; 
~ 1,000 

>-
1-

~ 
<t 
(.) 

(.!) 

z 
ii: 
<t w 
!D 

100 

-
;....--

, 
, 

/ / 

// 

- - -\$ ·':/"' ,,w_ /" _,,,,.,,,....- ~ 

~~\/~~~ 

~ 

~-

I I I 

30° 35• 40° 45° 50" 

ANGLE OF SHEARING RESISTANCE 
The frictional resistance of piles 

in cohesive soils is primarily a 
function of shear strength of the 
soil. The unit skin friction, f, is 
sometimes referred to as adhesion. 

Figure 3. Bearing capacity factor for deep circular founda
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Figure 4. Variation of point resistance with depth (57). 

The equation in a very simplified form is as follows: 

f = kc (4) 

The cohesion, c, is the shear strength of the clay as determined by the Wlconfined , 
the in s itu vane , or the triaxial quick test . The factor, k , is used to adjust the undis
turbed shear strength. McClelland and Lipscomb (ll) have defined k as the soil re
sistance factor. Numerical values for k have been deter mined from field load tests . 

The relationship between f and c for soft-to-firm clay has been reported by Peck M 
and is shown in Figure 5. In this work, 36 piles were investigated, and the friction 
computed was approxim.ately equal to the undrained strength of the clay. Relationships 

between f and c for firm-to-very
stiff, over-consolidated clay have 
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been reported by Tomlinson (~ and 
are shown in Figure 6. It is noted 
that the unit frictional resistance is 
less than the undrained shear strength 
of the clay . Comparable results 
were also obtained by Woodward et 

....: 1.4.-------------- --. 

Figure 6. Soil resistance factor versus average 
cohesion (Q§.). 
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al . (63). McClelland et al. (~Q) have suggested that f is approximately equal to c in 
normally consolidated stiff clay. 

Values of frictional resistance shown in Figures 5 and 6 are the result of computa
tions based on average values. Effects of pile movement and the distribution of friction 
with depth are not considered. A more exact analysis could conceivably introduce dif
ferent values. For instance, Reese and Seed (.!Q.} and Coyle and Reese (Q) have reported 
f-values for very soft clays (c < 500 psf) that were approximately equal to 1.5 c. These 
observations were based on instrumented pile test data in which the distribution of fric
tional resistance with depth along the pile was computed. From these studies on in
strumented piles, the skin friction in clay appears to increase with depth. 

Many designers neglect the point resistance of a pile in clay because as much as 85 
percent of the pile load may be carried in skin friction. However, the point resistance 
in clay can be estimated by using the following equation: 

q = cN~ (5) 

The symbol c is the undrained shear strength of the clay. The factor N~ is a bearing 
capacity factor for deep circular foundations. Equation 5 is based on Terzaghi' s orig
inal bearing capacity equation, but only the cohesion term is considered. 

According to Skempton (QQ} the value of N~ for a round deep foundation is 9.0. It 
should be noted that the values of unit frictional resistance shown in Figures 5 and 6 are 
based on the assumption that the point bearing is equal to 9 times the cohesion. There
fore, values shown in Figures 5 and 6 should be used in conjunction with N~ = 9.0. 

BEARING CAPACITY OF SINGLE PILES 
BY THE DYNAMIC FORMULA METHOD 

Although the emphasis has been given to the static formula method up to this point 
in this paper, it is felt that a short discussion is appropriate concerning the dynamic 
formula method. Much emphasis has been placed in the past on the use of dynamic for
mulas to predict the static bearing capacity of a pile. However, many investigators 
currently believe that dynamic formulas have been discredited to the point where their 
use has become limited in many areas. Lambe and Whitman (26) have summarized this 
attitude by stating that dynamic formulas are unreliable because of the difficulty in de
termining the energy lost during driving and the difficulty in relating resistance during 
driving to the static capacity of the pile. 

