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Following the previous investigation reported in the first part on vertical pile,  this second part 

of  the paper presents an analysis of the rcsullr of loading tests on rigid bat~er  piles under inclined 
load in sand. The bearing capacity o l  axially loaded batter pilcs is discwwd by comparing experi- 

I 1 

mental rtsulls and theoretical atirnatcs. The theory for ultimate mistance of rigid vertical pi la  I 

under horizontal loa& is extended to thar of laterally loaded batter pila. Model test results arc 
compared with thox  of theore~ical a t i rnafa and ~ o o d  agreement is found. Methods of analysis of ,* . 
\ c r t iu l  piles under inclined loads arc extended to those of rigid batter piks under inclined loads in 
sand and the analysu is compared with some test raults. 

En suite de I'investigation antcrieure prbenttc dans la premiere partie sur dcs pitux verticales 
cctte deuxilme partie de I'article donne l'analyse dcs &ultats dcs cisais sur des pieux rigides inclinb 
soumis aux charges inclinks dans le sable. La force portante obxrvie pour des pieux inclinb sou- 
mis aur  charges axialcs est compark avec les estimations theoriques. La thkorie de la rtsistana 
limite dcs picux rigides verticales soumis aux charses horizontales est ttenduc P IJ rbistance iattrale 
dcs picux inclink Les multats  des e w i s  en rnodtles sont comparb avec les estimations thdo- 

' riques et ils sont raisanabltrnent d'accord. Les rntthodei d'analyses des pieux verticales sournis aux 
charges inclinks sont ctenducs aux pieux,rigides irrclinb et l'analyx est compark avec les risultats 
des csuis dans Ie sable. 

Introduction 
As shown in the first part of the paper 

(Meyerhof and Ranjan 1972) vertical piles 
have only a relatively small resistance against 
lateral loads. Batter piles arc usually em- 
ployed when the lateral load exceeds the al- 

'lowable limit for vertical piles (Peck et a!. 
1953; McNulty 1956). Single batter piles 
under horizontal loads have been studied 
(Tschebotarioff 1953 ; Murthy 1964). However 
no attempts seem to have been made in the 

'past to study batter piles undcr inclined loads. 
Though it is r a y  that batter piles are driven 
singly, because they arc usually employed in 
groups with vertical pilcs, i t  is of interest to 
study a single batter pile under inclined load to 
sain a better understanding of group behavior. 

4 
: Batter P i l e  Under Axid Load 

Figure 1 shows alternative theoretical 
failure zones below an axially loaded inclined 

deep strip foundation. The failure zones in 
Fig. l(o) are similar to those of an axially 
loaded vertical strip foundation with a vertical 
free surface. Substituting the proper values 
for the smooth shaft, the angle of the radial 
shear zone is: 

Using a similar approach as for the free 
standing vertical strip, the bearing capacity 
factors, N;, can be obtained. This approach 
shows that N& values decrease with increasing 
batter angle j? to that of the bearing capacity 
factor for a surface footing at /I - 90". 
This seems to be a very conservative approach. 

For small batter angles of deep foundations 
when the slip surfaces do not reach the ground 
surface, the failure zones below an axially 
loaded strip foundation can bc assumed to 
be as shown in Fig. I(b). This suggests that 
t9 remains constant and that the bearing ca- 
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FIG. 2. Axially loaded batter piles in d u u c  sand. 
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FIG. 4. Earth wedge in positive batter pile analysis. 
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. FIG. 5. Earth prcssurc coefficients Tor 30" rough batter p i la .  



TABLE I .  Comparison of thcorct~cal and cxpc.r~rncntal ul~inutc ho r l~un t~ l  loads b r  30' 
baltcr piles 

--- 
Deduced 

U:~tter Exp. ult. Tlro. ult. friction 
Dcpth mglc hor. load load angle Ratio 

T a t  Diameter (J) Hut. Hut ('pi) * b ~  - 
number (D,'b) (dcgrecs) (Ib) (Ib) (dc~;rrn) * J  . 

