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Abstract

This paper presents results of an experimental and analytical investigation conducted at the University of California, San
Diego to improve the seismic design of column-enlarged pile shaft connections. Four full-scale column-shaft assemblies
were tested under quasi-static cyclic lateral loading to study the minimum embedment length required for column
reinforcement extended into an enlarged pile shaft and the necessary transverse reinforcement in the bar anchorage zone of
a shaft to develop the necessary anchorage capacity and minimize splitting cracks. The test specimens had different column
longitudinal bar sizes, different embedment lengths of the column reinforcement inside the shafts, and different amount of
transverse reinforcement in the shafts. Experimental results have been complemented by nonlinear finite element analysis
performed with an analytical bond-slip model developed and implemented in Abaqus to obtain a good understanding of the
cyclic bond deterioration in the longitudinal reinforcement and to determine the minimum embedment length required.
Based on the experimental and analytical results, new design recommendations have been developed. These
recommendations can result in a significant reduction of the embedment length as compared to current seismic design
specifications of the California Department of Transportation and AASHTO.
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1. Introduction

. )

Pile shafts are used frequently as foundations of reinforced concrete bridge columns because of the convenience
in construction. When a pile shaft has the same diameter as the column it supports, plastic deformation is
expected to form in the shaft below ground when the column is subjected to a severe seismic load. A pile shaft
with a section larger than that of the column it supports is more convenient for post-earthquake inspection and
repair because the plastic hinge will develop at the column base. However, because the column and shaft
diameters are different, it is not possible to have a continuous reinforcing cage for both elements, and the column
longitudinal reinforcement has to be extended into the shaft and form a non-contact lap splice with the
longitudinal shaft reinforcement, as shown in Fig. 1.
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Fig. 1 — Bridge column supported on enlarged pile shaft

For reinforced concrete bridge columns supported on enlarged pile shafts, the Seismic Design Criteria of
the California Department of Transportation [1] and the AASHTO LRFD Seismic Bridge Design Specifications
[2] require that longitudinal bars in the columns be terminated in the pile shaft in a staggered manner with
minimum embedment lengths of D_, . +1, and D_ . +2l,, respectively, where D, _ is the larger cross-

C,max

sectional dimension of the column, and |, is the development length required for a straight bar in tension based

on the expected material properties. In this specification, the required embedment length is governed by the
column dimension D to account for a shortening of the effective development length caused by possible

damage penetration into the embedment zone when plastic deformation develops at the column base. However,
this requirement was determined to be very conservative based on the results of a study carried out by McLean
and Smith [3].

This paper presents results of an investigation to develop new seismic design recommendations to
minimize the development length of bridge column longitudinal bars in enlarged pile shafts. Four full-scale
column-pile assemblies were tested under quasi-static cyclic lateral loading in the laboratory to study the
conservatism of current specifications and validate new design formulas for the minimum embedment length of
the column reinforcement and the amount of transverse reinforcement required in the bar anchorage region of a
pile shaft. Nonlinear finite element analyses of the column-pile tests have been conducted to further the
understanding of the bond-slip behavior and the development of column longitudinal reinforcement in oversized
pile shafts.
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2. Design formulas for column - enlarged pile shaft connections
2.1 Minimum embedment length of column reinforcement

Current Caltrans and AASHTO LRFD specifications can result in embedment lengths significantly longer than
the tension development length specified in the AASHTO LRFD Bridge Design Specification [4] because of the
additional length D_ . . The study by McLean and Smith [3] has shown that non-contact lap splices in

oversized pile shafts can perform in a satisfactory manner with a lap splice length equal to I+, where

I, =1.7x1, , which is the lap length specified for Class C splice in AASHTO [4], and S is the bar spacing in the

non-contact lap splice. The length proposed by McLean and Smith [3] is based on a truss model that assumes
that force transfer between the spliced bars is through 45-degree-angle compression struts. This length was
validated with experimental data from reduced-scale tests on column-pile connections. The applicability of this
recommendation to large-size columns and large-diameter bars had not been verified.

Based on data from development length tests of large-diameter bars embedded in concrete specimens
with reinforcement details similar to those in an enlarged pile shaft and a numerical study using nonlinear finite

element models, Murcia-Delso et al. [5] have suggested that the embedment length, 1, , can be further reduced to
that given by Eq. (1).
le =14 +s+c¢ Q)

in which C is the thickness of the concrete cover above the pile reinforcement and 1, is the tension

development length specified in the AASHTO LRFD Bridge Design Specifications [4]. The term S+cC in this
equation is to account for the ineffective force transfer region in the upper part of the non-contact lap splice as
considered by McLean and Smith [3].

