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ABSTRACT

A finite element numerical procedure for the analysis of torsional
behavior of cracked reinforced concrete pile is proposed. A trilinear
torque-twist model is used to represent the torsional response of the
reinforced concrete pile element with maximum torsional stresses. The
remaining part of the pile is modeled as a linear elastic torsional
behavior. The soil torsional resistance along pile shaft is represented
by the nonlinear springs, modeled as the hyperbolic function, acting at
the midpoint of each pile element. The proposed hyperbolic function
is compared against available experimental results and showed to be
very satisfactorily. Both linear and nonlinear analyses were performed
and showed the importance of taking into account the changing of pile
stiffness once concrete has cracked.

I. INTRODUCTION

Structures may be subjected to significant loads
due to wind, wave or earthquake actions. These loads
may induce torsional forces on piles due to eccen-
tricity of lateral loadings. Therefore, increasing at-
tention is being focused on the torsional behavior
of piles during the past few decades [3-6, 8-12]. Most
of the available researches on pile torsional behavior
are emphasizing on the effect of linear or nonlinear
soil behavior on pile structure performance. In addi-
tion, most proposed analytical methods of these
researches considered pile structure as linear behav-
ior. However, the possibility of concrete cracking
on reinforced concrete pile may significantly affect

the structural performance under torque. An on-
going research is conducted at the University of
Florida, USA, sponsored by the US Transportation
Research Board, to study the possible concrete
cracking on torsional behavior of reinforced concrete
piles [1]. Therefore, a study, considering nonlinearity
properties on both soil and pile, is another formidable
problem in the analysis of pile foundations.

In this paper, a numerical procedure for the
analysis of reinforced concrete piles under torque is
proposed. A trilinear torque-twist model is used to
represent the torsional response of the reinforced
concrete pile element with maximum torsional
stresses. This model considers variation of the pile
torsional stiffness due to concrete cracking or steel
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yielding. When an embedded pile is subjected to a
torsional load, failure will occur at a point, where
the torsional stresses will be a maximum. Once fail-
ure occurs at that level, there will be no mechanism
to induce further failure at a location of the pile
which is situated within the soil medium, where a
linear elastic torsional behavior is assumed. Hence,
the trilinear torque-twist model is usually applied
on the element including pile head only, where the
torque is applied on it. The soil torsional resistance
along the pile shaft is represented by the nonlinear
springs, modeled as the hyperbolic function, acting
at the midpoint of each pile element. The proposed
hyperbolic function is compared against existing ex-
perimental data. The comparison between predicted
and experimental results appear to be very satisfac-
torily. A linear analysis result of the proposed ap-
proach is also verified by comparison with the avail-
able solutions by Chow [3]. Very good agreement
is observed. A study is further extended to predict
the torsional behavior of cracked reinforced con-
crete piles. The study showed the importance of
taking into account the changing of pile stiffness
once concrete has cracked in the analysis.

II. MATERIAL MODELING

Most of the available experimental results on
reinforced concrete beams' torsional behavior are for
rectangular sections. The test results showed the
torque-twist relationship is nonlinear, which was
also often simplified as a trilinear function, and
has been used quite successfully [2, 7]. As explained
by Hsu [7], a circular section reinforced concrete
beam's torsional behavior is similar to that of a re-
ctangular section's performance. Hence, in the fol-
lowing, a trilinear material property representing
reinforced concrete pile's torsional behavior, pro-
posed by Hsu [7], is introduced first. The elastic re-
sponse, concrete cracking in torsion, post-cracking
concrete stiffness, and yielding of reinforcements
are included in the model.

Subsequently, the hyperbolic function, originally
used by Dutt [4] only to evaluate the ultimate shear
stress along pile-soil interface under torque, is ex-
tended by the authors to represent the nonlinear soil
shear stress-strain relationship due to torque. The
torque-twist relating to the hyperbolic function is
also described in detail.

Finally, the pile base stiffness, considered as a
rigid circular footing on the surface of a homogeneous
elastic half-space, is introduced.

1. Material model for the pile element

A trilinear model is used to represent the tor-

sional response of the reinforced concrete pile ele-
ment with maximum stresses. Fig. 1 shows a typical
torque-twist response for pure torsion of a circular
reinforced concrete beam.

