LATERAL LOAD TESTS CON DRILLED PIERS IN SAND
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ABSTRACT

Results of full~scale lateral load tests are presented
for drilled and cast-in-place piers with diameters of 2 ft
to 4 ft (0.61 m to 1.22 m) and lengths of 17 ft and I8 ft
(5.18 m and 5.49 m). Maximum lateral loads of up to 200
kip {890 kN) were applied, and lateral deflections were
measured. Using available procedures, the observed load-
deflection behavior was compared to predicted behavior.
A simple, empirical method for predicting lateral load-
deflection response is proposed.

INTRODUCTION

Drilled piers have been ugsed extensively for support-
ing axial and lateral lecads for a variety of structures
including buildings, bridges, highway stroctures, and
transmission towers. Lateral loads govern the design of
piers in many cases. Pier design for lateral load can be
based on ultimate load analyses and a factor of safety, or
on an allowable lateral deflection. A design based on an
allowable lateral deflecticon provides a more raticnal
approach because it can allow the design to incorporate
the deflection tolerance of the structure. A number of
methods are available to predict the lateral load behavior
of piers (5,7,%,14,16), but only a few full-scale load
test results are reported in the literature {1,4,8) for
drilled piers in sand.

This paper presents the results of full-scale lateral
load tests on seven drilled piers in medium densze to very
dense sands and compares the observed and predicted
behavior. The tests were conducted on piers with dia-
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meters of 2 ft, 3 ft, 3.5 fr, and 4 ft (1 ft= 0.305 m) and
lengths of 17 ft and 18 ft (5.18 m and 5.49 m). Piers
were coenstructed at three sites. Lateral loads up to 200
kip (89C kM) were applied, and measurements of groundline
deflection versus load were made for all piers. Compari-
sons between the observed and predicted behavior using
existing pubklished procedures show that predicted deflec-
tions are generally two to £five times greater than the
observed deflections. A new procedure is proposed for
predicting lateral deflections of drilled piers in sand.

PIER AND SGTL CONDTTTONS

Seven cast-in-place drilled piers were constructed and
tested for the Southern California Edison Company (SCE).
The pier characteristics are shown in Table 1. Piers 1,
2, and 3 were constructed and tested in 1963 at a site
(Site A} located about 42 miles (67.6 km} east of downtown

Los Angeles(6). Piers 4-7 were constructed and tested in
1972 at two locations {(Sites B and C) near Daggett,
California, Each pler was constructed by drilling the

pier holes in the dry with an auger, lowering the rein-
forcing cage in the open hole, and placing the concrete.
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TABLE l.-- Pler Characteristics
Nominal Embedde:d Conarete
diameter length modulus of
Pier in in Test elasticity Rein-—
numbcr | feet feet site in psi forcement
(L) (2) (3) {4) (5) (6)
1 3.52 17.0 A 2 x 108 not known
2 3.54a 17.0 a 3 x 106 not known
3 3.54a 17.0 A 3 x 106 not known
4 2.0 18.0 B 4.33 x 10% | 14 511 bpars
5 2.0 18.0 B 4.33 x 109 |14 711 bars
3 3.0 18.0 C 4,33 x 10% {14 211 pars
7 4.0 18.0 c 4.33 x 10% |14 §11 bars

4Piers were constructed with a 5-ft diameter bell in
the bottom 2 ft.

‘Note: 1 ft= 0.305 m, 1 psi= 6.9 kN/m2

Soil conditions at Site A were investigated by drill-
ing a socil boring and measuring penetraticn resistance.
For Sites B and C, sopil conditions were determined by
drilling a soil boring at each site, performing standard
penetration tests and static cone penetration tests, and
performing laboratory strength and classificatiocon tests on
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intact samples. Standard penetration blow counts znd
atatiz cone penetration resistauce are shewn in Figs. L
and 2, respectively.

