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Development of Bridge Column Longitudinal
Reinforcement in Oversized Pile Shafts

Juan Murcia-Delso1; Yujia Liu2; and P. Benson Shing, M.ASCE3

Abstract: This paper presents an experimental investigation to determine the embedment length required for longitudinal reinforcement in a

bridge column extending into an oversized pile shaft, and the amount of transverse reinforcement required for the pile shaft to prevent

premature bar anchorage failure due to concrete splitting induced by bar slip. Four full-scale column–oversized pile assemblies were tested

under quasi-static cyclic lateral loading. The test specimens had different embedment lengths for the column reinforcement, different amounts

of transverse reinforcement in the piles, different sizes of longitudinal bars, ranging from No. 8 to No. 18 (25 to 57 mm) bars, and different

column-to-pile diameter ratios. All column–pile assemblies behaved in a ductile manner with plastic deformation occurring near the base of

the columns despite some cone-shaped fractures and tensile splitting cracks occurring in the top portion of the piles. The test results show that

the embedment length for the column reinforcement can be significantly reduced as compared to that required in current design specifications.

The study also shows that an engineered steel casing designed according to a formula proposed here can effectively confine the pile shaft and

significantly reduce splitting cracks. DOI: 10.1061/(ASCE)ST.1943-541X.0001591. © 2016 American Society of Civil Engineers.

Author keywords: Development length; Bridge column; Pile shaft; Reinforced concrete; Reinforcing bars; Large-scale testing; Concrete

and Masonry Structures.

Introduction

Cast-in-drilled hole (CIDH) piles are frequently used as foundations

of bridge columns because they have a smaller footprint than spread

footings. When a column is extended into the soil with a pile of the

same diameter, plastic deformation is expected to form in the pile

below the ground surface when the column is subjected to severe

lateral seismic forces, as depicted in Fig. 1. A properly designed pile

with a cross section larger than that of the column it supports can

shift plastic deformation to the base of the column. The latter system

is, therefore, more convenient for postearthquake inspection and re-

pair. However, because of the different cross sectional dimensions of

the column and the pile, it is not possible to have a continuous

reinforcement cage, and the column longitudinal reinforcement

extended into the pile has to form a noncontact lap splice with the

longitudinal reinforcement of the pile, as depicted in Fig. 1.

The Seismic design criteria (SDC) of the California Department

of Transportation (Caltrans 2013) and the AASHTO LRFD seismic

bridge design specifications (SBDS) (AASHTO 2011) require that

column longitudinal reinforcement extended into an oversized pile

shaft be terminated in a staggered manner with minimum embed-

ment lengths of Dc;max þ ld and Dc;max þ 2ld, respectively, where

Dc;max is the larger cross-sectional dimension of the column and

ld is the required development length for a straight bar in tension

determined according to Article 5.11.2.1 of the AASHTO LRFD

bridge design specifications (BDS) (AASHTO 2010) using

expected values of material properties. Such a requirement was

determined to be very conservative based on the results of a study

carried out by McLean and Smith (1997). Nevertheless, there were

no experimental data available to arrive at an adequate recommen-

dation for the embedment length, especially for large-diameter bars

in large bridge columns, which can incur high construction costs.

While a number of experiments have been conducted to study the

development and lap-splice lengths of reinforcing bars, including

noncontact lap splices subjected to cyclic loading (e.g., Lukose

et al. 1982; Sagan et al. 1991), only McLean and Smith (1997)

and Tran et al. (2013) have studied the development of column

longitudinal reinforcement embedded in oversized pile shafts. Both

studies used reduced-scale laboratory specimens. However, in the

study of Tran et al. (2013), the columns were connected to the piles

with headed bars, which is not the focus of this paper.

This paper presents the results of an experimental investigation

to determine the minimum embedment length for column reinforce-

ments extending into an oversized pile shaft, and the amount of

transverse reinforcement required along the bar anchorage region

of the pile shaft to prevent premature anchorage failure. In this

investigation, four full-scale reinforced concrete bridge column–

oversized pile assemblies were tested under quasi-static cyclic lateral

loading. Based on data from companion studies reported elsewhere

(Murcia-Delso et al. 2013a, 2015), it was decided that three of the

assemblies had embedment lengths substantially shorter than those

required in the Caltrans (2013) and AASHTO (2011) specifica-

tions. Formulas proposed to determine these shorter embedment

lengths and the amount of transverse reinforcement used in the

tested piles are presented and explained in this paper.

Embedment Length for Column Reinforcement in
Oversized Pile Shafts

For longitudinal bars extending from large-diameter bridge col-

umns into oversized pile shafts, the Caltrans SDC (Caltrans 2013)
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and the AASHTO LRFD SBDS (AASHTO 2011) requirements

can result in embedment lengths significantly longer than the

tension development length ld specified in the AASHTO LRFD

BDS (AASHTO 2010) because of the additional length Dc;max,

which is intended to account for damage that could spread into

the bar anchorage zone of a pile shaft when plastic deformation

develops at the column base.

The study by McLean and Smith (1997) has shown that non-

contact lap splices in oversized pile shafts can perform satisfacto-

rily with a lap length equal to ls þ s, where ls ¼ 1.7 × ld is the lap

length specified for Class C tension lap splices in the AASHTO

LRFD BDS (AASHTO 2010), and s is the bar spacing in the non-

contact lap splice. This lap length was determined by McLean and

Smith (1997) based on a truss model, in which the forces between

spliced bars are transferred through 45-degree-angle compression

struts. They assumed that no strut action could form along a

distance s from the top of the pile and validated the proposed

lap length with tests on reduced-scale column-pile specimens that

had No. 4 and 8 (12 and 25 mm) reinforcing bars. However, the

applicability of the proposed lap length to large-size columns

and large-diameter bars had not been verified, and whether the

proposed lap length could be further reduced had not been inves-

tigated.

