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Accelerated bridge construction (ABC) is being increasingly used 
in new bridge construction and repair. For bridge substructure 
elements, ABC typically requires connections, such as mechanical 
couplers, between prefabricated elements where moment demands 
are largest. Grouted sleeves (GSs) offer good construction toler-
ances and load transfer between precast concrete elements. There-
fore, they have gained interest for use in ABC in seismic regions. 
Large-scale precast column models using GS splices were designed 
and tested using a shifted plastic hinge (SPH) concept to mini-
mize the damage in the footing and retain the column ductility. 
The testing matrix considered aspect ratio, moment gradient, and 
splicing details. Results showed that SPH can be used for flex-
ural and flexural-shear columns; plastic hinging formed above 
the sleeve region and footing dowels remained elastic to minimize 
footing damage. Each precast column exhibited good ductility 
and energy dissipation, and formed slightly shorter SPH length 
compared with conventional columns.

Keywords: bridge column; grouted sleeves; precast column; seismic 
performance; shifted plastic hinge.

INTRODUCTION
Accelerated bridge construction (ABC) has gained signif-

icant popularity in the United States because it minimizes 
work zone risk, traffic disruption, and construction time. A 
necessary part of ABC techniques is the use of precast or 
prefabricated elements. Although precast concrete super-
structure elements have been frequently deployed in seismic 
regions, precast substructure elements have seen limited use 
in seismic regions due to concerns related to seismic perfor-
mance of connections.

Connection regions for precast bridge columns typically 
coincide with plastic hinge zones that are subject to high 
deformation demands and damage during strong ground exci-
tations. The “connection region” refers to the portion of the 
precast column that contains mechanical connectors, splices, 
ducts, or reinforcing bar dowels used to connect the precast 
column with an adjacent bridge element. Currently, studies 
on precast column connections for use in high seismic zones 
are receiving significant attention from academic communi-
ties and transportation agencies. Several connection details 
have been investigated via large-scale testing.1-9 Connection 
details using grouted sleeve (GS) splices have gained atten-
tion from bridge designers and fabricators because they have 
good field tolerances and can be easily assembled. However, 
several laboratory investigations on bridge columns with 
GS connections have indicated certain performance defi-
ciencies associated with this type of connection detail for 
seismic applications.3,4,6,8

Investigations on column footing and column bent cap 
connections such as Detail 1 in Fig. 1 showed up to 40% and 

50% reduction in achieved displacement ductility capacity, 
respectively, compared with cast-in-place (CIP) connec-
tions.3,6,8 The ductility capacity is a measure of the ultimate 
displacement normalized by the yield displacement capacity. 
A similar reduction (40%) in displacement ductility capacity 
was observed with a precast pedestal between the column 
and footing3,4 (Detail 2 in Fig. 1). Tazarv4 investigated 
a GS connection (Detail 3 in Fig. 1) with footing dowels 
debonded in the CIP pedestal. The connection exhibited 
15% reduction in displacement ductility capacity, which was 
a significant improvement compared with the previous GS 
connection details.

Two other connection details (Details 4 and 5 in Fig. 1) 
were investigated by Ameli et al.6,8 Detail 4 used GS splices 
in the capacity-protected element, and exhibited 32 and 
42% reduction in displacement ductility capacity when 
used in footing and bent cap, respectively, compared with 
a reference CIP column. Detail 5 employed GS splices in 
the typical configuration but provided a debonded length in 
the footing, and exhibited 24% reduction in displacement 
ductility capacity compared with a CIP column connec-
tion. Moreover, Ameli et al.6,8 investigated two different GS 
splice systems, and system type was also found to influence 
column behavior. All precast column GS connections exhib-
ited reduced ductility capacity compared with corresponding 
CIP columns. Although alternative connection details have 
shown improved results, they may create constructibility 
issues. For instance, a concrete pedestal needs more on-site 
construction time, and coupler placement inside the footing 
creates reinforcement congestion. Also, adequate debonded 
length may not be provided by bridge contractors.

Haber et al.9 recently proposed a GS connection detail 
(Detail 6 in Fig. 1) that improved displacement ductility 
capacity compared with previous studies, and reduced 
the damage in the capacity-protected element (footing). 
This was achieved by relocating, or shifting, plastic hinge 
(PH) above the connection region. In subsequent sections, 
the connection region is more specifically referred to as 
the “sleeve region,” which is the region containing GSs. 
The shifted plastic hinging (SPH) design concept was first 
proposed and studied for seismic design of CIP RC buildings 
to reduce damage in beam-column joints.10,11 In bridge engi-
neering applications, SPH design has been used commonly 
for repair and retrofit of earthquake-damaged columns.12-14
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In the study by Haber et al.,9 SPH was realized by 
increasing the plastic moment capacity of the section at the 
column-footing interface relative to the section above the 
sleeve region; this was achieved using transition splicing 
and different reinforcing bar strengths. Transition splicing 
refers to splicing different bar sizes and/or grades of steel 
together. Detail 6 (Fig. 1) shows that normal-strength (NS) 
steel bars were inserted at the top of the sleeve (factory end) 
and up-sized high-strength (HS) steel bars were inserted at 
the bottom of the sleeve (field end). The NS bars above the 
sleeve region were designed to undergo yielding, while the 
HS bars at the column base were designed to remain elastic. 
The connection was evaluated by testing two 0.42-scale 
column models: a precast column with proposed GS connec-
tion, and a reference CIP column model. Testing confirmed 
that the proposed design concept could improve displace-
ment ductility and reduce footing damage. The study also 
proposed a simplified displacement-based design (DBD) 
method, and showed analytically that design and geomet-
rical parameters such as column aspect ratio (AR), concrete 
confinement level, and the details of the transition splice 
influence the behavior of the proposed system.