Two distinct points are required to define the
shape of the curve. They are: 1) the torque at first
cracking, Tcr, and the corresponding acr; 2) the torque
at first full yielding of all the reinforcement, Typ,
and the corresponding (XyP.

(1) Elastic response and cracking in torsion

Excluding the contribution from the steel rein-
forcement, the torsional stiffness (GJ)0 for an un-
cracked section can be represented by

(1)

where G=shear modulus of the pile; /=polar moment
of inertia of the pile; r=radius of the pile. The maxi-
mum shear stress is

27
nr3 (2)

For pure torsional moment on the beam, the maxi-
mum tensile stress is numerically equal to the maxi-
mum shear stress, Tmax. Consequently, the torsional
moment existing in the concrete beam at first crack-
ing is

^cr— o / / » (3)

where / / is the uniaxial tensile strength of the con-
crete. The corresponding twist at the cracking torque
i s

acr =
T
*cr(GJ)0

(4)

Ixperimental

-Assumed

Fig. 1. Typical torque-twist relationship for a circular reinforced
concrete beam under torsion.
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(2) Post-cracking stiffness and yielding

Based on the study by Hsu [7], the post-crack-
ing stiffness (Gf)cr can be expressed as

(5)
Pi

, A, Ahu mi2

where p,= -^; Ph=~^\ Ac=-^-; u= ndx, and d= di-
ameter of the concrete cross section; d^diameter
of the circle formed by the center line of a hoop bar;
A/=total cross-section area of longitudinal steel;
Afc=cross-section area of one hoop; 5=spacing of
hoop reinforcement; Es=Young's modulus of the
steel; and Ec=Young's modulus of the concrete.

The torque required to cause full yielding of
the longitudinal and the hoop steel reinforcement [7],
assuming an elastic-plastic material for the reinforce-
ment, is

(6)

(7)

where y/ is the crack inclination and

As
fhy

where A^total area of the longitudinal steel; fsy=
yield strength of the longitudinal steel reinforcement;
/Ay=yield strength of the hoop reinforcement.

The deformation corresponding to the condition
of first full yielding is

(8)

2. Modulus of subgrade reaction of soil

(1) Pile shaft

Both Tucker [12] and Dutt [4] used power func-
tion to represent the soil stress-strain characteristics
in torsional shear. However, it was also found that
the power function can not appropriately describe
the stress-strain behavior at higher torsional strain.
The hyperbolic load transfer function, which was
used by Dutt [4] only to evaluate the ultimate shear
stress, is extended in the study to represent soil
shear stress-strain relationship under torque. The
hyperbolic function (see Fig. 2) can be expressed as:

(9)

where ys is the soil shear stain; rs is the soil shear

en

Shear Strainy,

Fig. 2. Hyperbolic function for soil torsional stress-strain relation-
ship.

stress while a and b are constants. Very little infor-
mation is presently available on criteria describing
torsional load transfer from the pile to the soil. The
solution of the general model for the soil-pile inter-
action due to torsional loading, based on the premise
by Ha [5], that the individual torque-twist properties
of the soil and pile are known. Hence, following
the procedures described by Ha [5], the torsional
resistance of the soil, T, over a length H of a rigid
cylinder in terms of soil shear stress-strain proper-
ties can be expressed as

T=nd Hrs a n d ( 1 Q )

a~2'

where d is the pile diameter; a is the angle of rota-
tion at the surface of the rotating cylinder.

Based on Eqs. (9) and (10), the soil response to
torsional loading is expressed as:

(11)

The subgrade reaction modulus of the soil is ob-
tained from Eq. (11) as

k _dT _
s(shaft) da-

naHd2

(12)

(2) Pile base

Based on Chow [3], a rigid circular footing on
the surface of a homogeneous elastic half-space is
assumed for the stiffness of the soil at the pile base.
The stiffness can be expressed as

16 (13)
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where Gs is the shear modulus of soil.