Murcia-Delso et al. (2015) conducted pull-push tests on individ-

ual large-diameter [No. 14 and 18 (43 and 57 mm)] bars anchored

in cylindrical concrete specimens with reinforcement details similar

to those in an enlarged pile shaft. Data from those tests and a

numerical study using nonlinear finite-element models presented

in Murcia-Delso et al. (2013a) have suggested that the embedment

length, le, of the column longitudinal reinforcement inside the pile

can be further reduced to that given in Eq. (1)

le ¼ ld þ sþ c ð1Þ

in which c = thickness of the concrete cover above the pile

reinforcement; and ld = tension development length specified in

the AASHTO LRFD BDS (AASHTO 2010). The term sþ c in

Eq. (1) accounts for the ineffective force transfer region in the upper

part of the noncontact lap splice hypothesized by McLean and

Smith (1997). The large-scale test results reported herein confirm

the feasibility of using this reduced embedment length.

Transverse Reinforcement in the Bar Anchorage
Region of Pile Shafts

It is crucial to have sufficient transverse reinforcement in the bar

anchorage region of a pile shaft to prevent bond failures caused by

concrete splitting and ensure adequate development of the column

longitudinal bars (McLean and Smith 1997). Based on their truss

model, McLean and Smith (1997) proposed Eq. (2) to calculate the

maximum permissible spacing, str;max, of the transverse reinforce-

ment to resist the strut force

str;max ¼
2πAtrfy;trls

Alfu
ð2Þ

in which Al and fu = total cross-sectional area and tensile strength

of the longitudinal reinforcement, respectively; Atr and fy;tr =

cross-sectional area and yield strength of the transverse hoops or

spiral, respectively; and ls ¼ 1.7 × ld. Prior to 2012, the AASHTO

LRFD BDS did not have specific provisions for transverse rein-

forcement in the bar anchorage region of an oversized pile shafts.

In the 2012 Edition of the specifications (AASHTO 2012), Eq. (3)

was introduced as a provision to determine the maximum permis-

sible transverse reinforcement spacing

str;max ¼
2πAtrfy;trls

kAlfu;min

ð3Þ

in which fu;min = minimum tensile strength of the column longi-

tudinal reinforcement [which can be taken to be 550 MPa (80 ksi)

for ASTM A706 steel (ASTM 2009)]; and k = ratio of the amount

of column reinforcement that is in tension at the nominal moment

capacity of the column to the total amount of column reinforcement.

The value of k can be determined from a moment-curvature analysis;

however, it can be assumed 0.5 for most applications (AASHTO

2012). Eq. (3) is similar to Eq. (2) except that the former, in most

cases, results in greater spacing (i.e., significantly less transverse

reinforcement) because the value of k will typically be less than 1.0.

The transverse reinforcement spacing calculated with either

Eq. (2) or Eq. (3) is directly proportional to the lap length ls, de-

termined with the formula proposed by McLean and Smith (1997).

Eq. (2) was developed with the assumption that the diagonal strut

force and thereby the bond stress distribution along the effective lap

length were uniform and inversely proportional to the lap length.

That assumption does not account for higher-than-average local

bond-stress demand and associated radial stress induced in the sur-

rounding concrete by the bar slip. New formulas, which avoid that

assumption, have been proposed in this study to determine the

minimum amount of transverse reinforcement required to prevent

premature bond failure caused by concrete splitting in the bar

anchorage region of the pile. More stringent formulas have also

been proposed to control the width of splitting cracks. The deriva-

tion of the formulas is shown in the Appendix.

The new formulas used to design the test specimens are pre-

sented in Eqs. (4) and (5). Eq. (4) determines the maximum per-

missible transverse reinforcement spacing to prevent bond failure

due to concrete splitting as follows:

str;max ¼
2πAtrfy;tr

Ncoldb;colτmax

ð4Þ

in which Ncol = number of longitudinal bars in the column; db;col =

diameter of the column longitudinal bars; and τmax = maximum

bond strength of the bars. The value of τmax can be taken to be

16.5 MPa (2.4 ksi) for 34.5 MPa (5 ksi) concrete based on the

bond-slip tests conducted by Murcia-Delso et al. (2013b) on bars

with similar confinement conditions as those in an oversized pile

Fig. 1. Types of pile shafts
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shaft. For concrete strengths other than 34.5 MPa (5 ksi), τmax can

be assumed to be proportional to f
03=4
c (Murcia-Delso et al. 2013b).

Eq. (5) is for determining the wall thickness tc;min of an engi-

neered steel casing that can be used to control the width of tensile

splitting cracks in the pile. The use of an engineered steel casing

around a pile can serve the same purpose as the transverse rein-

forcement and avoid unreasonably close spacing of the transverse

hoops. It also retains the soil around the drilled hole and provides a

safer environment for construction

tc;min ¼
1

α2fy;c

�

1

2π
Ncolτmaxdb;col − α1

Atr

str
fy;tr

�

ð5aÞ

In Eq. (5a), ucr;max = maximum allowed nominal width of the

radial splitting cracks in the pile; fy;c = nominal yield strength of

the casing steel; str = spacing of the pile transverse reinforcement;

and α1 and α2 are calculated with Eqs. (5b) and (5c), respectively

α1 ¼
ucr;maxNsh

πDextεy;tr
≤ 1 ð5bÞ

α2 ¼
ucr;maxNsh

πDsεy;c
≤ 1 ð5cÞ

in which Nsh = number of pile longitudinal bars;Dext = diameter of

the pile transverse hoops (or spiral); εy;tr = yield strain of the trans-

verse hoops; Ds = diameter of the steel casing; and εy;c = yield

strain of the casing steel.

Test Specimens

Four column–pile assemblies were tested. Three of them had em-

bedment lengths conforming to Eq. (1), and two of the three spec-

imens had transverse reinforcement satisfying Eqs. (4) and (5),

respectively. Each test specimen consisted of a bridge column and

the upper portion of a pile shaft. The top of the column was sub-

jected to fully reversed cyclic lateral displacements and the base

of the pile segment was fixed to the strong floor in the laboratory,

as shown in Fig. 2. The height of the pile segment, Hp, was

so determined that the base of the segment would more or less

correspond to the section where the maximum moment would have

developed in the full-length pile (Liu 2012). However, due to the

absence of soil, the maximum moment demand at the base of the

pile segment would be slightly higher than that in the actual pile.