The snils st S5ite A are predominantly sands ranging in
size from fine to ¢oarse, with scattered gravels and
cobbles. The relative density increases with depth from
loose neAar the surface to dense at depth. The soiis at
Sites B and € are alsc gencrally fine to coarse-dgrained
sands and silty sands with variable amounts of gravels
below 4 £t {1.22 m). The natural molsture content varies
betwear, 2% and 10% with an average wvalue of 4%, and the
dry dersity varies tetween 82 pcf and 113 pef (1135 kg/m3d
and lR09-ka/m3) with an average value of 9% pef {1585
xg/m3). The effective angle Of internal friction for
the near-surface silty sands was found to be 367 from
triaxial ccinpreggion tests with confining pressures in the
range of 1 to 10 ksf (47.9 to 479 kN/m2).

The rulative densities 0f sands were estimated by
using the standard penetration resistances (N-values) and
thne correlation proposed by Bazarra(3). The averaqge
values of soil parameters used in analyses are shown in
Table 2. Wwhere laboratory data are not available, valuaes
shown ara based on correlations with N-values and cone
penetration resistances,

LOAD TEST PROCEDURF

Piers 1 - 31 were cunstructed in a triangular config-
uration with a center-to-center distance of about 29 feo
The loading was applied by forcimg the piers apart using a
200 kip (B30 W) hydraulic djack. The load was applied at
a poin:t about 15 in. (381 mm} below the ground surface.
Independently supported dilal gages, readlng to 0.001 in.
(0.025¢ mm), were placed in direct contact with the piers
to obtain groundlire deflection. variation of lateral
geflection with depth was recorded using a slope ipdicator
for sevéral loads. Two tests were made, Test 1 between
Piers 1 and 3 and Test 2 between Piers 2 and 3.

The loads were applied in increments of 5 to 25 kip
{22.2 to 112.2 kN), and groundline displacements were
recgrded for each increment. Whare creep occurred, ihe
load was naintained constant, and final displacemnent was
obtained when the rate of displacement was less than
0.0005 in./min (£.0127 mm/min).

Depth Below Ground Surface, Fr

Depth Below Ground Surface, F1
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Figure 1. BLOW CQUNT VERSUS DEPTHS, SITES A, B AND C.
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Figure 2. CONE PENETRATION RESISTANCE, SITES B AND C

(111=0.305m, 1tsf = 95,8 kN/m?)
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TABLE 2. -- Summary <f Soil Data
Relative
Total unit | Friction {density

Site Depth| weight in angle Dr as
num- Soil in pounds per &, in a4 per- Pier
ber type feet |cubic foot | degrees centage | test
(1} (2) (33 (4} (3) {6) {7)
A Sand 0~-8 105 38 55 1,2,3

(sP—8M)

Sand 8-15 110 40 67

(sp-s5M)
B Silty 0-3 105 36 77 4,5

sand (5M)

Silty 3-18 105 42 88

sand (5M)

w/gravel-

ly layers
[ Silty 0-6 105 36 38 6,7

sand {5M)

Silty 6-18 105 42 92

sand {SH)

w/gravel-

ly layers

Note: 1 Ft = 0,305 m, 1 pef= 16.01 kyg/m?

Piers 4-5 and 6-~7 were constructed in pairs at Site 8
and Site ¢, respectively, with a center-to-center spacing
of about 20 ft (6.1 m). General load-test arrangement is
shown in Fig. 3. The load was applied by a 200 kip (890
kN} hydraulic jack bearing on the jacking plate built into
the pier. The point of application of the horizontal load
was assumed to be at the level of the loading rod which
was at the ground surface. Horizontal displacements of
the piers were measured by one dial gage in front of the
pier parallel to the loading rod at a height of about 6
in, (152 mm} above the uround sur face.