The objective of this paper is to experimentally quantify 
the effect of different column design and geometrical param-
eters on behavior of precast bridge columns that employ 
GS connections and SPH. Furthermore, the paper also 
aims at providing further validation to the DBD approach 
discussed by Haber et al.9 To achieve the objective, four 
precast column models with GS connections and SPH were 
designed, constructed, and tested under reversed cyclic 
loading. The study focuses on column AR, moment gradient, 
and splicing details as the parameters of interest. Two refer-
ence CIP column models were also tested to draw some 
comparisons with traditional column design methodologies 
and behaviors. The paper focuses on PH formation, damage 
progression, force-displacement behaviors, energy dissipa-
tion, deformation mechanisms, and spread of plasticity.

RESEARCH SIGNIFICANCE
Previous, yet limited research has shown that precast 

bridge columns employing GS connections and SPH design 

can provide improved seismic performance compared with 
previously tested GS connection details. The study presented 
herein provides further exploration and a better under-
standing of how these innovative, yet simplistic connec-
tion details perform under seismic deformation demands. 
The paper investigates how different column design and 
geometric parameters influence the seismic performance, 
which will broaden the range of applicability, provide insight 
to designers and researchers, and will improve the potential 
for field implementation.

EXPERIMENTAL PROGRAM
The experimental program for this project included a total 

of six large-scale circular bridge column models: four precast 
models and two reference CIP models. Two model scales 
were used: 0.42 and 0.33 scales, assuming a full-scale bridge 
column has a diameter of 48 in. (1.22 m). The test matrix 
is shown in Table 1, and it should be noted that Columns 
C-40-1 and G-40 1 were evaluated and reported in the paper 
by Haber et al.9 The letters “C” and “G” in column ID refer 
to CIP and grouted columns, respectively. The labels “40” 
and “25” refer to ARs of 4.0 and 2.5, respectively. Figure 2 
shows a generalized schematic that displays the geometric 
and reinforcement details of the column models.

Some previous works have indicated that the length over 
which plastic hinging occurs tends to increase as the column 
AR increases.15-23 Conversely, other research groups have 
demonstrated that AR has little effect on PH length.24-26 
Instead, it has been suggested that moment gradient has 
a stronger correlation with PH length. Columns G-40-1, 
G-40-3, and G-25-1 were used to investigate the effect of 
longitudinal AR (L/D) and moment gradient on SPH length; 
these columns had ARs of 4.0, 4.0, and 2.5, respectively, and 
effective column shaft lengths of 67.2, 52.8, and 38.8 in., 
respectively. The effective column shaft length is denoted by 
L′ and is calculated by subtracting the sleeve region length 
Lsl from the column cantilever length L. Moment gradient 
and AR parameters were coupled in Columns G-40-1 and 
G-25-1, where low AR produces high moment gradient and 
vice versa. Moment gradient was varied independently in 
Column G-40-3 by using constant AR and decreased column 

Fig. 1—Previous grouted sleeve connections.
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length. Columns with AR = 2.5 were transversely reinforced 
with the minimum allowable steel ratio to create a lower 
bound scenario for flexural-shear behavior.

The transition index iT is a term used in this paper that 
denotes the difference between the bar size used in the 
factory end (top end) and bar size used in the field end 
(bottom end) of the sleeve. The transition index is based on 
U.S. customary units. For example, if a US No. 9 (M No. 29) 
is spliced with a US No. 11 (M No. 36), the transition index 
would be iT = 2. Haber et al.9 found analytically that iT can 
influence the curvatures in the sleeve region and the stresses 
in the HS bars at the base of the column. Furthermore, as 
iT increases, so does the size of the coupler sleeve. This 
changes the stiffness of the sleeve region and may affect the 

hinge length. Columns G-40-1 and G-40-2 have iT values of 
1 and 3 and were used to investigate the effect of this param-
eter on SPH length.

The work by Priestley and Park;24 Paulay and Priestley;25 
and Berry et al.26 suggested that PH length was also influ-
enced by strain penetration of the longitudinal bars into the 
footing; this is also referred to as bar or bond slip. They 
suggested that the deformation contribution from bond slip 
is dependent on bar diameter and bar yield strength. All four 
precast columns were used to investigate the effect of bar 
diameter on SPH length; these columns had footing dowel 
bar sizes of No. 9 (M No. 29) and No. 6 (M No. 19), and 
No. 5 (M No. 16).

Table 1—Column model test matrix

ID Type Scale AR L, in. L′, in.
Lsl, 
in. D, in.

Reinforcing 
ratios, % Spiral 

pitch, s, 
in.

Column section

iT

A-A B-B C-C

ρlong
* ρtrans

Bar 
size†

Cover c, 
in.

Sleeve 
size‡

Cover c, 
in.