The Michigan Pile Test Program (~ is a recent study that is worthy of note. This 
program has been summarized by Bowles (1) , and the summary of the range of safety 

factors for the different dynamic formulas 
is given in Table 1. These data indicate 

TABLE 1 

SUMMARY OF RANGE OF SAFETY FACTORS FOR 
EQUATIONS USED IN THE MICHIGAN PILE 

TEST PROGRAM 

Equation 

Engineering-News 
Hiley 
Pacific Coast 
Redt ebacher 
Eytelwein 
Navy-McKay 
Rankine 
Canadian National Building 

Code 
Modified Engineering-News 
Gat es 
Rab e 

Load Range (kips) 

0-200 

1.1-2.4 
1.1-4.2 
2.7-5.3 
1.7-3.6 
1.0-2.4 
0.8-3.0 
0.9-1.7 

3.2-6.0 
1.7-4.4 
1.8-3.0 
1.0-4.8 

200-400 

0.9-2.1 
3.0-6 .5 
4.3-9.7 
2.8- 6 .5 
1.0-3 .8 
0.2-2.5 
1.3-2.7 

5.1-11.1 
1.6-5 .2 
2.5-4.6 
2.4-7 .0 

400-700 

1.2-2.7 
4.0-9.6 
8.8-16.5 
6.0-10.9 
2.2-4.1 
0.2-3.0 
2.3-5.1 

10.1-19.9 
2.7-5.3 
3.8-7 .3 
3.2-8.0 

Note: Safety fac tor = 0 1.fOd, where O o1 = safe load fro m fo rmu la, 

that the modified Engineering-News for
mula is reasonably consistent over the 
range of loads considered. However, the 
wide range of values in these safety factors 
emphasizes the questionable reliability of 
dynamic formulas. 

Some designers use a combination of 
the dynamic formula method and a field 
load test to establish the bearing capacity 
of a single pile. For example, the Texas 
Highway Department uses the Engineering
News formula, which has been correlated 
with its cone penetrometer test as shown 
in Figure 7, to establish the initial pile 
design. A series of field load tests is then 
conducted at a bridge site to check for the 
possibility of using shorter piles and sav
ing considerable money on a large job. 
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Another dynamic approach that has been 
developed recently is the wave equation 
analysis of pile-driving resistance. Work 
in this area has been done by Lowery et al. 
CW and by Scanlan and Tomko (!§), among 
oLlH~rM. Wave equation analysis can be used 
to estimate the bearing capacity of a pile 
that would be obtained if a pile were field
tested immediately after driving. In co
hesionless soils this estimate may be fairly 
close to the actual ultimate bearing capacity 
of a pile. The main limitation in wave 
equation analysis at present is the lack of 
knowledge concerning the relationship be
tween the dynamic and static soil resis
tance. These 2 components are linked em
pirically in the present analysis. 
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Figure 7. Texas Highway Department cone penetra
tion test correlation (Q;l). 

PREDICTED LOAD VERSUS 
MOVEMENT RELATIONSHIPS 

FOR SINGLE PILES 
The methods already presented are used 

to predict an ultimate bearing capacity in-
dependent of pile movement. Movement as used here refers to relative motion of the 
pile with respect to the soil in contrast to settlement, which as used here refers to soil 
consolidation or long-term settlement. In many instances, choosing an ultimate bear
ing capacity from field load tests is very much dependent on the magnitude and rate of 
deformation of both the pile top and the pile point. 

In order to better predict ultimate bearing capacity, 
researchers have attempted to predict pile movement 
as well as pile load. D'Appolonia and Romuldi (W, 
Poulos and Davis (_il), and Salas and Belzunce (.!7) 
have presented closed-form mathematical methods for 
piles either in linearly elastic or elastoplastic soils. 
Coyle and Reese (_m have presented a numerical meth
od utilizing nonlinea1· soil properties. It is not possible 
to discuss all of these methods in this paper. However, 
the numerical method will be briefly presented because 
of its simplicity. The reader can refer to the Refer
ences for more detail on the other methods. 

Basically the numerical method works on the prem
ise that, as a pile undergoes deformation under a load, 
the soil provides a frictional resistance along the side 
and a bearing at the tip that are functions of the load
deformation and strength characteristics of the soil. 
The mechanics of the procedure are valid, but the cor
rect load-settlement curve will be obtained only if the 
correct load-deformation and strength characteristics 
of the soil are used in obtaining the solution. There
fore, any limitations of the method are the result of 
limitations in obtaining the correct load-deformation 
and strength characteristics of the soil. 