III. FINITE ELEMENT FORMULATION

Following the procedure proposed by Chan [2],
the element stiffness matrix for a pile with uniform
section and material properties can be expressed as

k -GJ\ 1 - 1
P~ L \ - \ 1 (14)

where L is length of the considered pile element.
The soil torsional resistance along the pile

shaft is represented by the nonlinear springs acting
at the midpoint of each pile element. Following
the procedure of Chow [3], the soil element stiffness
matrix is (see Fig. 3)

Since sandy soil is often with stiffness increasing
linearly with depth, the modulus of subgrade reac-
tion along the element (Fig. 3) is given by

K ( shaft )~K( shaft ) + K (shaft) z > (16)

where fcs(jfta^)=subgrade reaction modulus at node 1
and ks (shaft j =rate of increase subgrade reaction modu-
lus with depth, z- Hence,

1/3 1/6
l/6 l/3

ks(shaft)
1/4 1/12

1 / 1 2 1/4

The stiffness at pile base, ks^base), is only considered
at the pile base element.
The global tangential stiffness matrix K is formulated
from Eqs. (14) and (17) as

K=kp+ks (18)

and the following incremental form of nonlinear
algebraic equations is obtained

KAa=AT, (19)

where AT is the incremental applied torque. The
Newton-Raphson iteration method is used for this
nonlinear analysis.

IV. NUMERICAL STUDIES

1. Linear analysis examples

The computer code has been verified by com-
parison with solutions by Chow [3], for piles embed-

Nodel

a 2 Node 2

Fig. 3. Typical torsional pile element.
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Fig. 4. Pile twist in two-layer soil. (//r=50, Gpilc/G2=1000)

ded in homogeneous and nonhomogeneous soils,
as shown in Fig. 4, which shows the torsional re-
sponse of a pile embedded in a two-layer soil system.
In the figure, G\ and G2 represent the soil shear
modulus at soil layer h and soil layer I, respectively.
When h is equal to zero, the soil becomes homoge-
neous. Gpne and r represent the shear modulus and
the radius of the pile, respectively. Very good agree-
ment between the solutions is observed. The results
show the ratio of T/(G2r

3a) approaches to a constant
value when hll is larger than 0.2, regarding a con-
stant Gi/G2 soil shear modulus ratio of 4 or 2.

2. Nonlinear analysis example

A series of pile torsional tests were conducted
by Dutt [4] for a 1.9 inch (4.826 cm) diameter circu-
lar pile and a 2 inch (5.08 cm) outside dimension
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Fig. 5. Variation of a and b two constants with depth (lpsi=
6.89Kpa).
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Fig. 7. Comparison of predicted and experimental torque transter
curves for circular pile embedded in dense sand (lin=
2.54cm; 1 inch-pound= 11.303 N-cm).
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Fig. 6. Shear-strain mobilized in soil for circular pile embedded
in dense sand (1 inch=2.54cm; 1 psi=6.89 Kpa).

square pile embedded in loose or dense sand. For
the circular pile embedded in dense sand, the ex-
perimental results showed the ultimate soil shear
stress, zui,, and the soil shear modulus, Gs, are increas-
ing linearly along the embedded depth of the pile
as shown in Fig. 5. Utilizing the results of Fig. 5,
the values of two constants, a and b, can be obtained
and substituted into Eq. (9) to compute shear stress-
strain curves at various depths below the surface
of the sand as shown in Fig. 6. Similarly, using
Eq. (11), the torque transfer versus twist curves,
which are expressed as shear stress and strain mobi-

demeri
y =107 lb/ft

A-A section

120ft

Fig. 8. Properties of the analytical pile and the surrounding soil
(1 inch=2.54 cm; 1 lb=0.454 kg).

lized at the soil-pile interface, can also be generated
as shown in Fig. 7. Comparison of the measured
and predicted results of Figs. 6 and 7 for sand
surrounding torsionally loaded piles indicates that
the overall correlation between the two is good.

A study is conducted to predict the behavior
of cracked reinforced concrete piles under torque. A
reinforced concrete pile, 120 feet (36.576 m) long
and 36 inches (91.44 cm) in diameter, as shown in
Fig. 8, is considered for the analysis. This pile is
designed to have 8 number 11 reinforcing bars and
have 0.11 square inch (0.71 cm2) for each hoop
reinforcing bar spaced at every 6 inches (15.24 cm).
In addition, the pile is assumed to be embedded in
the same dense sand soil condition of the Dutt [4]
test pile, as shown in Fig. 4. Since the torque is
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9. Analytical results of twist with depth under torque=0.4x 107

in-lbf (1 inch=2.54cm; lin-lbf=l 1.303 N-cra).

applied at the pile head, the maximum torsional
stresses will occur at the element including the pile
head. Hence, only the pile element number one con-
sidered as nonlinear behavior. As explained in the
above, once failure occurs at the pile head level, there
will be no mechanism to induce further failure at a
location of the pile which is situated within the soil
medium, the remaining pile elements. Element 2 to
element 40 (see Fig. 8), are considered as linear be-
havior. Three different analyses were considered. The
first case assumed both soil and pile with nonlinear
material properties. The second analysis assumed
nonlinear soil, but with linear pile material proper-
ties. Both soil and pile were considered to be linear
properties for the third analysis.