The geometries and reinforcing details of the test specimens

are summarized in Table 1. All specimens had a 1,219-mm (4-ft)

diameter column, and the height-to-diameter ratios of the columns

varied from 4 to 4.5. The piles in Specimens 1 through 3 had a

diameter of 1,829 mm (6 ft), while Specimen 4 had a 1,524-mm

(5-ft) diameter pile. The height-to-diameter ratios of the piles were

between 1.2 and 1.5. The design of the piles satisfies Section

7.7.3.2 of the Caltrans SDC (Caltrans 2013), which requires that

the ratio of the expected nominal moment capacity of a pile shaft

to the moment demand generated by the over-strength moment at

the base of the column be no less than 1.25 at any section. The

maximum value of this ratio, occurring at the base of the pile seg-

ment, was calculated to be 1.67 for Specimen 1, 1.98 for Specimens

2 and 3, and 1.26 for Specimen 4. The size of the longitudinal

reinforcing bars in the columns varied from No. 8 to No. 14 (25 to

43 mm), and that in the piles from No. 11 to No. 18 (36 to 57 mm).

Columns in Specimens 1 and 4 had less longitudinal reinforcement

than Specimens 2 and 3.

The design of the column and the pile in Specimen 1 complied

with the Caltrans BDS (Caltrans 2008) and Caltrans SDC (Caltrans

2013), with the exception of the embedment length of the column

reinforcement inside the pile. The embedment length was Dc;max þ
ld, in which ld was determined in accordance with the AASHTO

LRFD BDS (AASHTO 2010) and AASHTO LRFD SBDS

(AASHTO 2011). The requirement to terminate half of the longitu-

dinal bars at Dc;max þ 2ld was not followed. This reduction in em-

bedment length was proved to be safe by a pretest finite-element

analysis of the column–pile assembly (Murcia-Delso et al.

2013a). The transverse reinforcement in the entire pile segment

was determined according to the design requirements for compres-

sion members in Article 5.7.4.6 of the AASHTO LRFD BDS

(AASHTO 2010).

Fig. 2. Tests on column-oversized pile assemblies: (a) test specimen; (b) test specimen geometry and setup

© ASCE 04016114-3 J. Struct. Eng.
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Specimens 2 through 4 were designed according to the current

practice by Caltrans, which follows the AASHTO LRFD BDS

(AASHTO 2010) and the Caltrans SDC (Caltrans 2013), with

the exception of the embedment length of the column reinforce-

ment inside the pile, which was reduced to ld þ sþ c. Another ex-

ception was the amount of the transverse reinforcement in the bar

anchorage region of the piles. For Specimen 2, the amount of the

transverse reinforcement was determined with Eq. (2) but with ld
replacing ls to be consistent with the actual embedment length

used. The amount of the transverse reinforcement in the bar anchor-

age region of Specimens 3 and 4 was determined with Eqs. (5)

and (4), respectively. Specimen 3 was identical to Specimen 2, ex-

cept that the horizontal hoop reinforcement in the pile was reduced

to the minimum required for compression members as defined in

Article 5.7.4.6 of the AASHTO LRFD BDS (AASHTO 2010), and

a permanent engineered steel casing was added around the entire

height of the pile to provide adequate confinement to control the

width of the tensile splitting cracks. The steel casing was 6.4 mm

(0.25 in.) thick and was made of A36 steel. It had a 24.5-mm (1-in.)

gap from the base slab of the specimen. The thickness of the steel

casing was determined with Eq. (5) using the maximum allowable

crack width ucr;max of 0.3 mm (0.012 in.) recommended by the

American Concrete Institute (ACI 2001) for RC members in con-

tact with soil under service conditions. Specimen 4 had a pile diam-

eter only 305 mm (1 ft) larger than that of the column, which did

not meet the requirement that the cross-sectional dimension of an

oversized pile be at least 610 mm (2 ft) larger than that of the col-

umn (Caltrans 2013). However, the pile-to-column diameter ratio

for the specimen corresponds to that of an 2438 mm (8 ft)-diameter

column supported on a 3048 mm (10 ft)-diameter pile, which meet

the previously mentioned Caltrans requirement. The amount of the

transverse reinforcement in the bar anchorage region of Specimen 4

was the minimum required to prevent bar anchorage failure, as

determined by Eq. (4).

Material Properties and Instrumentation

The concrete for the piles and columns had a specified compressive

strength of 31 MPa (4,500 psi) at 28 days, a slump of 178 mm

(7 in.) and 102 mm (4 in.), respectively, and a maximum aggregate

size of 9.5 mm (3=8 in:) and 25 mm (1 in.), respectively. The

column–pile assemblies were tested when the concrete strengths

in the column and the pile were close to 34.5 MPa (5,000 psi).

The actual strengths of the concrete on the days of the tests are

presented in Table 2. The reinforcing steel was Grade 60 complying

with the ASTM A706 standards. Results from material tests on

steel samples are also presented in Table 2. The yield and tensile

strengths of the A36 steel used for the pile casing for Specimen 3

were 324 MPa (47.0 ksi) and 472 MPa (68.4 ksi), respectively.

The strains in the longitudinal and transverse reinforcement in

the piles and the columns were measured with electrical resistance

strain gauges. Fig. 3 shows the locations of the strain gauges in

Specimen 1, which were installed at different elevations. In the

plastic hinge region of the column and the bar anchorage region of

the pile, strain gauges were installed at 305 mm (1 ft) spacing in the

longitudinal bars and at every other transverse hoop. Similar strain

gauge locations were used in the other specimens. Strain gauges

were also installed to measure hoop strains in the steel casing of

Specimen 3. Displacement transducers were mounted to measure

the lateral displacement of the column–pile assemblies and to pro-

vide data to calculate flexural and shear deformations as well as

rotation at the base of the columns. Detailed instrumentation plans

for the test specimens are provided in Murcia-Delso et al. (2013a).