Dial gages with a 0.001 in. (0.0254 mm) resolution and
2 in. (51 mm} travel were used to measure the horizontal
movement; thase gages were suspended from a frame which
was supported independently at a minimum distance of
10 £t (3.05 m) from the piers. Loads were applied in
10-kip {44.5-kN) increments up to 100 kip (445 kN)
with unloading after each increment, Cyclic leoads

2C0-Kip Juck
(Locl\nul f

Dl Gage

Jackng Chaw ]
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Figure 3. SCHEMATIC TEST SET UP - PIERS 4 TO 7
(VM=D305m, 1in.=254cm, 1kips445kNK)
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Figure 4. LOAD - DEFLECTION CURVES, PIERS 1 AND 3

{1in.=2.54 cm, 1 kip = 4,45 kN)
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were applied at 60-kXip and 100-kip (267-XN and 445~ki)
loads for LQ to 15 cycles. I.nads above 10C kKip (445 k3)
warc appl.ed ir increments of 20 to 40 %xip (89 to 178 kN)
without unlcoading. Deflection readings were taken at the
complaetion of each load increment, and the load was left
on for a period of about 30 min or vuvntil the deflection
decreased to less than 0.001! in./min (0.0254 mm/min),
whichever occurcved ¢arlier.

In all cases, new load inc¢rements were applicd as fast
as it was practical. 1In general, each load was brought up
to the desired wvalue in less than one minute. For cyeclic
loading, the lozd was raised to the desired value, deflece-
tion and load readings were taken, and the load was
removed. 1n addition to the deflection measuremerts, tilc
measurements were made on Piers 4 and 6 con top of the pilar
using a surface-mounted tilt transducer.

LCAD TEST RESULTS

Lateral 1load versus groundline displacement are
olotted in Fig. 4 for Test No. | (between Piers 1 and 3}
and in Fig. 5 for Test No. 2 (between Plers 2 and 3).
Typical slope indicator data indicate that the point of
rotation of the pilers was about 10 ft toe 12 £t (3.05 m to
3.66 m} below groundline for loads in excess of 100 kip
(445 kNJ.

For Picrs 4 - 7, the measured values of lateral loads
versus deflections at the ground surface arec plotted in
Figs. 6 and 7. The groundlire deflections were estimated

by adjusting the diel indicator measurements wade 6 in.
(152 mn) abova the groundline onrn the basis of tilt mea-
surements made at the top of the pier. The groundline
defiecrions are about 90% of the dial irndicatar readings.

for all piers, the deflection readings taken immed-
itately after each loading and after the deflection had
stabilized are shown by two points at the same load,
Ahere unloading was cdone, all subsequeant deflections
beyond the last load are referenced to the original zero
deflection at the start of the test. The deflection
readings after applying the indicated number of c¢ycles are
chown with open circles.

COMPARISON OF OBSERVED AND PREDICTEDR DEFLECTLONS

Since loading for Pier 4 was carried to large deflec-
tions, the observed load-deflection data for Pier 4 are
cormpared i1in Fig. # with the predicted wvalues using the
procedures suggested by DBroms(5), Reese(l7), and Poulos
(L4). The pler data used in the analyses are: piter
diameter, b= 24 in.; pier length, L= 18 ft; ard pfer
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Figure &, LOAD DEFLECTION CURVES, PIERS 4 AND 5
{11 =254 cm, 1 &ip = 4.45 kN}
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Lateral Load {(kips)
rigidity, EI= 7.08 x 10L9 1b-in2 {1 in.= 2.54 cm: 1 ft=

0’%‘&)\10 150 200 0.305 m: 1 lb-in2= 2.92 kg-cm2).