Bar 
size§

C-40-1 CIP 0.42 4.0 80 NA NA 20 1.95 0.74 1.50 No. 7 1.75 NA

G-40-1 Precast 0.42 4.0 80 67.2 12.8 20 1.43 0.74 1.50 No. 6 1.75 No. 7 0.875 No. 7H 1

G-40-2 Precast 0.42 4.0 80 63.7 16.3 20 1.43 1.11 1.00 No. 6 1.75 No. 9 0.875 No. 9H 3

G-40-3 Precast 0.33 4.0 64 52.8 11.2 16 1.59 1.13 1.25 No. 5 1.63 No. 6 0.667 No. 6H 1

C-25-1 CIP 0.42 2.5 50 NA NA 20 1.43 0.50 2.25 No. 6 1.75 NA

G-25-1 Precast 0.42 2.5 50 38.8 11.2 20 1.00 0.50 2.25 No. 5 1.75 No. 6 0.875 No. 6H 1
*Denotes reinforcement ratio within column shaft.
†Normal-strength (NS) steel conforming to ASTM A615 Grade 60 ksi.
‡Cast iron sleeve conforming to ASTM A536.
§High-strength (HS) steel conforming to ASTM A1035 Grade 100 ksi; denoted by “H”.

Notes: AR is aspect ratio; L is column length; L′ is column effective length; Lsl is sleeve length; D is column diameter; ρlong is longitudinal reinforcing ratio; ρtrans is transverse 
reinforcing ratio; s is spiral transverse spacing; iT is transition splicing index; 1 in. = 25.4 mm, 1 ksi = 6.9 MPa.

Fig. 2—Design details of columns. (Note: 1 in. = 25.4 mm, 1 ksi = 6.9 MPa.)
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Column design procedures
Columns were designed to achieve a target plastic lateral 

load (G-40-1 and G-25-1) or a target displacement ductility 
(C-40-1, C-25-1, G-40-2, and G-40-3). Herein, displacement 
ductility is defined by Eq. (1), where Δy and Δp are the effec-
tive yield and plastic displacements of the column tip relative 
to the column base, respectively. This definition is consistent 
with that used by Caltrans Seismic Design Criteria (SDC)27 
and AASHTO.28 Each CIP model was designed to have a 
target displacement ductility capacity of µ ≈ 7.0, which was 
determined using the elasto-plastic analysis procedure and 
expected material properties outlined in Caltrans SDC.21 The 
plastic displacement Δp was defined up to the point when 
concrete crushing occurs. Each column had a design axial 
load of 0.08fc′Ag, where fc′ is the expected concrete compres-
sive strength and Ag is the column cross-sectional area.

Columns G-40-1 and G-25-1 were designed to achieve the 
same plastic lateral load capacity as their CIP counterparts 
(C-40-1 and C-25-1, respectively). The plastic lateral load 
capacity is defined as the plastic moment, which is deter-
mined from the elasto-plastic moment-curvature analysis 
procedure, divided by the column length. The column length 
is taken as L and L′ for CIP and precast columns, respec-
tively. These two precast columns were tested early in the 
experimental phase of this research, and prior to the develop-
ment of the simplified design method discussed in Haber 
et al.9 Thus, conventional DBD procedures using commonly 
accepted PH length expressions were not applicable to these 
two precast models. Because the displacement ductility for 
these precast columns was not initially calculated, the trans-
verse steel was detailed to be the same as the corresponding 
CIP models; this could be considered a pseudo-emulative 
design procedure.

Columns G-40-2 and G-40-3 were designed according 
to the simplified DBD procedure discussed in Haber et al.9 

Columns were designed using expected properties (as per 
Caltrans21) for a target ductility of µ ≈ 7.0. Key aspects of the 
design procedure are depicted in Fig. 3. Each of the displace-
ment components (Δy and Δp) in the ductility includes a 
contribution from the sleeve region (denoted by a subscript 
sl) and a contribution from the effective column shaft 
length (denoted by a prime), which are defined in Eq. (2) 
and Eq. (3). These displacement components can be deter-
mined using the moment-area method, which is commonly 
employed for DBD of conventional bridge columns.

The contribution from the sleeve region Lsl in both effec-
tive yield and plastic states can be calculated from Eq. (4) 
and Eq. (5). These equations assume curvature distribu-
tions are idealized using elastic and inelastic GS strain ratio 
parameters denoted by SRE and SRI, respectively. These 
parameters represent the ratio of strain developed over the 
splice to the strain developed in the NS steel bars, and can 
be determined using tensile testing; the paper by Haber 
et al.29 describes how these parameters can be determined 
experimentally. The curvatures y,A and p,A are the effec-
tive yield and plastic curvatures at Section A as determined 
from sectional analysis. The contribution from the effective 
column length L′ can be obtained from Eq. (6) and Eq. (7) 
for the effective yield and plastic states, respectively. The 
analytical PH length Lp was taken as 0.08L′, and the param-
eters SRE and SRI were determined by tensile testing of 
GS-splice bars. Further design details and assumptions are 
contained in Haber et al.9

 µ
∆

∆
=

+∆ y p

y

  (1)

 ∆ ∆ ∆y y y sl= ′ + ,   (2)

Fig. 3—Displacement ductility of GS precast column with SPH.
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 ∆ ∆ ∆p p p sl= ′ + ,   (3) 

 
 ∆ φy sl E y A sl slR L L L, , ( . )= −S 0 5   (4)

 ∆ φp sl I p A sl slSR L L L, , ( . )= − 0 5   (5)

 ′ = ′∆ φy y AL1

3

2

,   (6)

 ′ = ′ −∆ φp p A p pL L L, ( . )0 5  (7)

Materials
Column shafts and footings were cast using concrete with 

a specified 28-day strength of 4 ksi (28 MPa), a maximum 
coarse aggregate size of 0.375 in. (9.5 mm), and 6 in. 
(150 mm) slump. The footings and column shafts for the CIP 
and precast columns were cast separately. Prior to the instal-
lation of the precast column shafts, the footing dowels were 
cut to size and footing surfaces were pre-wetted to achieve a 
saturated surface-dry (SSD) condition. A 0.25 to 0.5 in. (6 to 
12.5 mm) thick layer of bedding grout was placed between 
the precast column shafts and the footings. Once the precast 
column shafts were placed, high-strength cementitious 
grout was injected into the sleeves using a hand pump; the 
GS system used in this study was proprietary, including the 
filler grout.