Figure 8 shows an axially loaded pile divided into 
3 segments with the forces acting on each segment. It 
is desired to determine the load, ~. at the top of the 

Figure 8. Axially loaded pile divided pile and the movement, YT, at the top of the pile. The 
into segments. numerical procedure is initiated by assuming that a 
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Figure 9. Soil load versus deformation characteristics. 

small tip movement occurs at the bottom of the pile. The forces corresponding to the 
assumed movement in the bottom segment are determined from nonlinear load
deformation relationships for the soil acting on the pile. Typical soil load-deformation 
relationships are shown in Figure 9. Forces and movements are determined for each 
segment and added progressively from the bottom to the top of the pile until a load, Q0 , 

and a movement, YT, are achieved (Fig. 8). The procedure is repeated and l arger as
sumed tip movements are used until a series of values of Q0 and YT is obtained. These 
:values can then be plotted as a predicted load-movement curve for the top of the pile as 
shown in Figure 10. The detailed step-by-step procedure is given in a recent text by 
Bowles (1). Because the procedure involves iteration, it is particularly adaptable for 
computer usage. A computer program is currently in use at Texas A&M University. 

It is possible to develop relationships among skin friction, soil shear strength, and 
pile movement, such as the typical curves shown in Figure 9b, from the results of 
field load tests on instrumented piles. If the load is measured at different depths in 
an instrumented pile, a curve similar to that shown in Figure 11 can be established. 
Figure 11 shows that the average skin friction at depth 1 would be equal to the load at 
depth 0 minus the load at depth 2 divided by the circumferential area of the pile between 
depths 0 and 2. Also, the pile movement at depth 1 would be equal to the movement at 
the top of the pile, YT, minus the 
elastic deformation occurring be-
tween depths 0 and 1. If skin friction 
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and pile movement values are established at different depths for different loads, and if 
the soil shear strength is known at the same depths, then a curve or curves similar to 
those shown in Figure 9b can be developed. Because the soil shear strength changes 
in most soils after a pile is driven, it is necessary to adjust the strength values ob
tained from in .situ borings in the manner presented in the discussion on the static for 
mula method. 

Curves relating the ratio of skin friction to soil shear strength versus pile movement 
have been developed for clays by Coyle and Reese (]) and for sands by Coyle and 
Sulaiman (!.Q). Additional work has been done on clays, sands, silts, and layered soils 
(1]). Currently research is in progress at the Texas Transportation Institute involving 
an in situ testing device that measures skin friction and point-bearing as a function of 
movement. These data will be published in the near future and will give in situ curves 
of the type shown in Figure 9. 

It should also be noted at this point that it is possible to develop relationships between 
tip load and tip movement such as the typical curve shown in Figure 9a from the results 
of field load test on instrumented piles. The tip load, Rp, is known directly from the 
instrumentation, and the tip movement can be computed by subtracting the elastic de
formation in the pile from the movement, YT, at the top (Fig. 11). Table 2 gives a sum
mary of actual and computed ultimate loads and movements at safe loads obtained for 
piles in a variety of soils. 

SAFE CAPACITY OF PILE GROUPS 

There are 2 general criteria that must be satisfied in the design of pile groups. First, 
when subjected to maximum anticipated loads, the group must have an adequate safety 
factor against bearing capacity failure. Second, the settlement under both maximum 
and working loads must be tolerable. Within these limits, in actual practice the designer 
will probably base the final design on settlement rather than on bearing capacity. In any 
event, both criteria must be considered. 

TABLE 2 

ACTUAL VERSUS COMPUTED RESULTS 

Ultimate 
Movement 

at Safe 
Pile Pile Embedded 

Sui! Type Along 
Loada (tons ) Loadh (in .) Ilef-

Size Pile Type Length 
No. (in.) (ft) and Below Pile Ac- Com- erence 

Ac - Com-
tu al puted tu al puted 

1 12 Steel pipe 53.1 Sand and silty sand 150 125 0.1 0.08 (29) 
2 16 Steel pipe 52.B Sand and silty sand 194 180 0.14 0.09 (29") 
3 20 Steel pipe 53,0 Sand and silty sand 228 230 0.15 0.125 (29") 

H-14 18 Steel pipe 39.3 Sand 322 341 0.31 0.32 (59') 
2 21 Steel pipe 65 48 ft silt then sand 299 305 0.14 0.17 (28) 
4 17 Steel pipe 66 48 ft silt then sand 365 262 0.28 0.18 (28) 
5 17 Steel pipe 45 Silt 12oc 120c 0.06 0.06 (28) 
6 19 Steel pipe 65 50 ft silt then sand 318 302 0.18 0.19 (~) 

10 by 10 Precast 100 15 ft silty sand, 
concrete 45 ft clayey silt, 

38 ft varved clay, 
then moraine 530C 53oc 0.49 0 .52 (~) 

4 16 Steel pipe 62.6 17 It soft clayd, 
13 [ t sanca lhen 

300c 300c 0.185 0.179 (64) stiCC c lay 
10.75 Steel pipe 110 Stiff c tayd 207 .5 157 .5 0.3 0.25 (40) 