z
= Alter PIER 7, 48 in, Broms' method(5%) 1is based on a subgrade-reaction
g \15cycles approach and uses non-_dirf’\ensional deflection coef_ficients
o \ and a constant goefficient of subgrade reaction, I
@ 05\ based -on the density of sand and the location of the water
g \ s — table only. Broms(5) suggested the use of ny values
£ PIER 6, 36 in.| proposed by Terzaghi(l9). A value of np= 65 pci (1.8
o \ i kg/cm3) for dense sand above the water table was used in
2 i the analysis. The linear load-deflection prediction
3 ]‘\ obtained by this procedure is shown in Fig. 8. -
1.0 Reese (l6) used the results of an instrumented load test
to propose a semi-empirical procedure for constructin -
Flgure 7. LOAD DEFLECTION CURVES, PIERS 6 AND 7 (laiergl resistance—bile defﬁ.ection) curves to be usgdpiﬁ
{1in. =254 cm, 1 kip = 4.45 kN) a finite difference solution of the differential equation
of bending using a computer program (18). The procedure

was based on a load test on a 24-in. (610-mm) diameter
pipe pile in medium dense sand below the water table.
Later Reese (17} extended the recommended procedure to

-
[4.]
|
-

subgrade reaction ny in the subgrade reaction analysis
and recommends using Terzaghi's (19) values of np for

Lateral Load (kips) sand above the water table by modifying values of coeffi-
q 50 100 150 200 cient of subgrade reaction defining the initial part of
S T the p-y curves.
AN .
N The soil properties used in Reese's E-y analysisg{17)
\\l N Mossued . Pler 4 were: angle of internal friction, =36°; soil unit
0.5 — \" el 'JI_" weight, y= 105 pecf; and coefficient k= np = 225 pci.
\._\\\ \[ (1 pcf= 16.01 kg/m3; 1 pei= 0.0276 kg/emd).
~
\\\‘\ ) Poulos (14) has proposed an elastic continuum approach
£ L. ‘l N to the problem using either a constant modulus with depth
510 N ‘\\ N or a linearly increasing moduius with depth. The non-
E \\ R linear soil response is taken into account by using a
] ) vield-deflection factor. Poulos (14} indicates that for
° A A B’“"""‘\ a modulus increasing linearly with depth, the rate of
g —] modulus increase may be taken as the coefficient of
3

W\

) \ computations. A value of Np {rate of moduius increase
Pouics 4 | \ with depth) of 65 pci (1.8 kg/cm3) was used in Poulos(l14)
200~ l Y Y analysis.
\-P'md A review of Fig. 8 indicates that the predicted
I \ : deflections using the existing procedures (5,14,17) in the
28 1 I \ working load range of 67 kip to 100 kip (298 kN to 445 kN}
are generally two to five times the observed deflections.
Flgurs 8. COMPARISON OF COMPUTED Although Terzaghi{l9) made no recommendation concerning
AND MEASURED DEFLECTIONS the range of loading for which his vaiues of nn are
(1In.= 254 em, 1 Kip = 4,45 kN) applicable, it appears that his values are more represen-
tative of ultimate conditions {near failure) rather than
the working stress range as assumed by Broms(5). Vesic

(20) suggests that the coefficient of subgrade reaction
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n, can best be obtained from measured deflections and
slopes in a lateral load test. In addition, observations
on instrumented piles indicate that ny, is not constant
for a given relative density, as assumed by Terzaghi(l9),
but it varies with lateral deflection of the pier. To
take into account the variation of np with deflection,
analyses were made of the ioad test data obtained during
this testing program and the data aveilable in the litera-—
ture (1,2,4,8,9,12,16) to develop an approximate relation-
ship for the variation of n,; with the level of deflec-
tiong These results form the pasis of the proposed
mezhod.

THEORETICAL CONSIDERATIONS

Consider a single vertical pier of diameter b, length
L, and structural stiffness EI, placed in a soil mass of
known characteristics. The statical influences along
the pier can be determined by considering the pier as a
beam and using the differential eguation of bending:

4

Elg;z= ~plz}y ... be v e areeriassassren-ases (1}
dz4

in which F= modulus of elasticity of pier: I= moment of

inertia of pier; y= deflection; p(z}= lateral soil pres-

sure at depth z.

The ratio of lateral soil pressure to the deflection is
the subgrade reaction modulus so that:

p/y= Kp C e b r b e e r et et e [ '

where Kp= subgrade reaction modulus.