The day-of-test compressive strengths for concrete and 
grout are listed in Table 2. Compressive strength of concrete 

was tested according to ASTM C3930 using 4 x 8 in. (100 x 
200 mm) cylindrical specimens. The compressive strength 
of the filler grout was tested according to ASTM C3930 or 
ASTM C10931 using 2 x 4 in. (50 x 100 mm) grout cylinders 
or 2 x 2 x 2 in. (50 x 50 x 50 mm) grout cubes, respectively. 
The reported concrete and grout strengths represent the 
average of at least three samples. The measured reinforce-
ment properties are listed in Table 3, and were determined 
according to ASTM E8/E8M32 and ASTM A370/370M.33 
High-strength bars are denoted by “H”. The yield strength 
and strain for HS bars (footing dowels) and plain steel wire 
(transverse reinforcement) were determined using the 0.2% 
offset method.

Column loading protocol and instrumentation
Column models were tested in the structures laboratory 

at the University of Central Florida. Tests were conducted 
using the single cantilever test setup shown in Fig. 4. Lateral 
load was applied with a 110 kip (490 kN) servo-controlled 
hydraulic actuator. Lateral load and displacement were 
monitored using an on-board load cell and internal linear 
variable differential transformers (LVDTs), respectively. 
Each column was subjected to slow cyclic loading using a 
drift-based loading protocol applied in displacement control. 
Two full push and pull cycles were completed at drift levels 
of 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 8, and 10% or until failure. 
Load was applied at a rate of 1 in./min (25 mm/min) up to 
4% drift, and at a rate of 4 in./min (102 mm/min) thereafter.

A nominally constant axial load of 128 kip (570 kN) was 
applied to each column model, except the G-40-3 model 
with an axial load of 80 kip (356 kN), using a two-way 
acting hollow-core hydraulic jack and high-strength post-

Table 2—Measured compressive strength of concrete and grout on test days

Material

Column models

C-40-1 G-40-1 C-25-1 G-25-1 G-40-2 G-40-3

Footing concrete
28 days 4.98 4.98 4.98 4.98 4.27 4.27

Test day 9.49 9.46 9.43 9.37 4.60 4.89

Column shaft concrete
28 days 5.12 5.12 5.12 5.12 4.27 4.27

Test day 7.40 7.63 7.60 7.79 4.60 4.89

Sleeve grout
28 days — 15.85 — 14.70 14.50 13.20

Test day — 17.80 — 18.70 14.50 13.50

Notes: All units in ksi; 1 ksi = 6.9 MPa.

Table 3—Measured properties of steel reinforcing bars

Bar size Grade, ksi fy, ksi Es, ksi εy, in./in. fu, ksi εu
*, in./in.

No. 5 60 64.8 27,100 0.00240 106 0.123

No. 6 60 65.3 27,400 0.00239 107 0.115

No. 7 60 68.6 27,300 0.00251 104 0.117

No. 6H 100 126.0 28,700 0.00639 162 0.060

No. 7H 100 130.0 27,500 0.00673 178 0.053

No. 9H 100 128.0 28,400 0.00625 165 0.055

W4.5 — 98.5 31,800 0.00447 106 0.086
*Peak strain corresponding to peak stress.

Notes: 1 ksi = 6.9 MPa; 1 in. = 25.4 mm; “H” denotes high-strength bars.
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tensioning rod that passed through the center of each column. 
Fluctuations in axial load were controlled using a pressure 
relief value, and loads were monitored and recorded using an 
in-line pressure transducer. The maximum axial load over-
shoot was 5%, which occurred as the lateral actuator traveled 
to peak drift, and the maximum under-shoot was –15%, 
which occurred as the lateral actuator returned to zero drift.

Column models were instrumented with LVDTs to capture 
PH curvatures, shear deformations, and bond-slip rotations 
(Fig. 5). Columns were also instrumented with several layers 
of strain gauges installed on the longitudinal and transverse 
reinforcing bars. Column tip deformations were recorded 
using a series of three string potentiometers mounted on the 
column loading heads to capture displacement and rotation 
of the head.

TEST RESULTS
Damage progression

Before 2% drift, each column exhibited hairline flexural 
cracking. By the end of the 2% drift cycles, the existing 
flexural cracks widened, and inclined shear cracks began 
to form. Flexural cracks localized near the column-footing 
interface for the CIP columns because of longitudinal bar 
strain penetration into the footing and high tensile strain in 
the column longitudinal bars near the column base. Local-
ization of flexural cracks for precast columns occurred above 
the sleeve region, as expected, due to high tensile strains and 
strain penetration of the column bars into the GSs. Further-
more, precast column employed a small rubber cap on the 
top of each sleeve preventing column concrete from entering 
the sleeve during casting. This cap effectively debonds the Fig. 4—Test setup.