10 Slee! pipe 40 suu ~\.'<yd 70 62.5 0.10 0.12 (30) 
16 Steel pipe 40 SUH c la.yd 140 67 .5 0.10 0,07 (40') 
30 steel pipe 70 sort clayd 160 165 0 .10 0.10 ITT 

12.75 Steel pipe 150 StlC! c layd 115 165 0 .30 0.35 (40) 
14 Steel pipe 335 V cry soft c l11yd 115 97 .5 0.50 0.48 @l 

aultimate load obtained by intersection of tangent lines drawn through initial and final parts of top movement curve at least 10 days after driving in 
clays. 

bsate load incorporates a safety factor of 2. 
cMaxlmum load applied to pile. 
dMeasure of consistency after Terzaghi and Peck (li4). 
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Depending on pile center-to-center spacing and soil type, there are 2 common em
pirical methods currently used to compute group bearing capacity. One method is based 
on group efficiency, and the other on block failure. 

Piles driven into sands and gravels compact the surrounding soil. When the group 
is loaded, the piles :µid the soil between them move together as a unit reinforced by a 
rigid cap. The ultimate load for the group is as follows: 

(6) 

where E is the group efficiency factor, n is the number of piles, and Qu is the ultimate 
load for each individual pile. For cohesionless soils, the efficiency factor is equal to 
or greater than unity. Model tests on pile groups by Kezdi (W and stuart et al. (@ have 
shown that a maximum efficiency of two is given by piles in groups of 9 and 16 at a spac
ing of 2 diameters. The efficiency falls to unity when the spacing is increased to 5 or 6 
diameters. Vesic (~ reports that the group efficiency factor is higher than unity be
cause of an increase in frictional resistance of piles within the group compared to that 
of indi victual piles. The individual pile point loads remain approximately the same. 
In addition, pile caps resting on the soil contribute significantly to group capacity. Vesic 
(Qfil reports on a maximum group efficiency of 1. 7 at spacings of 3 to 4 pile diameters. 
The efficiency reduces with an increase in pile spacing. Because these investigations 
were on model piles, with no direct correlation to the action of full-size piles, engineers 
tentatively are content with using E = 1.0 as indicated by Moorehouse and Sheehan (~. 
Therefore, to design for bearing capacity in cohesionless soils, the designer obtains 
Qu from methods described previously, and multiplies this value by n, the number of 
piles in a group. 

For cohesive soils, when closely spaced pile groups are loaded, piles and soil within 
the group may move together to result in a block failure. Model tests by Whitaker (62) 
showed block failure occurred at spacings closer than 1.5 diameters for groups oT9 
piles, and closer than 2.25 diameters for 18 piles. For wider spacings, the piles failed 
individually, but group efficiency was about 0.7 at a spacing of 2.5 diameters, increas
ing to unity at a spacing of 8 diameters for piles 48 diameters long. Based on these 

EFFECIENCY FORMULA 

I · 

,....s-1 
IN COHESIONLESS SOILS

Pu = n x Qu 

IN COHESIVE SOILS -

FOR S 2: 3 DIAMETERS 
Pu = E x n x Qu 

E VARIES LINEARLY 
FOR S=3, E=0.7 
FOR 52:8, E= 1.0 

BLOCK FAILURE 

"" 

IN COHESIVE SOILS -
FOR S<3.0 

Pu= 2D(8+L)f+l .3X cxNcXBXL 

Figure 12. Bearing capacity of pile groups. 
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Figure 13. Settlement of pile groups 
in sand (fil_). 

findings, Tomlinson (.Q&.} concludes that block failure 
can be eliminated at spacings equal to or greater than 
diameters of 3 piles. 

For piles spaced closer than diameters of 3 piles, 
block failure can be considered by using the following 
formula after Terzaghi and Peck (M): 

Pu = 2D(B + L)f + 1.3 cNcBL 

where 

D embedded length of piles; 
B = width of group; 
L length of group; 
f average frictional resistance around the 

group (Figs. 5 and 6); 
c cohesion of clay beneath the group; and 

Ne = bearing capacity factor. 

(7) 

For piles spaced wider than 3 pile diameters, the group capacity can be found from 
Eq. 6 with the group efficiency varying from 0. 7 for a spacing of 3 pile diameters to 1 
at 8 pile diameters as recommended by Tomlinson (.Q&.}. A summary for bearing ca
pacity of pile groups is shown in Figure 12. 