Loading Protocol

The top of the column was subjected to a constant vertical load of

3,559 kN (800 kips) during the entire test. Together with the self-

weight of the specimen, this load 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). It represented the

axial load carried by a typical bridge column. The vertical load was

applied with four posttensioning rods. Anchored at the top face of

the column head, these rods passed through holes in the column

head, the footing, and the strong floor, and were subjected to a con-

stant force using four center-hole hydraulic jacks located beneath

the strong floor, as shown in Fig. 2(b). The pressure in the jacks was

regulated to keep the force constant as the top of the column was

Table 1. Dimensions and Reinforcing Details of Test Specimens

Design parameter Specimen 1 Specimen 2 Specimen 3 Specimen 4

Column diameter, Dc [mm (ft)] 1,219 (4) 1,219 (4) 1,219 (4) 1,219 (4)

Pile diameter, Dp [mm (ft)] 1,829 (6) 1,829 (6) 1,829 (6) 1,524 (5)

Column heighta, Hc [mm (ft)] 4,877 (16) 5,486 (18) 5,486 (18) 4,877 (16)

Pile height, Hp [mm (ft)] 2,743 (9) 2,439 (8) 2,439 (8) 1,829 (6)

Column longitudinal steel

(reinforcement ratio)

18 No. 11 (1.55%) 18 No. 14 (2.24%) 18 No. 14 (2.24%) 32 No. 8 (1.40%)

Pile longitudinal steel

(reinforcement ratio)

28 No. 14 (1.55%) 26 No. 18 (2.55%) 26 No. 18 (2.55%) 40 No. 11 (2.21%)

Formula for embedment length

of column reinforcement

Dc;max þ ld ld þ sþ c ld þ sþ c ld þ sþ c

Embedment length of column

reinforcement [mm (ft)]

2,286 (7.5) 1,829 (6) 1,829 (6) 940 (3.08)

Formula for transverse steel

in bar anchorage region of pile

Compression

Member—AASHTO (2010)

Eq. (2)—McLean

and Smith (1997)

Eq. (5) Eq. (4)

Transverse pile steel in bar

anchorage region of pile

(volumetric ratio)

Two No. 6 at 165 mm

(6.5 in.) (0.82%)

Two No. 7 at 178 mm

(7 in.) (1.04%)

No. 8 at 165 mm (6.5 in.),

and 6.3-mm (0.25-in.)

steel casing (1.65%b)

Two No. 7 at 140 mm

(5.5 in.) (1.62%)

Transverse steel in plastic-hinge

region of column (volumetric ratio)

Two No. 5 at 165 mm

(6.5 in.) (0.87%)

Two No. 5 at 102 mm

(4 in.) (1.41%)

Two No. 5 at 102 mm

(4 in.) (1.41%)

No. 6 at 102 mm

(4 in.) (1.0%)

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.
aHeight from the column base to the point of the horizontal load application.
bBased on equivalent amount of Grade 60 transverse steel.

© ASCE 04016114-4 J. Struct. Eng.
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displaced laterally in the north–south direction using two 979-kN

(220-kip) capacity, 1,219-mm (48-in.) stroke, servo-controlled hy-

draulic actuators. The loading protocol used is shown in Fig. 4.

Initially, each specimen was subjected to four fully-reversed force-

controlled lateral load cycles, with amplitudes equal to 25, 50, 75,

and 100% of the predicted load, F 0
y, defined herein as the load that

would cause the longitudinal reinforcement in the column to reach

the first yield. The specimen was then subjected to fully reversed

displacement-controlled load cycles with increasing ductility de-

mands of 1, 2, 3, and higher until the lateral load resistance dropped

significantly due to the fracture of the longitudinal bars in the

column. Each ductility level had two load cycles. The ductility

demand was defined as μ ¼ Δ=Δy, in which Δ was the lateral

displacement of the specimen at the elevation of the horizontal

actuators and Δy was the effective yield displacement. As shown

in Fig. 4(a), Δy was defined as the displacement at the intersection

of the secant line through the zero-load point and (Δ 0
y, F

0
y) with a

horizontal line representing the theoretical ultimate resistance (Fy),

which was defined as the effective yield force. To define the

loading protocol, F 0
y and Fy were determined by finite-element

analyses, and the value of Δ 0
y was obtained as the average of the

absolute maximum displacements measured in the two opposite

loading directions in Cycle 4 of the test.

Load-versus-Displacement Relations

The measured lateral load-versus-drift relations are shown in Fig. 5.

The drift was measured at the top of the column where the horizon-

tal load was applied. The loading and displacement are defined

herein as positive when they are towards the south. As shown in

Fig. 5, all four column–pile assemblies had a ductile behavior, ex-

hibiting a mild drop of lateral resistance as the column displacement

increased until a large drift level was reached. The gradual load de-

crease was caused by the P −Δ effect of the vertical force. The

tests were stopped when the lateral load capacity started to drop

significantly due to low-cycle fatigue fracture of one or more lon-

gitudinal bars at the base of the column. Bar fracture occurred when

Fig. 4. Loading protocol: (a) first yield and effective yield point; (b) loading history

Table 2. Strengths of Concrete and Longitudinal Steel

Specimen number Region

Compressive strength of

concrete [MPa (ksi)]

Longitudinal

bar size

Yield strength

[MPa (ksi)]

Tensile strength

[MPa (ksi)]

Specimen 1 Pile anchorage region 34.5 (5.0) No. 14 (43 mm) 484 (70.1) 672 (97.4)

Pile below anchorage region 42.8 (6.2)

Column lower 2.8 m (9 ft) 34.0 (4.9) No. 11 (36 mm) 448 (65.0) 629 (91.2)

Column upper 2.1 m (7 ft) 38.6 (5.6)

Specimen 2 Pile anchorage region 37.0 (5.4) No. 18 (57 mm) 462 (67.0) 641 (93.0)

Pile below anchorage region 39.7 (5.8)

Column lower 2.8 m (9 ft) 38.6 (5.6) No. 14 (43 mm) 462 (67.0) 638 (92.5)