Fig. 5—Column deformation instrumentation. (Note: 1 in. = 25.4 mm.)
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longitudinal bars over a very short length, approximately 
2.5 in. (64 mm), resulting in larger concentrated rotations 
for a given applied load that increased the crack width.

At the 4% drift level (Fig. 6), minor spalling was observed 
at the base of C-40-1 and G-40-1 (Fig. 6(a) and (b)), while 
more extensive spalling and exposed transverse reinforce-
ment were observed for the other columns (Fig. 6(c) through 
(f)). For G-40-2, spalled concrete extended from the top third 
of the sleeve region to 5 in. (127 mm) above the sleeve region 
(Fig. 6(c)). For G-40-3, spalled concrete extending from the 
top half of the sleeve region to 6.5 in. (165 mm) above the 
sleeve region (Fig. 6(d)). Spalled concrete extended 9 in. 
(229 mm) above the footing surface (Fig. 6(e)) for C-25-1 
and 14 in. (356 mm) for G-25-1 (Fig. 6(f)). The increased 
spalling height in G-25-1 was expected due to the SPH 
mechanism.

At failure (Fig. 7), each column exhibited extensive 
spalling, fractured spirals, and buckled and/or fractured 
longitudinal bars. However, the primary failure locations 
and height over which damage occurred varied among the 
different columns. The primary failure regions and sleeve 
regions are denoted in (Fig. 7) by “*” and “**”, respectively. 
C-40-1 had spalled concrete within 12 in. (305 mm) from 
the footing surface and exhibited significant delamination of 
footing concrete due to strain penetration of longitudinal bars 
(Fig. 7(a)). The corresponding precast model, G-40-1, exhib-
ited a larger region of apparent damage (26 in. [660 mm] 
from the footing surface), which included minor spalling 

along the sleeve region and extensive damage directly above 
the sleeve region (Fig. 7(b)). Column G-40-2, which had a 
higher transition index and employed larger, stiffer coupler 
sleeve, exhibited minor damage within the sleeve region 
and concentrated damage directly above the sleeve region 
(Fig. 7(c)). The failure state of G-40-3 (similar geometric 
details to G-40-1 but smaller in scale and therefore had a 
lower moment gradient) is shown in Fig. 7(d). Failure of 
this column appears similar to that of G-40-1 (Fig. 7(b)), 
but with less damage within the sleeve region. Both columns 
with AR = 2.5 exhibited spalling and wide shear cracks. 
C-25-1 exhibited approximately 10 in. (254 mm) of exten-
sive spalling above the footing surface (Fig. 7(e)), while 
G-25-1 showed approximately 18 in. (457 mm) of spalled 
concrete (Fig. 7(f)). Other than failure location, the primary 
difference between these two columns was the maximum 
measured shear crack width; maximum shear crack widths 
within the critical section were 0.25 and 0.375 in. (6.5 and 
9.5 mm) C-25-1 and G-25-1, respectively. The wider shear 
cracks in G-25-1 were due to the presence of the sleeve 
region that stiffened the base of the column, shortening the 
effective cantilever length and increasing shear intensity. 
This increased shear intensity, as shown in Fig. 7(f), resulted 
in movement of the couplers.

Lastly, precast columns showed very little damage to the 
footings, which implies minimal strain penetration into the 
footing as a result of the enlarged HS bars. Strain penetration 
was clearly visible in the CIP columns, and it was more 

Fig. 6—Damage conditions at 4% drift—North side.
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extensive in C-40-1 (larger bar size that C-25-1) where 
concrete delamination occurred in the footing.

Lateral load response
The measured experimental hysteresis loops, elasto-plastic 

curves, and the push/pull ductilities for all columns are shown 
in Fig. 8, and a summary of key results are listed in Table 4. 
The design plastic shear and target displacement ductility 
for each column were recalculated using measured material 
properties (Table 2 and Table 3) after the tests; therefore, 
the values in Table 4 are slightly different than the target 
values used for design. For conventional columns, these 
responses were calculated using the methods described in 
Caltrans SDC27 and AASHTO.28 For precast columns, these 
responses were determined using Eq. (1) though Eq. (7); the 
table lists the parameters used for precast columns. It should 
be noted that G-40-1 and G-25-1 were not designed using 
the approximate DBD for columns with GS connections and 
SPH. However, it is important to quantify the applicability 
of this DBD method to these two columns. The experimental 
ductility µavg is the average of ductilities in the push and pull 
directions. The experimental plastic displacement for push 
and pull sides was defined by loss in lateral load capacity 
of 20% in the first cycle (for example, pull side of G-40-1 
column). If the loss was less than 20%, the plastic displace-

ment was taken at the point of the target achieved drift level 
(for example, push and pull sides of the C-40-1 column).

All columns exhibited stable hysteresis behavior with 
wide hysteresis loops. Recall that precast columns G-40-1 
and G-25-1 were designed to have the plastic shear capacity 
as corresponding CIP columns C-40-1 and C-25-1, respec-
tively. However, G-40-1 showed less lateral load capacity 
compared to C-40-1. This was a result of a slight construc-
tion error that caused G-40-1 to be constructed with 29% 
more cover concrete above the sleeve region. The change 
in cover led to less confined concrete area, shorter distance 
between the neutral axis and the tension steel, and slightly 
lower section capacity. Despite the differences in lateral load 
capacity, G-40-1 (µavg = 7.0) had an achieved displacement 
ductility that was only 10% lower than C-40-1 (µavg = 7.75) 
and an achieved average drift capacity that was 7% lower 
that C-40-1.