The settlement of a pile group in cohesionless soils is commonly greater than the 
settlement of the individual pile under the same load. This has been shown by Camber
fort (1), Hanna (.!fil, Skempton et al. (§!), and Meyerhof (W. The difference between 
the settlements is attributed to the larger area influenced by load around and below the 
pile group. Group settlements in sands is estimated by tentative design curves that re
late the settlement of a group of piles to the movement of a single pile. Such a curve 
as reported by Skempton et al. (_g) is shown in Figure 13. These relationships will 
hold so long as the piles are entirely embedded in sand. If the sand stratum is thin or 
is underlain by clay, then a settlement analysis based on consolidation tests should be 
undertaken. 

'T'o estimate the settlement of pile groups in cohesive soils, it is necessary to dis
tribute the piling loads in some manner to the soil. If the piles are embedded wholely 
in a compressible clay, then the load is assumed to be transferred to an elevation cor
responding to two-thirds of the pile length below the top of the piles. If only a portion 
of the clay is compressible, then the load is assumed to be transferred to that portion 
that is susceptible to consolidation. 

When piles are embedded in a soil that is consolidating because of either its own 
weight, surcharge loads, or drawdown of the water table, a load in addition to the work
ing load will be transmitted from the soil to the pile by negative skin friction. Negative 
skin friction or downdrag may also occur in cohesive soils when excess pore water 
pressures that are initiated because of pile driving begin to dissipate. Conditions for 
this occurrence depend on the soil's susceptibility to consolidation and have been rec
ognized qualitatively. However, difficulties arise when attempts are made to estimate 
the magnitude of induced downdrag forces. In cases where the soil is consolidating be
cause of remolding effects, Zeevaert ~ assumes that the weight of the soil in the re
molded zone is the upper limit for the downdrag force. If the soil surrounding a pile 
foundation settles because of surcharge loads or because of its own weight, the upper 
limit of downdrag forces would depend on maximum limiting frictional resistance f. 
Because of lack of representative values, design is tentatively based on the upper limit 
of f-values shown in Figure 6. In any case, the downdrag force should be added to the 
working load when pile foundations are designed. 

CONCLUSIONS 

Because this is a state-of-the-art paper, it would not be appropriate to give definite 
conclusions concerning the merit of using one particular method in preference to another 
for determining the bearing capacity of foundation piles. As a matter of fact it has been 



99 

shown that no single method has been generally accepted for use by designers at this 
time. Probably most practitioners would agree that the field load test is the only fool
proof method that can be used to determine bearing capacity at a particular site. Cer
tainly, the static or dynamic method or both can be used for preliminary estimates of 
bearing capacity. In areas where designers have had considerable experience with a 
particular soil type, the static or dynamic method or both maybe used with considerable 
confidence based on the experience factor. 

The authors believe that the numerical method utilizing nonlinear soil properties re
lated to movement shows much promise. Collection of data from instrumented field 
pile-loading tests is continuing in order to establish better relationships between skin 
friction, point-bearing, soil shear strength, and pile movement. Once reliable rela
tionships are established, the numerical method can be used more effectively to de
termine the load-movement curve for a single pile and eliminate the need for costly 
pile loading tests. 

If and when a reliable method is obtained for determining the bearing capacity of a 
single pile, the problem of final design involving pile groups still remains. Consider
able improvement in the design of pile groups can be achieved by conducting more full
scale field group loading tests. Instrumentation of the groups would yield valuable data 
for the designers' use in determining pile spacing and distribution of the loads among 
piles in the group. 
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Discussion 

WILLIAM C. HILL, Oregon state Highway Division-The paper, within its brief allow
ance of time, has very adequately covered a subject that, as the authors noted, is very 
much an art and not a science . However, it has touched on only the problem of the de
signer, and this is only half of the problem of pile foundations. The other half of the 
problem, getting the pile into place so that it will carry the design load plus an added 
safety factor, has received no attention. In addition, the writers question the implied 
advocacy of load tests as the final answer to bearing capacity. The majority of struc
tures requiring pile foundations are not of sufficient scope to warrant the cost of static 
load tests. In these run-of-the-mill projects, reliance must, for economic reasons, 
be on dynamic formulas . 