2.2 Transverse reinforcement in column anchorage region of the pile shaft

Transverse reinforcement is required in the embedment region of the column reinforcement inside the pile shaft
to prevent a splitting failure of the anchorage. McLean and Smith [3] have proposed Eg. (2) to determine the

maximum permissible spacing, Str max ! of the transverse reinforcement to resist the strut force based on a truss
analogy.
27ZAII’ fy,trls
Str,max = —f (2)
AT,

inwhich A and f, are the total cross-sectional area and tensile strength of the longitudinal reinforcement, A,
and f, , arethe cross-sectional area and yield strength of a transverse reinforcing bar, and |, =1.7xl,.

Based on the study of the splitting forces inside the anchorage region of a pile shaft, Murcia-Delso et al.
[5] have proposed Eqg. (3) to determine the maximum permissible spacing of the transverse reinforcement in the
bar anchorage region of a pile shaft.
27[Atr fy,tr

tr,max =

a Ncoldb,colrmax
in which N, is the number of longitudinal bars in the column, d, ., is the diameter of the column longitudinal
is the maximum bond strength of the bars, which can be taken to be 16.5 MPa (2.4 ksi) for 34.5-

MPa (5-ksi) concrete. For concrete strengths other than 34.5 MPa (5 ksi), 7, can be assumed to be proportional

S

©)

bars, and 7,

X

to f/**, as suggested in Murcia-Delso et al. [6] for bars in well-confined concrete like that in a pile shaft. A
more stringent requirement has also been proposed to control the width of tensile splitting cracks with an
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engi'neered steel casing. For the nominal width of the radial splitting cracks to be no greater than u the

cr,max '
minimum thickness, t of the steel casing should be:

1 (1 A
tc,min = a—f(g Ncolrmaxdb,col -0 S_trr fy,tr] (4&)

2y,
in which f _ is the nominal yield strength of the casing steel, S, is the spacing of the transverse hoops inside
the pile, and ¢4 and o, are calculated as follows.

u N
051 _ cr,max '\ sh < 1 (4b)
ﬂDextgy,tr
u N
a, = _crmax_7sh —1q (4¢)
7nDse,

in which N is the number of pile longitudinal bars D, is the diameter of the pile transverse

reinforcement, &, is the yield strain of the transverse reinforcement, Ds is the diameter of the steel casing, and

Rig

g, 1s the yield strain of the casing steel.

2 Large-scale testing of column-pile assemblies
2.1 Test specimens and setup

Four full-scale column-pile assemblies were tested under fully-reversed cyclic lateral loading. Each test
specimen consisted of a bridge column and the upper portion of a pile shaft, as shown in Fig. 2. The geometry
and reinforcing details of the specimens are shown in Table 1. The columns in these specimens had a diameter of
1219 mm (4 ft) and aspects ratios varying between 4 and 4.5. Specimens 1, 2, and 3 had 1829-mm (6-ft)
diameter piles, and the fourth had a 1524-mm (5-ft) diameter pile. The size of the longitudinal reinforcing bars
varied from No. 8 (25 mm) to No. 14 (43 mm) for the columns, and from No. 11 (36 mm) to No. 18 (57 mm) for
the piles.

Specimen 1 was designed to represent existing bridge columns in California. The column reinforcement in
Specimen 1 had an embedment length equal to D +1, . However, the requirement to terminate half of the

C,max

longitudinal bars at D + 21, was not applied. This reduction was proved to be safe by a pre-test finite

element analysis of the column-pile assembly. The transverse reinforcement in the entire pile segment was
determined according to the design requirements for compression members in AASHTO [4].

C,max

In Specimens 2 through 4, the embedment length of the column reinforcement was reduced to 1, +s+c.

For Specimen 2, the amount of transverse reinforcement in the bar anchorage region of the pile was determined
based on the equation proposed by McLean and Smith [3]. Specimen 3 was identical to Specimen 2, except that
the transverse reinforcement in the pile was reduced and a steel casing was added to the pile to ensure an
adequate anchorage capacity and to control the width of the tensile splitting cracks. The thickness of the steel
casing was determined with Eqg. (4) and u equal to 0.3 mm (0.012 in.), which is the maximum crack width

recommended in ACI [7] for RC members in contact with soil under service conditions. The amount of
transverse reinforcement in Specimen 4 was determined with Eq. (3), which specifies the minimum required to
prevent bar anchorage failure.

cr,max
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Fig. 2 — Test Specimen 1