Column -upper 2.4 m (8 ft) 40.7 (5.9)

Specimen 3 Pile anchorage region 36.2 (5.3) No. 18 (57 mm) 462 (67.0) 652 (94.5)

Pile below anchorage region 34.1 (4.9)

Column lower 2.8 m (9 ft) 35.0 (5.1) No. 14 (43 mm) 462 (67.0) 641 (93.0)

Column upper 2.4 m (8 ft) 33.2 (4.8)

Specimen 4 Pile anchorage region 36.6 (5.3) No. 11 (36 mm) 445 (64.5) 634 (92.0)

Pile below anchorage region 33.0 (4.8)

Column lower 2.8 m (9 ft) 35.5 (5.1) No. 8 (25 mm) 459 (66.5) 650 (94.3)

Column upper 2.1 m (7 ft) 33.9 (4.9)

Fig. 3. Location of strain gauges in Specimen 1
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a severely buckled bar was subjected to tension again upon load

reversal. The maximum lateral load resistances, effective yield

displacements, and displacement ductility capacities of the test

specimens are summarized in Table 3. The effective yield displace-

mentΔy and ductility μ are defined in the sameway as those used to

determine the loading protocol except that they are based on the

actual maximum load and actual first yield attained in the tests.

The ductility capacity of a specimen is determined as the maximum

ductility attained prior to the fracture of a longitudinal bar. The duc-

tility capacities attained are between 5.5 (for Specimens 1 and 4)

and 6.9 (for Specimen 2).

The test results show that the size of the longitudinal reinforcing

bars and the spacing of the transverse reinforcement in the columns

had a noticeable influence on the ductility capacity of the columns.

Columns with smaller bars (Specimen 4) or larger spacing of trans-

verse hoops (Specimen 1) had earlier bar buckling and fracture

and were, therefore, less ductile. This consistent with Euler’s buck-

ling theory that the more slender the bar is, the lower its buckling

resistance will be. The drift at which a longitudinal bar in the plas-

tic-hinge region of the column would fracture was also slightly af-

fected by the confinement level in the bar anchorage region of the

pile. The pile in Specimen 3 had a better confinement, due to the

steel casing, than Specimen 2. The better confinement resulted in a

higher bond resistance developing in the column longitudinal bars

anchored in the pile, and therefore less bar slip, less plastic strain

penetration into the pile, and more severe plastic strains in the

plastic-hinge region of the column, leading to slightly earlier bar

fracture. Consequently, Specimen 3 had slightly lower ductility

than Specimen 2.

General Test Observations

Pictures of the damaged specimens are shown in Figs. 6–10. The

specimens showed similar damage progressions. In every speci-

men, prior to the yielding of the column longitudinal bars, flexural

cracks formed in the column and in the pile. After some of the

longitudinal bars had yielded at the base of the column, crushing

of concrete was observed in the compression toes. In subsequent

cycles, gradual spalling of the concrete cover was observed near the

base of the column. Fig. 6 presents the progression of damage near

the base of the column in Specimen 1. Some of the column lon-

gitudinal bars in this specimen started to buckle during the first

cycle at μ ¼ 5.5. The severely buckled bars fractured when they

were subjected to tension again upon load reversal. For Specimen

2, only one bar fractured during the second cycle at μ ¼ 6.9 owing

to the closer spacing of the transverse hoops at the base of the col-

umn, which delayed bar buckling. Specimen 3, which had column

reinforcement identical to that in Specimen 2, had column bar frac-

ture in the first cycle at μ ¼ 6.3. Specimen 4 had column bar frac-

ture in the first cycle at μ ¼ 5.5. The earlier bar fracture in this

specimen can be attributed to the smaller bar size while the hoop

spacing remained the same as that in Specimens 2 and 3, which

made the bars more vulnerable to buckling, as explained in the pre-

vious section.

Fig. 7 shows the damage in the pile of Specimen 1. Several radial

cracks extended horizontally from the column base to the edge of

Table 3. Load and Displacement Capacities

Specimen

number

Maximum

lateral load

[kN (kip)]

Equivalent yield

displacement

(Δy) [mm (in.)]

Displacement

ductility

capacitya

Specimen 1 1,063 (239) 64 (2.5) 5.5

Specimen 2 1,223 (275) 83 (3.3) 6.9

Specimen 3 1,205 (271) 79 (3.1) 6.3

Specimen 4 1,023 (230) 56 (2.2) 5.5

aMaximum ductility attained prior to the fracture of a column longitu-

dinal bar.

Fig. 5. Lateral force versus drift curves: (a) Specimen 1; (b) Specimen 2; (c) Specimen 3; (d) Specimen 4
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the pile. They were the result of splitting forces generated by bar

slip. The maximum residual width measured in one of the cracks at

the end of the test was approximately 3 mm (1=8 in:). The splitting
cracks extended vertically on the lateral surface of the pile with

lengths ranging from 600 mm (2 ft) to 1,200 mm (4 ft), which cor-

responds to the upper 25 to 50% of the embedment length of the

column reinforcement. The pile of Specimen 2 was more severely

damaged than that of Specimen 1, as shown in Fig. 8. In the first

cycle at μ ¼ 5, the maximum width of the splitting cracks measured

after unloading was 6 mm (1=4 in:), twice as wide as that in Speci-
men 1. In addition, more splitting cracks were observed, which

extended vertically on the lateral surface of the pile with lengths

ranging from 900 mm (3 ft) to 1,200 mm (4 ft), which corresponds

to 50 to 66% of the embedment length of the column reinforcement.

The more-severe damage observed in the pile of Specimen 2 can be

explained by the larger splitting forces generated by the larger

diameter bars [as observed in the development length tests of

Murcia-Delso et al. (2015)], the higher ductility of the column

(imposing more-severe demands on the pile), and also the shorter

embedment length of the column longitudinal bars (leading to more-

severe bar slip). At the end of the test of Specimen 2, the cracks on

the top of the pile opened so widely that pieces of concrete could be

removed by hand. Fig. 8(c) shows a picture taken after these pieces

were removed. A cone-shaped fracture surface with a slope of

approximately 25 degrees formed between the column and the pile

steel cages, and radial splitting cracks at the location of the longi-

tudinal bars in the column and the pile were visible.