Closed form solutions o©f Eq. 1 are available [10) for a
constant Kp. However, observations on laterally loaded
piles in granular soils indicate that a more realistic
assumption is a modulus Ky linearly increasing with
depth according to:

$= Kp = npz e c b a s aar e P . ]

in which nn = empirical quantity called the coefficient
of subgrade reaction.

The solutions of the differential equatiaon, Eg. 1, for
Ky, linearly increasing with depth have been obtained
using the method of finite differences and have been
presented as non-dimensional coefficients {11,1%).
These solutiane give deflection as:

_ Ay PT3  BU(PA)T? ...l A S
EX EL
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in which y= deflection:; P= lateral load; a= height of
application of the applied load P above the ground sur-
face; Ay,By= non~dimensional deflection coefficients;
and

= EE Q.2 PR — @4 e m e s ss A P A st e R e e «(5)
B (“h) '

T is the characteristic pier length.

For values of L/T greater than 2.0, the Vvalues of-A

and By, for deflection at the ground surface are shown 1n
Fig. % These values are based on computations using
elastic plle theory (11). Similar coefficients are avail-
able for moment, slope, and shear {(13,15).

For L/T ratio of less than 2.0, the pier can be assumed to

be a short rigid-pier with groundline deflection given bys:

_ 18P 24 Pa
= 2= T 4 AT O
L2 ny L3 np

For L/T = 2, the computed deflections using Eq. 4 or Eq. 6
may dzffer by up to 15% due to the differences in the
results of rigid-pile and elastic—pile theory.

PROPOSED METHOD

A review ©of load test data obtained during this testing
program and of data available in the literature {1,2,4,8,
9,12,16) indicates that for sands, the values of np can
be expressed in terms of relative density and normalized
deflection (y/b). Dased on currently available full-scale
load test data, the proposed curves for np versus y/b
for values of y/b between U.5% and 10% are shown in Fig.
10 as a function of relative density of sand. The values
of np shown in Fig. 10 are for sands above the water
table. Preliminary comparisons of observed and predicted
data indicate that for sands below the water table 50% of
the values of np given in Fig. 11U may be used. A step—
by-step procedure to compute a load-deflection curve for a
pler is:

1. Assemble information on pier and loading: diameter,
b; length, L; modulus of elasticity of pier, E; moment
of inertia of pier, I; area of steel, Ag; and height
of application of load above ground, a. .

2. Assemble available so0il data: soil unit welight, v
and, relative density, Dy. If significant varia-
tions with depth are found, use the average values in
the sand to a depth egnal to two to three times the
pier diameter. The relative density may be estimated
using standard genetration blow count and correlations
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Figure 10. VARIATION OF n}, WITH DENSITY AND
DEFLECTION FOR SAND ABOVE WATER TABLE
{4 pci = 0.0276 kg/cm3)
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proposed by Bazarra(3) or by using correlations
between cone penetrat.:on reslstance and relative
density.

3. Seiect y/b values, such as 0.5%, 1.0%, 2.5%, £.09
B.0%, and 10.0%. i

4. Compute deflection y corresponding to the selected
values of y/b.

5. Obtain ny corresponding to various values of y/b
sclected in stop 3 and relative density selected in
step 2, using Fig. 10.

6. Compute characteristic length T using Ez. 5.
7. Compute the ratio 2,4 = L/T.

8. Obtain A, and By from Fig. 2 correspending to values
of L/T in step 7.

9. Compute P using Eq. 4 or &.

An illustrative example using this procedure for Pier 4 is
shown in Appendix III. The computed load-deflection data
are shown in Fig. 8 as the proposed method.

REVIEW AND CONCLUSIONS

The proposed method of estimating lateral deflections for
drilled piers provides a simple empirical procedure ta
take into account the dependence of the coefficient of
suhgrade reaction ny on the magnitude of deflection.
Comparisons of the computed values usirg the proposed
method for the seven tests reparted herein with the
observed values indicate that the predicted values are
generally one to three times the observed values. As @&
comparisan, the éxiszing procedures (5,14,17) generally
predict values which are two to more than five times the
observed values.