Table 1 — Specimen characteristics

Santiago Chile, January 9th to 13th 2017

Parameter Specimen 1 Specimen 2 Specimen 3 | Specimen 4

Column diameter, D_, mm (ft) 1219 (4) 1219 (4) 1219 (4) 1219 (4)
Pile diameter, D, mm (ft) 1829 (6) 1829 (6) 1829 (6) 1524 (5)
Column aspect ratio 4.0 4.5 4.5 4.0
Column long. steel 18 No. 11 18 No. 14 18 No. 14 32 No. 8
(reinforcement ratio) (1.55%) (2.24%) (2.24%) (1.40%)
Pile long. steel 28 No. 14 26 No. 18 26 No. 18 40 No. 11
(reinforcement ratio) (1.55%) (2.55%) (2.55%) (2.21%)
Trans. steel in plastic-hinge region of 2 No. 5at 2 No. 5at 120,2\I?nr?1 a(li 13?&?}?&
column 165 mm (6.5 in.) 102 mm (4 in.) in) in)

s o 0 : :
(volumetric ratio) (0.87%) (1.41%) (1.41%) (1.0%)
Formula for embedment length of
column reinforcement in pile shaft Demax + 14 lg+s+c lg+s+c lg+s+c

. Compression
ol o e e b Wemer— | @ | R0 | @0
AASHTO (2010)

Note: No. 5 =16 mm, No. 6 =19 mm, No. 7 =22 mm, No. 8 = 25 mm, No. 11 = 36 mm, No. 14 =43 mm, No. 18 = 57 mm.

The concrete for the column and the piles had specified compressive strengths of 31 MPa (4,500 psi) at 28
days. The assemblies were tested when the concrete strengths in the column and the pile were close to 34.5 MPa
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(5,0'00 psi). The reinforcing steel was Grade 60 complying with the ASTM A706 standards [8], and the pile
casing was made of A36 steel.

The test specimens were loaded under a constant vertical load that subjected the base of the column to an
axial stress equal to 9.4% of the target compressive strength of the concrete, which was 34.5 MPa (5,000 psi).
The top of the column was subjected to cyclic lateral displacements in the north-south direction using two 979-
kN (220-kip) capacity, 1219-mm (48-in.) stroke, servo-controlled, hydraulic actuators.

2.2 Test results

All four column-pile assemblies had a ductile behavior with plastic hinges forming at the base of the columns.
Figure 3 through 6 present the force-drift diagrams and main damages observed in the column-pile connections
of Specimens 1 through 4, respectively. The tests were stopped at high ductility demands when the lateral load
capacity started to drop significantly due to the buckling and the subsequent low-cycle fatigue fracture of one or
more longitudinal bars at the base of the column. Damage in the piles was mainly limited to splitting cracks
induced by bar slip and the prying action of the columns, and local cone-shaped fractures near the base of the
column. The degree of damage in the piles varied among the specimens. Specimen 2 showed more severe
damage in the pile than that of Specimen 1 due to the larger splitting forces generated by the larger diameter bars
and the more severe bar slip induced by the shorter embedment length and higher ductility of the column.
Splitting cracking in the pile of Specimen 4 was slightly more severe than that of Specimen 2 due to the smaller
pile diameter which resulted in a thinner concrete ring to resist the splitting forces induced by slip. The pile of
Specimen 3 had very minor damage owing to the effectiveness of the steel casing in restraining the opening of
the splitting cracks.

The contributions of the flexural deformation, base rotation, and shear deformation of the columns to the
total lateral displacements of the columns of Specimens 1 and Specimens 2 at different levels of displacement
ductility are shown in Table 2. The displacement ductility x is defined as the ratio of the lateral displacement of

the specimen to the effective yield displacement as defined in [5]. The contributions of different mechanisms to
the lateral displacement of a column have been calculated by Liu [9] based on measurements of displacement
transducers installed in the specimens and strain gages along the embedment length of the column longitudinal
reinforcement. As shown in Table 2, the base rotation caused by strain penetration and bar slip had a significant
contribution to the lateral displacement of a column (between 30% and 45%). Column flexure had the most
significant contribution (between 55% and 70%) while the contribution of the shear was negligible (less than
4%). For the last cycles of the tests, the contributions from flexural deformation and base rotation are lumped
because the rotational displacement due to the strain penetration cannot be obtained due to the damage in the
strain gauges on the bars at the column-pile interface.
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(a) Lateral force-drift diagram (b) Damage in the column-pile connection

Fig. 3 — Response of Specimen 1
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Table 2 — Sources of column deformation

Specimen Ductility demand, | % Flexural % Base % Shear
P H deformation | rotation | deformation
11 56.1% 43.1% 0.8%
Specimen 1 3.3 65.3% 32.9% 1.8%
55 96.4% 3.6%
1.0 67.2% 32.2% 0.6%
) 3.0 67.1% 30.9% 2.0%
Specimen 2
5.0 98.8% 1,2%
6.9 98.3% 1.7%