The pile of Specimen 3 experienced very minor damage, as

shown in Fig. 9. The steel casing was effective in restraining the

opening of the splitting cracks and protecting the pile from severe

cracking. The maximum residual width of the radial splitting cracks

observed after unloading in the first cycle at μ ¼ 5.2 was approx-

imately 0.3 mm (0.012 in.), which is significantly smaller than that

in Specimen 2 after experiencing the same ductility demand. The

maximum residual width of the splitting cracks observed after the

test was 1 mm (0.04 in.) and a much shallower cone-shaped facture

surface was observed on the top of the pile. After the test, the steel

casing was removed revealing almost no damage in the pile, as

Fig. 6. Evolution of damage near the column base of Specimen 1: (a) μ ¼ 2.2; (b) μ ¼ 4.4; (c) μ ¼ 5.5 (first cycle); (d) μ ¼ 5.5 (second cycle)

Fig. 7. Damage in the pile of Specimen 1: (a) circular and splitting cracks; (b) lengths of splitting cracks
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shown in Fig. 9(b). Splitting cracks extended vertically less than

305 mm (1 ft) from the top of the pile, and their maximum width

was approximately 0.2 mm (0.008 in.) occurring at just a few in-

ches below the top of the pile. The pile of Specimen 4 had severe

splitting cracks, as shown in Fig. 10. In the first cycle at μ ¼ 5.5,

some of the splitting cracks opened widely at the top of the pile

[with a maximum residual crack width of approximately 10 mm

(0.4 in.) after unloading] and had propagated along the entire

embedment length of the column reinforcement. At the end of

the test, the maximum residual width of the splitting cracks was

larger than 15 mm (0.6 in.). In addition, a circular crack was

observed around the column reinforcement cage, indicating the

formation of a small cone-shaped breakoff.

Curvatures along the Specimens

Fig. 11 shows the curvatures developed along the four specimens at

different stages of loading. The curvatures were computed from

displacement transducer measurements as described in Liu (2012).

The yield curvatures, ϕy, were calculated using the approximate

formula ϕy ¼ 2.25εy=D, where D is the diameter of the member

and εy is the yield strain of the longitudinal reinforcement (Priestley

2003). As shown, the maximum curvatures measured from the bot-

tom 25 to 40% of the columns exceeded the yield curvature. The

curvatures developed in the piles were smaller than the yield cur-

vature. Specimens 2 and 3 showed similar curvature variations for

the columns, but the pile curvature was not obtained for Specimen

Fig. 8. Damage in Specimen 2: (a) column base and pile; (b) cracks atop of the pile; (c) fracture surface atop of the pile

Fig. 9. Damage in Specimen 3: (a) column base and top of the pile; (b) pile after removal of the steel casing

Fig. 10. Cracks atop of the pile of Specimen 4
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3, which had a steel casing. The plastic curvature developed in the

column of Specimen 3 appears to be more localized at the base of

the column as compared to the other specimens. This could be

attributed to the more-severe plastic strains developed in the lon-

gitudinal bars at the base of the column due to reduced plastic strain

penetration into the pile, as discussed in a previous section.

Strains in Reinforcing Bars

Column Longitudinal Reinforcement

For each specimen, strains in two of the column longitudinal bars at

the north face and two at the south face were measured, as shown

in Fig. 3, along the lower half of the column and the pile segment.

The strain values at the peak displacements of different cycles are

shown in Fig. 12. Plastic strains developed near the base of the

columns and penetrated into the bar anchorage region in the piles.

In general, the extent of penetration of plastic strains into the

anchorage region of these bars inside the pile depends on the bond

between the bar and the surrounding concrete. Aweaker bond will

result in more-significant bar slip and more-severe plastic strain

penetration. The plastic deformation of a bar can significantly re-

duce the bond strength between the bar and the surrounding con-

crete (Shima et al. 1987). For Specimen 1, the maximum plastic

strain penetration measured in the bars at μ ¼ 5.5 was 610 mm

(2 ft), which is 17 times the bar diameter, db, or 27% of the embed-

ment length of the column reinforcement. For Specimen 2, the

maximum plastic strain penetration measured in the bars at μ ¼
5.0was 915 mm (3 ft) or 21db, which represents 50% of the embed-

ment length. Hence, the lower half of the embedment length, which

is 21db, was able to develop the yield strength of the bar. According

to the development length tests conducted by Murcia-Delso et al.

(2015) on individual bars embedded in concrete with similar

strengths and confinement levels, a length of 10db is sufficient to

develop the yield strength of a bar in tension. At higher ductility

demand levels, all the strain gauges (or more likely the wires) along

the embedment length of the column reinforcement in Specimen 2

were damaged. For Specimen 3, most of the strain gauges provided

reliable readings until the end of the test, and the maximum plastic

strain penetration measured at μ ¼ 6.3 was 610 mm (2 ft) or 14db,

which is 33% of the embedment length of the column reinforce-

ment. The reduction of the plastic penetration in Specimen 3, as

compared to Specimen 2, can be attributed to the improved bond

resistance of the bars as a result of the additional confinement

provided by the steel casing. For Specimen 4, the maximum plastic

strain penetration measured at μ ¼ 5.5 was 457 mm (1.5 ft) or

18db, which represents 50% of the embedment length of the col-

umn reinforcement.