The variation of twist with depth of the analyti-
cal pile under torque, 4xlO7 in-lbf (45.2 N-cm), is
shown in Fig. 9. As shown in the figure, since con-
crete has cracked in the first analytical case, which
has induced large rotation on the pile head element,
the assumption of linear pile condition is shown to
have underestimated the twist induced from torque
at cracked pile sections. When both soil and pile
are assumed to behave with linear characteristics,
the least pile twist was predicted since the linear
analysis can not reflect the variation of soil and pile
stiffnesses during analysis. The effect of concrete
cracking does not influence the torque distribution
along the depth even if a linear pile behavior was
assumed, which represents the distribution relating
to soil failure only and has nothing to do with con-
crete cracking effect, as shown in Fig. 10. In addi-
tion, the third analysis showed a rapid decreasing
rate of torque distribution towarding the pile base.
The pile head torque-twist curves at various loading
conditions are shown in Fig. 11. Similarly, the effect

Torque (x 10 7in-lb)
0.1 0.2 0.2 0:3 0.3 0.4 0.4

I i i i i I i i i i I i i i i I i i i i I i i i i I i

Nonlinaer Soil & Pil

Nonlinear Soil, Linear Pil

Linear Soil & Pil

Fig. 10. Analytical results of twist transfer with depth under
torque=0.4xl07 in-lbf (1 inch=2.54cm; 1 in-lbf=11.3O3
N-cm).
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Nonlinaer Soil & Pile
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Fig.

0.0 0.0 0.1 0.1 0.2 0.2
Pile Head Twist (radians)

11. Pile head torque-twist curves at various loading condi-
tions (1 in-lbf=l 1.303 N-cm).

of concrete cracking significantly increases the pile
head twist angles.

V. CONCLUSIONS

A finite element procedure is presented to ana-
lyze the performance of cracked reinforced concrete
piles under torque. The main findings were the fol-
lowing:
(1) The assumption that the along pile shaft soil

torsional stress-strain curve is of the form of the
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hyperbolic function is valid.
(2) In the reinforced concrete pile torsional behavior

study, the general linear analysis significantly
underestimates the distribution of pile twist
and torque with depth.

(3) If linear pile embedded in nonlinear soil is as-
sumed for reinforced concrete pile torsional
analysis, this will underestimate the pile twist
behavior, but not torque distribution at cracked
concrete pile sections.

(4) An analytical method which is able to reflect the
variation of soil and pile stiffness during analy-
sis is necessary for a torsional behavior study of
reinforced concrete piles.

ACKNOWLEDGEMENTS

The writers are thankful to the reviewers for
their valuable suggestions and comments.

NOMENCLATURE

Ah cross-section area of one steel hoop
Ai total cross-section area of longitudinal

steel
As total area of the longitudinal steel
d diameter of the concrete pile cross section
d\ diameter of the circle formed by the center

line of a hoop bar
Ec Young's modulus of the concrete
Es Young's modulus of the steel
fhy yield strength of the hoop steel
fsy yield strength of the longitudinal steel
/ ' , uniaxial tensile strength of the concrete
G shear modulus of the pile
Gs shear modulus of the soil
/ polar moment of inertia of the pile
kS(base) subgrade reaction modulus of soil at pile

base
ks(sha/t) subgrade reaction modulus of soil along

pile shaft
r radius of the pile
s spacing of hoop steel
T torsional resistance of the soil
Tcr torque at first concrete cracking
Typ torque at first full yielding of all the rein-

forcements

Greek symbols

a

O-cr

twist at the surface of the rotating pile
shaft
twist at first concrete cracking

ayp twist at first full yielding of all the steel
T concrete shear stress
Tj soil shear stress
ys soil shear strain
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