A review of Figs. 4 and 5 indicates that three similar
plers constructed within a distance of about 30 ft (9.2 m)
had deflections ranging from 0.6 in. to 1.I in. (15.2 mm
to 27.9 mm) at a load of 200 kip (890 kN). These data
indicate that variations 1n so0il and construction condi-
tions can result in differences of as much as 100% in
observed deflections of similar piers.

Cyclic leads of up to one-half the ultimate load appear to
increase the measured deflections for short-term static
loading by 20 to 35% for sunds above the water tahle,

127
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The proposed relationship between np, relative density,
and y/b shown 1n Fig. 10 1s based on a limited number of
fuli-scale load test data. The curves provide a simple
procedure to account for non-linear soil response and
appear to provide a reasonable predictica of the load-
deflection behavior of drilled piers in sarnd. However, it
is rezognized that the curves may be modified as more
full-scale load test data become available and they should
thus be used with cauticn. No safety factor is inclnded
in these curves and an appropriate safety factor must be
applied to the loads.

Irn addition to the allcwable deflecticn, the pier design
should consider the ultimate capacity of the pier, espe-
¢ially for short piers with an L/T ratio of 2.0 or less.
The structural design should include conasiderations of
stresses in concrete and steel due to the cambined effects
of axial and lateral loads. For piers with an L/b ratic
of jess than 4, Ppase shear may be important.
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APPENDIX II. - NOTATIQHN

a = eccentricity of lcad P

Ag = area of steel

Ay. By = nondimensional deflection ceefficients

g = pier diameter

Dp = relazive density of sand
E = modulus of elasticity of piex
I = moment of inertia of pier
k = constant of subgrade reaction {same as np)

kp = subgrade reaction modulus
L = pler length

ny = coefficient of subgrade reaction
N = standard penetration blow count

Np = rate of elastic modulus increase with depth
p = esoil pressure
P = lateral lgad on pier

plz) = lateral soil pressure at depth =z

T = characteristic length

z = depth below ground surface
Zmayx = depth coefficient

y = pier deflection
Y = soil unlt weight
¢ = angle of interral friction

TESTS ON PIERS IN SAND

APPENDIX III. -—- EXAMPLE

Problem:

A drilled and cast-in-place pier with a <diameter, b=
2 £t {0.61 m) and length, L= 18 ft [5.49 m) is constructed
in dense sand. The structural rigidity, EI, of the pier=
7.08 » 1010 1b-in2 {2.07 x 101! xg-em?).

The s$o0il has an average dry density, y= 105 pcf {1601}

kg/m3), angle of internal friction, ¢$- 367, and an
average relative density, Dy = 85% based on blowcount
using Bazarra's (3) correlation. Yo water table is

present.

Compute the load-deflection curve for lateral load applied
at ground surface. ’

Soplution: use step-by-step procedure in a tabular form as
follows:
Step
1. Pier data: b= 24 in.
L= 18 f¢
El= 7.08 x 10 1b-in2
a= 0 in.
2. 501l data: y= 105 pcf
Dp= 85%
3. y/bls) 0.5 1.0 2.5 5.0 8.0 10
4. y.in. 0.12 0.24 0.6 1.2 1.92 2.4
5. np.pci o 240 180 104 72 48 40
6. T,in 4%.4 52.3 58.4 6/2.8 68.2 70.7
7. L/T 4.37 4.13 3.70 3.44 3.17 3.05
8 Ay 2.42 2.42 2.50 2.55 2.62 2.65
9 P,kip 29 49 85 134 163 181
NOTE: 1 in. = 2.%4 cm
1 ft = 30.41 cm
1 1b-in.% = 2,92 kg-cm? _
1 peci = 0.0276 kg/em?
1 kip = 4.45 %N
L pcf = 16.03 kg/m3
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