Figure 7 shows the strains in the column longitudinal bar at the north extreme face of Specimens 2 and 3.
As shown, plastic strains developed near the base of the columns and penetrated into the bar anchorage region of
the piles. The extent of plastic strain penetration depends on the bond between the bar and the surrounding
concrete. A weaker bond will result in more severe plastic strain penetration, which will in turn reduce the bond
strength between the bar and the surrounding concrete, as shown in Shima et al. [10]. For Specimen 2, the
maximum plastic strain penetration measured in the bars at x =55 was 50% of the embedment length. The
strain gages were damaged at higher ductility demands. For Specimen 3, most of the strain gages provided
reliable readings until the end of the test, and the maximum plastic strain penetration measured at x=6.3 was
33% of the embedment length. This reduction in the plastic penetration can be attributed to the higher amount of
confinement provided by the steel casing, which improved the bond resistance between the bars and the
surrounding concrete, as compared to Specimen 2.
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(a) Specimen 2
Fig. 7 — Strain distribution along column longitudinal bars

4. Finite element modeling of column-pile assemblies

(b) Specimen 3

Nonlinear finite element models of the column-pile tests have been developed using Abaqus [11]. Fig. 8 shows
the model for one of the specimens. Only half of the specimen is modeled by taking advantage of the symmetry

8
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plane in the loading (north-south) direction. Concrete is modeled with solid elements and a damage-plastic
model available in Abaqus. Steel is modeled with an elasto-plastic model with linear kinematic hardening.
Longitudinal reinforcing bars are modeled with beam elements. The bond-slip behavior of these bars is
simulated with an interface element that connects the concrete and the steel elements, as shown in Fig. 8. This
element has been developed and implemented in Abaqus with a user subroutine by Murcia-Delso and Shing
[12]. Perfect bond is assumed for the transverse reinforcement, which is modeled with truss elements embedded
in the concrete elements. The steel casing of Specimen 3 is modeled with shell elements.

longitudinal
reinforcement

concrete

bond-slip interface
element

Fig. 8 — Finite element model of a test specimen

The lateral load-vs.-drift relations obtained from the analyses are compared to the test results in Fig. 3
through 6. As shown, the numerical results match the test results well, except for the last few cycles of the tests.
The discrepancy for the later cycles is mainly due to the fact that the FE models do not account for the buckling
and fracture of the longitudinal bars, which were observed near the base of the columns.

Figure 7 compares the numerical and experimental results on the variation of the tensile strains in the
column longitudinal bars located at the north extreme face of the specimens. As shown, the strain variations
along the embedment length of the bars are reasonably well predicted by the models, indicating that the bond-
slip behavior of the bars is well represented. For Specimen 3, the maximum plastic strain penetration obtained
with the FE models match the test results well. For Specimen 2, strain gages were damaged in the last few
cycles, and the maximum plastic strain penetration could not be obtained.

The bond stresses along the embedment length of the column bars obtained from FE analysis are plotted in
Fig. 9. The stresses plotted are at the peak displacements of different cycles when the bars are in tension. For
Specimen 1, which had an embedment length of D, +1,, the bond stresses along the anchorage length are

highly non-uniform. The peak bond stress occurs near the top of the embedment length at the beginning, and its
location moves downward as the displacement demand increases due to progressive bond deterioration caused
by increased slip and tensile yielding of the bar at the top. In the lower half of of the embedment length, little
bond resistance is activated. This indicates that a significant portion of the embedment length is not utilized to

develop the bar stress. Specimens 2 and 4, which have a reduced embedment lengths of I, +s+c, show a
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different bond-stress distribution pattern. The upper potion of the embedment length has deteriorated
significantly when the displacements are equal to the maximum reached in the tests, and along the remaining bar
embedment lengths, the bond stresses are more or less uniform. These results indicate that the bars have
experienced more slip and the bond capacities are more fully utilized along the embedment regions, with little
extra anchorage capacity. Figure 9 also shows that the use of the steel casing around the pile in Specimen 3 has
resulted in bond-stress distributions similar to those for Specimen 1, even though it has the same embedment

length as Specimen 2. These results indicate the benefit of added confinement due to the steel casing.
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Fig. 9 — Bond-stress distribution along column longitudinal bars
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5. Conclusions

. )

Results of this investigation have shown that an embedment length of Id + S+ C is sufficient to develop the

tensile strength of longitudinal reinforcement in bridge columns extended into oversized pile shafts. Adequate
transverse reinforcement must be provided in the bar anchorage region of a pile shaft to control tensile splitting
cracks induced by bar slip and the prying action of the column. The tests and finite element analyses have shown
that an engineered steel casing can effectively arrest tensile splitting cracks in a pile shaft and improve bond
performance along the embedment length of the column reinforcement in the pile shaft.
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