Columns C-25-1 and G-25-1, which had AR = 2.5, both 
achieved similar lateral load capacities. The precast column 
model, G-25-1, exhibited lower ductility (µavg = 5.6) than 
the CIP counterpart C-25-1 (µavg = 6.9). The 19% reduc-
tion in ductility is attributed to increased shear degrada-
tion that occurred within and just above the sleeve region 
in G-25-1. However, the reduction in average drift capacity 
was only 8% for the G-25-1 column. A higher reduction in 

Fig. 7—Damage conditions at failure—East and West sides
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displacement ductility was due to the higher yield displace-
ment of precast columns compared with the CIP reference 
columns. The stiffened sleeve region in G-25-1 caused the 
column to have a shorter effective AR that resulted in higher 
shear intensity and deformation compared with C-25-1. The 
hysteresis loops of G-25-1 exhibit noticeable degradation at 
high drift levels compared to C-25-1. This was caused by 
shear degradation of concrete from widening of the inclined 

shear cracks and reduced aggregate interlock along the 
crack faces.34

Columns G-40-2 and G-40-3 achieved displacement 
ductilities of µavg = 6.3 and µavg = 6.6 compared with 
design target ductilities of µ = 5.8 and µ = 6.14, respec-
tively. Similarly, the design target ductilities for G-40-1 and 
G-25-1 were lower than the experimental ductilities (refer 
to Table 4). This is promising and it indicates the simpli-

Fig. 8—Hysteresis behavior of column models.

Table 4—Summary of results

ID

Plastic shear Vp, kip Displacement ductility, µ Parameters used for calculations

Lp,calc, in.Exp.* Design† Exp. Design† Exp./Design SRE SRI Lp, in.

C-40-1 44.8 44.70 7.75 7.17‡ 1.08 —

G-40-1 37.0 41.75 7.00 5.96 1.18 1 0.54 0.08L′§ 0.1L′

C-25-1 60.6 58.80 6.90 7.85‡ 0.88 —

G-25-1 61.2 61.50 5.60 5.10 1.10 1 0.50 0.08L′§ 0.105L′

G-40-2 44.1 44.40 6.30 5.80 1.09 1 0.40 0.08L′§ 0.107L′

G-40-3 30.3 28.90 6.60 6.14 1.08 1 0.50 0.08L′§ 0.108L′
*Taken as average of positive and negative load-displacement envelopes.
†Calculated using measured material properties.
‡Calculated according to DBD procedures in AASHTO28 and Caltrans.27

§L′ measured in inches.
Notes: 1 kip = 4.448 kN; 1 in. = 25.4 mm.
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fied design approach is conservative. Lastly, the hysteresis 
behavior and displacement ductility showed that higher iT 
and low moment gradient did not have an impact on the 
hysteresis behavior of precast columns. On the other hand, 
low AR (high moment gradient) showed an effect on the 
load-displacement hysteresis behavior at high drift levels.

Energy dissipation
The dissipated energy is presented as an equivalent 

damping ratio ζeq. The damping ratio, Eq. (8), normalizes 
the energy dissipation with respect to the effective stiffness, 
allowing an effective comparison between specimens with 
different lateral capacities and geometric configurations. 
The variable ED denotes the energy dissipated by a single 
hysteresis loop, and Keff denotes the effective stiffness of the 

column. In Eq. (9), dmax and dmin are the maximum positive 
and negative column tip displacement for a given drift level, 
respectively, and Fmax and Fmin are the corresponding forces

 ζ
πeq

D

eff

E
K d

=
2 2

max

 (8)

 K
F F
d deff =

−
−

max min

max min

 (9)

Figure 9 presents ζeq for all six columns up to 6% drift. 
The data shown is based on the average of the two full cycles 
at each drift level. Up to 1% drift, ζeq is low, after which 
it begins to increase as the longitudinal steel yielding initi-
ates in each column. All six columns exhibited good energy 
dissipation capacity after the onset of yielding despite slight 
differences in damping at a given drift ratio. Moreover, the 
energy dissipation for the precast columns was comparable to 
the CIP columns. The selected design parameters of precast 
columns did not appear to influence the energy dissipation. 
The consistency of achieving comparable energy dissipation 
to CIP columns indicates limited bar slip from the sleeve at 
the critical section (above the sleeve region) and thus low 
chances of bar pullout failure modes of GS precast columns.

Plastic hinge deformation
Plastic hinge deformations were determined using the 

instrumentation configuration depicted in Fig. 5. Measure-
ments from these instruments were used to determine column 
tip displacements resulting from flexural displacement, shear 
deformation, and concentrated rotation due to bond slip of 
longitudinal bars; bond slip is caused by strain penetration of 
well-anchored bars. These individual displacement compo-

Fig. 9—Equivalent damping ratio for column models.

Fig. 10—Deformation components for all columns.
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nents of the six columns are shown in Fig. 10 for the first 
push cycles only, considered to be representative of other 
cycles up to drift levels where the data were reliable. The 
maximum error was approximately 12%, which occurred in 
G-40-1. The error was the difference between the measured 
lateral displacement at the top of the column and the sum of 
flexural, shear, and bond slip component contributions to the 
lateral displacement.