Fig. 11. Curvature distributions: (a) Specimen 1; (b) Specimen 2; (c) Specimen 3; (d) Specimen 4
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Column Transverse Reinforcement

The strains in the transverse hoops of the columns were measured at

the north and south faces of the columns, as shown in Fig. 3. Fig. 13

shows the hoop strains measured on the south side of the column

in Specimen 2 at the peak displacements of different cycles. The

hoops remained elastic, except those located at the base of the col-

umns, which experienced large inelastic deformations caused by

the crushing of the core concrete and the buckling of the longitu-

Fig. 13. Hoop strains in the column transverse reinforcement on the

south side of Specimen 2
Fig. 14. Tensile strains in pile longitudinal reinforcement on the north

side of Specimen 4

Fig. 12. Tensile strains in column longitudinal reinforcement on the north side of the specimens: (a) Specimen 1; (b) Specimen 2; (c) Specimen 3;

(d) Specimen 4
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dinal bars. However, none of the hoops fractured. Hoops in the

columns of the other specimens behaved similarly. As shown in

Fig. 13, the tensile hoop strains measured on the south side near

the base of the column were larger when the displacements were

positive, i.e., when the concrete and the longitudinal bars on the

south side were subjected to compression. A similar trend was ob-

served for the hoop strains measured on the north side of the

specimens.

Pile Longitudinal Reinforcement

Fig. 14 shows the tensile strains in the pile longitudinal bar located

at the extreme north side of Specimen 4 measured at the maximum

southward displacements in different load cycles. The bar remained

elastic, and the bar strains in the region where the column longi-

tudinal reinforcement was embedded [0 to 0.94 m (3.1 ft)] varied

more or less linearly with distance, indicating a relatively uniform

bond stress distribution along the bar. The longitudinal bars in the

piles of the other specimens behaved similarly.

Pile Transverse Reinforcement

Fig. 15 presents the strains measured in the exterior hoops in the bar

anchorage region of the piles at the peak displacements of different

cycles. The strains were measured at the extreme south side of the

specimens. Except for Specimen 4, the hoop strains in the upper

portion of the piles were larger than those in the lower portion.

The hoops located in the lower part of the bar anchorage region

experienced practically no strain. The different hoop strains at the

Fig. 15. Hoop strains in the pile transverse reinforcement on the south side of the specimens: (a) Specimen 1; (b) Specimen 2; (c) Specimen 3;

(d) Specimen 4

Fig. 16. Hoop strains in the steel casing on the south side of

Specimen 3
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top and bottom of the bar anchorage region can be partly due to the

fact that the longitudinal bars of the columns tended to slip more

and thereby exert larger splitting forces in the top region of the

piles, and partly to the prying action of the confined column core

in the pile. For Specimens 1 and 2, the strains in the pile hoops

were in general relatively small and below the yield strain except

for the first hoop at the top, which had strains slightly beyond the

yield strain. The pile hoops in Specimen 3, which had a steel

casing around the pile, did not yield at all. As shown in Fig. 16,

the hoop strains in the steel casing are similar to those in the

hoops at the same elevations; the strains near the top of the cas-

ing were, however, larger and exceeded the yield strain in later

cycles.

The hoop strains measured in Specimen 4 are in general higher

than those in the other specimens, which could be attributed to the

smaller diameter of the pile as compared to the other specimens.

The smaller pile diameter resulted in a thinner concrete ring to resist

the splitting forces induced by slip of the column bars and the

prying action exerted by the confined core of the column. This

is consistent with the observation that the vertical splitting cracks

in the pile of Specimen 4 were more severe and wider than those in

the other specimens. The largest strain was measured in the hoop

located at 0.64 m (2.1 ft) from the base of the column, and it was

0.022 (or approximately 10 times the yield strain); however, no

other hoops yielded. The reason for the maximum hoop strain oc-

curring near the bottom part of the bar anchorage region and not at

the top is unclear, but it could be related to the severe prying action

of the column in this region.

Conclusions

Four full-scale column–pile assemblies were constructed and

subjected to quasi-static cyclic lateral loading to investigate the

possibility of reducing the embedment length for column lon-

gitudinal reinforcement extending into oversized pile shafts, as

compared to that required by current design specifications. Speci-

men 1 had an embedment length of Dc;max þ ld, which was close

to the minimum requirement of Caltrans (2013) and AASHTO

(2011). Specimens 2 through 4 had embedment lengths reduced to

ld þ sþ c. Despite the difference in the embedment lengths, all

specimens showed a ductile behavior. The columns developed a

plastic hinge at the base and failed by the buckling and subsequent

fracture of one or more longitudinal bars in the plastic-hinge region.

Damage in the piles was limited to cone-shaped cracks and tensile

splitting cracks near the base of the column. Specimen 3 had very

light damage in the pile owing to the increased confinement pro-

vided by an engineered steel casing.

The maximum penetration distance of plastic tensile strains

measured in the column longitudinal bars into the piles was be-

tween 14 and 21db. Specimens 2 and 4, which had an embedment

length of ld þ sþ c, had the most significant plastic strain pen-

etration. Specimen 2 had the lowest amount of transverse reinforce-

ment in the pile for the given development length, while Specimen

4 had a smaller pile diameter, which could have lowered the con-

finement effect and thus increased the plastic strain penetration

length. Specimen 3 had the lowest plastic strain penetration. This

can be attributed to the steel casing, which provided a better con-

finement resulting in better bond resistance.

The test results shown herein indicate that an embedment length

of ld þ sþ c is sufficient to develop the tensile strength of longi-

tudinal reinforcement in bridge columns extending into oversized

pile shafts. Adequate transverse reinforcement must be provided in

the bar anchorage region of a pile shaft to control tensile splitting

cracks. Eqs. (4) and (5) proposed in this study can be used to de-

termine the transverse reinforcement required as proven by the test

results. An engineered steel casing designed with Eq. (5) can ef-

fectively arrest tensile splitting cracks in a pile shaft. A better con-

finement provided by a steel casing may, however, reduce plastic

strain penetration in the bar anchorage region and thereby reduce

bar slip, resulting in a slightly earlier fracture of the longitudinal

bars in the plastic hinge region of the column. In any respect, this

influence is very small and bar fracture normally occurs at very

large column drift levels. Hence, the benefit of a steel casing far

exceeds this small negative influence.