Extreme refinements of these dynamic formulas must, more often than not, be con
sidered in the same bracket as load tests requiring costs not economically feasible. 
Furthermore, because of the many unknowns inherent in the hammer, pile, and foun
dation material, these refinements are of questionable value. The day-to-day and 
sometimes hour-to-hour vagaries of the mechanical hammer on a job are common 
headaches for the foundation engineer in the field. The undisciplined operation of man
ually controlled mechanical pile hammers, the change in physical characteristics of 
the cushion material in the hammer helmet under continued impact of the hammer ram, 
and the changing soil characteristics as the pile compresses and consolidates the foun
dation zone are only a few of the multitude of variations in conditions and effects occur
ring in driving foundation piles under a single footing area. 

Where projects, and even footings, are located in areas of mixed foundation material 
that may not have been thoroughly sampled and whose engineering properties may not 
have been thoroughly developed by laboratory tests, the use of complex dynamic pile 
bearing formulas requiring shear strengths and elastic deformation values of the soil 
is dangerous. The determination of the required pile penetration during driving opera
tions is not made more exact through the use of such formulas, unless all parameters, 
even if developed by soil sampling and laboratory testing, are seldom accurate. In situ 
foundation materials vary notoriously. Layers and lenses of foundation material sud
denly disappear or are encountered when not expected. The consistency of soils in the 
foundation zone often changes between the time of sampling and the driving of the piles. 
Samples often have been disturbed and altered when they arrive at the testing labora
tory. Thus parameters placed in complex bearing capacity formulas more often than 
not reflect average conditions and values for any given area. 

An approach to this pragmatic method has been made by the Bridge Section of the 
state Highway Division of the Oregon Department of Transportation. A statistical rec
ord of satisfactory pile-driving resistance was determined by use of the Engineering
News formula, simple for single-action mechanical hammers and modified slightly for 
double-action hammers. Soil-pile relationships have been generally recognized in that 
charts have been prepared for 3 pile types driven into groups of soil classes exhibiting 
generally similar driving resistances in tons per foot of foundation. To correlate these 
data with the in situ conditions, the pile-driving resistances have been plotted on log-
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log graph paper against the standard split-barrel sampler blow counts (N) and blows of 
1,000 ft-lb energy required to drive 1 ft (M) a miniatu1·e cylindrical taper ed steel pile 
of approximately 2 ~ diameter and of 5 ft length. These correlations and explanations 
are being published by the Oregon State Highway Division: a preliminary report was 
published in 1965 (66). The success of this method covering the entire state of Oregon 
substantiates the conclusion of the authors that dynamic formulas can be used, but in
dicates that the method can be applied for many different soil classes and foundation 
conditions as determined by in situ tests and need not be limited to a single known soil 
class. As more field data are gathered, they are incorporated into a computer pro
gram from which graphic plots are made showing improved relationships. This pro
gram is described in the forthcoming report. 

Nowhere is the problem of selecting hammer weights or size mentioned by the authors. 
Few designers realize that foundation piles can be only driven to an adequate depth by a 
hammer of sufficient size or weight to ensure that the impact energy reaches the pile 
tip. The Michigan tests showed conclusively that impact energy was largely lost in the 
hammer helmet and cushion material. The experience of the writer with prestressed 
concrete piles has shown that dangerously shallow penetrations will be the best that can 
be obtained, in most cases, through the use of dynamic formulas, unless the hammer 
ram weighs at least as much as the pile. Where large hollow cylindrical prestressed 
concrete piles are used, supplemental means of assistance, such as jets, are mandatory. 
Many such piles exceed 20 tons, the ram weight of the largest hammer common to the 
market. A rather comprehensive discussion by Olson and Flaate (B} of dynamic for
mulas for friction piles driven into sand indicates that the hammer-pile weight rela
tionship should approach unity. The authors in their closing remarks can add greatly 
to the practical value of their state-of-the-art paper by discussing the relationship be
tween ram weight and pile weight as a field problem. 
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GREGORY P. TSCHEBOTARIOFF, Lawrenceville, New Jersey-This paper states that 
in cohesionless soils the earth pressure coefficient K varies from 1.0 to 1.5 in the case 
of impact-driven steel and concrete piles (Table 1). 

The lower limit, K = 1.0, of this indicated range is much too high. During load tests, 
supervised and analyzed by the writer, in the West River area of the Connecticut Turn
pike on steel friction piles driven into a deep glacial deposit of medium to dense fine 
sand and rock flour silt, the value of this coefficient was found to be K = 0.55 for steel 
monotube and pipe piles and K = 0.38 for steel H-piles (fil!). In this same paper the 
writer analyzed the results of a load test on an H-pile driven into a loose to medium 
sand layer as reported in a U.S. steel catalog. The result was K = 0.56. 
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