For C-40-1, bond slip rotation caused by strain penetra-
tion in the footing produced the highest contribution (40 to 
50%) to the overall displacement of the column; this level of 
displacement due to bond slip is not uncommon in conven-
tional reinforced concrete columns.35 This was followed by 
the flexural (35 to 45%) and shear components (5 to 10%) 
of deformation. Flexural deformations were spread rela-
tively uniform among gauge locations L1 to L4. Thus, the 
hinge behavior was typically of a well-detailed CIP column. 
The strain penetration in the corresponding precast column, 
G-40-1, still contributed significantly (24 to 30%) to the 
overall column displacement, but was much less than that 
observed in C-40-1 due to elastic behavior in HS footing 
dowels; this is shown in a subsequent section. The effective 
shift of the PH can be observed by examining the flexural 
deformations that occurred within gauge length L2; this 
gauge length contained the critical section above the sleeve 
region. Flexural deformations within the critical section 
include contributions from yielding of steel, strain penetra-
tion of column steel bars into the GSs, and longitudinal bar 
debonding by the rubber cap at the top of the sleeve. Lastly, 
it can be noted that the flexural deformation caused by rota-
tion near the midheight of the sleeve (L1) was small (5 to 
9%) compared with other components.

Similar to C-40-1, bond slip rotation caused by strain 
penetration in the footing produced the highest displacement 
contribution (40 to 53%) in C-25-1. This was followed by 
the flexural (30 to 40%) and shear components (9 to 13%) 
of deformation. For C-25-1, flexural deformations were 
concentrated within gauge lengths L1 and L2. The corre-
sponding precast column, G-25-1, exhibited displacement 
contribution trends like those of G-40-1, but with larger 
contributions from shear deformation. The displacement 
component due to shear deformation in G-25-1 was larger 
than that exhibited by any other model, but this was expected 
because the effective AR (L′/D) was reduced from 2.5 to 
1.94. The lower effective AR combined with low transverse 
reinforcing ratio led to more shear deformation.

The additional precast columns, G-40-2 and G-40-3, exhib-
ited trends similar to G-40-1. That is, sizable contributions 
to column tip displacement were observed from bond-slip 
rotation and flexure above the sleeve region. However, the 
bond-slip deformation component remained almost constant 
after 1% drift compared with other components (flexure and 
shear) while the overall deformation increased, which led to 
a decrease in the bond slip contribution percentage.

Strain measurements
Tensile strains measured from longitudinal reinforcing 

bars can provide insight into the spread of plasticity along 
a column shaft. The longitudinal tensile strain profiles for 

each column are shown in Fig. 11 up to a drift ratio where 
the measured data were reliable. Each plot identifies the 
footing surface location, the yield strain of reinforcing 
bars, and the sleeve region. As expected, the CIP columns 
(Fig. 11(a) and (b)) displayed well-distributed plasticity 
along the bottom length of the column shafts and spread of 
plasticity into the footings. For each of the precast columns, 
yielding of longitudinal bars developed in the target crit-
ical section above the sleeve region, propagating up the 
column shaft with increasing drift levels. This indicates that 
SPH was adequately achieved in each precast column. For 
each precast column, the longitudinal strains in HS footing 
dowels were below yield even at high drift levels, consistent 
with the design objective.

The primary difference among the column models was 
the length over which plasticity occurred within the column 
shaft. Along with other factors such as bond slip effects, the 
spread of plasticity is commonly used in developing analyt-
ical PH lengths Lp. Herein, lyield defines the length over which 
plasticity occurred within the column shafts, defined as the 
distance between the top of the sleeve region (or footing 
surface in the case of CIP columns) and the intersection of 
the strain profile (or its extension) with the yielding line. The 
length of lyield for each column is reported in Fig. 11. The 
length of lyield was 16% and 27% larger in the CIP columns 
(C-40-1 and C-25-1) than the corresponding precast models 
(G-40-1 and G-25-1), respectively. Columns G-40-2 and 
G-40-3 had approximately similar lyield as the G-40-1 
column. The design parameters did not seem to influence the 
spread of plasticity along the column or strain levels in the 
footings of precast columns.

Strain profiles were also used to compute the PH length, 
Lp,calc, of precast columns. Table 4 compares the calcu-
lated PH length, Lp,calc. As shown in Fig. 3, this represents 
the assumed region of lumped plasticity acting directly 
above the sleeve region—denoted by Lp in Fig. 3. Lp,calc 
was back-calculated using Eq. (1) through (7) with the SR 
parameters listed in Table 4. The yield and ultimate curva-
tures were obtained assuming a linear distribution of strain 
between the tensile and compressive strains at the critical 
section, at the yielding and maximum reliable measured 
drifts, respectively. This approach slightly differs from 
previous approaches used by other researchers. For example, 
Priestley and Park24 calculated PH length using curvature 
and column tip displacement data along with an assumed 
curvature distribution along the column; Bae and Bayrak20 
used spread of yielding as measured by compressive rein-
forcement strains to determine PH length. Lp,calc was found 
to be approximately 0.1L′ for all precast columns, which was 
slightly larger than the 0.08L′ adopted by Haber et al.9 Thus, 
the simplified DBD approach for columns with GS connec-
tions and SPH is conservative, which is a positive outcome 
for design.