Conrprr wrd (~rio.rial/rirriurr ort.cck.. +, = 40.00) 
A-7 15 -30 13.5 13.0 40.1 1.00 
5 3 3  25 -30 49.0 44.0 40.6 0.99 
A-2.3 I5 i 30 3.0 8.3 39.6 l .Ol 
B-69 3 i30 32.5 39.8 , 39.0 1.03 

Dcrrse s a d  (?ria-vial fr ic~ior nrglc. +, 46 .  Oa) 
D-85 I5 -30 35.0 28.1 47.7 0.96 
E-111 25 -30 130.0 105.0 47.7 O.% 
D- 102 I5 $30 15.0 17.3 55.6  1.03 
E-147 3 A30 75.0 86.5 44.8 1.02 . 

FK;. 7. Polar bearing capaci~y diagram for f r c t  standing vertical and batter piles ( D l b  = 251 in dense und.  
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F a .  13. Inclination o f  load vs. ratio o f  multant  failure load to vertical failure load for batter pila in compact 
sand A- and B-%nu. 

deposit of cohnionless material. The pile is 
subjected to a central foundation load, Q,, 

-inclined at an angle a to the vertical (or a t  
a n  angle p to the pile axis such that p - a 

depending upon the negative or  positive 
pile batter). The load Q,, is transmitted 
through a base load Q, inclined at a n  angle 
1 to t h e  vertical (or  a;  an angle . P i. 7 p 
to the pile axis) and a shaft load, Q, inclined 
at an angle 6 to . t h e  normal of rhc pile. 
Considering the conditions of static equili- 
brium, Eqs. [Sa, b, c] are obtained. 

For Z H = 0, 

QzP sin a - Q, cos ( B  + 6) + Qb sin = 0 

1561 
QYP cos a - Q, sin (/3 + 4 - Q, cos 1. = 0 

For ZM = 0, 

[Jc] Q, sin i Z, = Q, cos i. 2, tan /? + Q' 
cos (P + s)z, + Q, sin (P + 812, 

tan P 
Considering the proper directions of the 

earth pressure. similar types of equations could 
be obtained for positive batter piles. 

Analysis o/ Results 
Typical experimental results for loading 

tests on batter piles under inclined loads are 
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_ '  ,- 
from the pile axis, the axial base load, Q, is 

i 
calculated from Eq. (121 (Meyerhof and Ranjan 

. - 1972) by substituting Q, = Qb. In Eq. [I21 
the 14; values are taken from Fig. 12 (Meyerhof 

?and Ranjan 1972) for a certain value of base 
3-- - load, given r and a known value of angle of 
.P 
; internal friction 0 such that for an axially 
?loaded pile ( p  - 0') with . = 0' the base ca- 
-N . pacity is the same. The axial  base load is then 

r resolved into the horizontal and vertical 
components. 

c: Knowins the experimental failure load Q,,. 
, -. and the corresponding base load obtained 
; as above, the horizontal load on the shaft is 
,,calculated from Eq. (5.1. Assuming full 

passive pressure mobilization under hori- 

+ zontal load (a - 90'). the passive pressure 
i 

mobilization factor, 111, under different inclina- 
tions of load is obtained and plotted in Fig. 16. 

For depth/diarneter ratios of 15 and 25 the 
nl values obtained for positive batter p i l a  
and moderate load inclinations are relativeiy 
higher than those corresponding to negative 
batter piles. The possible reason for this could 
be the diKerence between theoretical and ex- 
perimental failure loads under full mobiliza- 
tion of passive pressure. However, i t  is of 
interest 10 note that m values for depth/ 
diameter ratios of IS and 25 for 30' negative 
batter piles are practically of the same order 
as the corresponding nt values for vertical 
piles. 

In the case of both negative and positive 
batter piles Fig. 16 indicates that for greater 



Nosever. 9l I a r ~ e r  inclinations of load with 
the vertical, thc trcnd changes and under 
horizontal' load ncgative batter piles have 
ereater ultimate loads rhan corresponding 
'positive batter pilcs. 

For small pile batter ansles the behavior of 
free standing batter pilcs under inclincd loads 
appears to be qualitarively sin~ilnr to that of 
[hc free standing vertical piles. The batter 

under inclined loads can be analyzed 
in a manner similar to  that of vertical piles 
under inclined loads by using the inclination 
of the load with respect to the pile axis in the 
two cases. 
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