Appendix. Transverse Reinforcement Required for
Pile Shafts

The analytical model presented herein assumes that a bar being

developed exerts a uniform radial stress, σ, on the surrounding con-
crete as a result of the wedging action of the bar ribs during slip. For

a unit length of the bar, the resultant radial stress can be represented

by a set of four splitting forces (Cairns and Jones 1996), f ¼ σdb.
Fig. 17 shows the splitting forces induced by the column and pile

longitudinal bars in a pile cross section. For simplicity, it is as-

sumed that all the column bars are subjected to tension. In reality,

some could be in compression, but the bars in compression will

also induce splitting forces as they slip.

Assuming that the magnitude of the radial stress σ is equal to the

bond stress, τ , as suggested by Tepfers (1973), the splitting force

per unit length of the bar can be expressed as f ¼ jτ coljdb;col for
the column bars and f 0 ¼ jτ shjdb;sh for the bars in the pile. Since

the forces from the column longitudinal bars have to be transferred

to the pile longitudinal bars, the total bond force per unit length of

the column bars has to be equal to that of the pile bars over the bar

anchorage region. Hence

Ncoljτ coljdb;col ¼ Nshjτ shjdb;sh ð6Þ

Fig. 17. Splitting forces in pile shaft
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in which Ncol = total number of bars in the column and Nsh = num-

ber of bars in the pile shaft. By substituting f 0 ¼ jτ shjdb;sh into

Eq. (6), the value of f 0 can be obtained as shown in Eq. (7)

f 0 ¼
Ncol

Nsh

jτ coljdb;col ð7Þ

Next, equilibrium is considered for the free bodies ABCD and

CDEF shown in Fig. 17. The forces acting on the two free bodies

are the splitting forces of the bars, f and f 0, and the tensile forces,

text and tint, in the outer (pile) and inner (column) horizontal hoops.

Line AB is a free surface with no forces, and it is assumed that the

concrete is split along lines AD, DC, CB, DE, EF, and FC. There-

fore, the concrete does not transfer any forces along these lines. For

the free body ABCD, the splitting forces in the tangential direction

can be ignored because these forces cancel each other. The splitting

forces pointing in the radial direction exert a uniform pressure, pext,

which can be calculated from f 0 as follows:

pext ¼
Nshf

0

πDext

¼
Ncoljτ coljdb;col

πDext

ð8Þ

in which Dext = diameter of the outer reinforcing hoops. Based on

the equilibrium of the free body ABCD, the tensile force, text, to be

provided by the hoops in a unit length of the pile to balance pext is

text ¼ pext

Dext

2
¼

Ncoljτ coljdb;col
2π

ð9Þ

In the free body CDEF, the splitting forces in the tangential

direction can be ignored based on the same argument presented

for ABCD. Based on the equilibrium of the free body CDEF, the

tensile force, tint, to be provided by the inner hoops to balance for

the difference in pressures pext and pint, generated by the radial

splitting forces exerted by the longitudinal bars, is

tint ¼ pint

Dint

2
− pext

Dext

2
ð10Þ

in which Dint = diameter of the inner (column) reinforcing hoops.

The internal pressure, pint, generated by the slip of the column bars,

is given by

pint ¼
Ncolf

0

πDint

¼
Ncoljτ coljdb;col

πDext

ð11Þ

Substituting Eqs. (8) and (11) in Eq. (10) results in the condition

that tint ¼ 0. Hence, the inner hoops will not develop tension and

can be considered ineffective for resisting the splitting forces.

Sufficient transverse reinforcement has to be provided in the pile

to develop the tensile force text, and the amount is given by Eq. (12)

text ¼
Atr

str
fy;tr ð12Þ

in which str = spacing; Atr = cross-sectional area; and fy;tr = nomi-

nal yield stress of the transverse hoops or spiral. In reality, the

bond-stress distribution along the development length of a bar is

not uniform and the location of the peak stress depends on the ex-

tent of the plastic strain penetration (Murcia-Delso et al. 2013a,

2015). A conservative approach to determine the amount of trans-

verse steel required is to consider only the peak bond stress and

assume that its value is equal to the maximum bond strength,

τmax. The peak bond stress will actually be lower than τmax due to

the tensile yielding of the bars. Substituting τ col with τmax and com-

bining Eqs. (9) and (12) results in Eq. (13), which determines the

amount of transverse hoops required to prevent bar anchorage

failure due to concrete splitting

Atr ¼
1

2π

Ncolτmaxdb;colstr

fy;tr
ð13Þ

Given the uncertainty in the location of the peak bond stress, the

transverse steel calculated with Eq. (13) should be provided along

the entire bar anchorage region.

To control the width of the splitting cracks induced by bar slip,

more transverse reinforcement than what is calculated with Eq. (13)

is needed. To calculate this amount, an assumption is made that a

radial splitting crack develops along every longitudinal bar of the

pile as the bars slip, which was observed in the column-pile tests.

The opening of a splitting crack will induce strain in the transverse

reinforcement. Assuming that the strain in a transverse reinforcing

hoop is uniform and that all the cracks have the same widths,

Eq. (14) provides the relation between the strain in the transverse

hoops, εs, and the width of a radial crack, ucr, as illustrated in

Fig. 18

ucr ¼
πDext

Nsh

εs ð14Þ

The maximum allowable strain, εs;max, in the transverse hoops

is then related to the maximum allowable crack width ucr;max as

follows:

εs;max ¼
ucr;maxNsh

πDext

ð15Þ

For the purpose of controlling the crack width, the transverse

hoops have to remain elastic, i.e., εs;max < εy. Hence, the amount

of transverse reinforcement required can be determined by replac-

ing fy;tr in Eq. (13) with εs;maxfy;tr=εy, which results in Eq. (16a)

Atr ¼
1

2π

Ncolτmaxdb;colstr

αfy;tr
ð16aÞ

where

α ¼
εs;max

εy
¼

ucr;maxNsh

πDextεy
≤ 1 ð16bÞ

When an additional steel casing is to be provided around

the pile, formulas to determine the required thickness of the steel

casing, tc, can be derived in a similar way by replacing Eq. (12)

with the following equation

text ¼
Atr

str
fy;tr þ tcfy;c ð17Þ

in which fy;c = yield strength of the casing steel.

Fig. 18. Splitting crack opening and strain in hoop reinforcement
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