DESIGN RECOMMENDATIONS
Based on the results presented in this paper, some simple 

design recommendations are made herein; refined design 
recommendations would require extensive analytical 
research and were not within the scope of this paper.
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• The proper selection of SR values is a key parameter in 
the DBD method for GS columns; SRE can be taken as 
1.0 and SRI should not be taken greater than 0.5. These 
parameters should be determined experimentally using 
the GS system of interest prior to design of precast 
columns with GC connections and SPH.

• The simplified approach (flexural-based method) can 
also be used for flexural-shear columns with shear 
deformation contribution up to 20% of the total column 
deformation. The effect of shear deformation in the 
ductility equation (Eq. (1)) was checked by adding an 
elastic shear term to the denominator (displacement at 
yield) and cracked shear term to the numerator (ultimate 

displacement). The shear deformation terms were 
obtained using the shear stiffness approach developed 
by Park and Paulay.36 Including shear deformations into 
the simplified approach led to only a 1.3% change in the 
ductility calculation. Therefore, shear deformation can 
be neglected in the design of precast columns with GS 
connections and SPH for aspect ratios ≥ 2.5.

• The design shear strength of concrete within the PH 
region is a function of lateral confining steel and the 
displacement ductility demand. Caltrans SDC27 and 
AASHTO28 require enhanced lateral confinement in the 
PH region. The length over which lateral enhancement 
should be provided should be taken as the sleeve region 

Fig. 11—Measured longitudinal reinforcing bar strain profiles.
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length plus either 1.5 times the cross-sectional dimen-
sion in the direction of bending or the length where the 
moment demand exceeds 75% of the maximum plastic 
moment at Section A in Fig. 3, 0.75Mp,A; whichever 
is greater.9

• For SPH design, the analytical plastic hinge length 
above the sleeve, 0.08L′, was found to be conservative. 
Results indicated that an analytical plastic hinge length 
above the sleeve of 0.1L′ would be acceptable; this 
would produce more ductility capacity.

CONCLUSIONS
A total of six large-scale bridge column models were 

designed and tested under quasi-static cyclic loading. Four 
precast column models were designed using two different 
procedures: a pseudo-emulative approach and an approxi-
mate DBD approach for GS connections using SPH. Two 
companion CIP columns were also tested to provide compar-
ative data on conventional column behavior. The objective 
was to quantify the effect of column aspect ratio, moment 
gradient, and splicing details on the behavior of precast 
bridge columns with GS connections and SPH. The paper 
also aimed to provide further validation to a previously 
purposed DBD approach for columns with GS connections 
and SPH.

Test results indicated that each precast column achieved 
the desired design objectives. That is, plastic hinging 
formed above the sleeve region, longitudinal footing dowels 
remained elastic to minimize footing damage, and each 
column exhibited good ductility. The precast columns exhib-
ited stable hysteresis behavior and comparable energy dissi-
pation relative to CIP connections. Strain distributions along 
the column height and visual damage progression confirmed 
that SPH occurred above the coupler region as expected.

Results showed that a higher transition index did not affect 
SPH length or column behavior significantly. However, it 
did minimize the damage in the sleeve region compared with 
other precast columns due to a larger, stiffer GS. Further-
more, low moment gradient did not appear to influence SPH. 
On the other hand, low AR (high moment gradient) showed 
considerable influence on SPH behavior of precast columns. 
After 4% drift, shear degradation became apparent in hyster-
esis behavior of G-25-1 compared with the corresponding 
CIP column, which resulted in a significant reduction in 
ductility. Shear degradation caused significant damage in 
the sleeve region compared to damage observed in flexure- 
dominant columns where the sleeve region only exhibited 
minor spalling. These effects were caused by low effective 
cantilever length that increased shear intensity above the 
sleeve region. These effects could be, in part, mitigated with 
higher levels of transverse reinforcement that would delay 
the shear degradation to higher ductility levels. Results also 
demonstrated that bar size did not influence the contribution 
of the strain penetration into the footing to the total lateral 
column displacement; similar contributions were detected 
for all precast columns.

Results showed that the previously proposed DBD 
approach for columns with GS connections and SPH was 

applicable to a broader set of design parameters. Compari-
sons between experimental and design target ductility indi-
cated that the approximate DBD approach is conservative 
assuming proper selection of SR values.

AUTHOR BIOS
ACI member Haider M. Al-Jelawy is a Postdoctoral Researcher at the 
University of Central Florida, Orlando, FL. He received his BSc in civil 
engineering from the University of Al-Qadisiyah, Al-Diwaniyah, Iraq, and 
his MS and PhD in civil engineering from the University of Central Florida. 
His research interests include large-scale testing, bridge engineering, and 
advanced materials and composites in civil engineering.

ACI member Kevin R. Mackie is an Associate Professor at the University 
of Central Florida in the area of structural engineering. He received his 
MS and PhD from the University of California, Berkeley, Berkeley, CA. He 
is Chair of ACI Committee 341, Earthquake-Resistant Concrete Bridges. 
His research interests include performance-based engineering, advanced 
materials and composites for bridges, and engineering under uncertainty.

ACI member Zachary B. Haber is a Research Structural Engineer with 
the Federal Highway Administration at the Turner-Fairbank Highway 
Research Center in McLean, VA. He received his BS and MS in civil engi-
neering from the University of Central Florida and received his PhD in 
civil engineering from the University of Nevada, Reno, Reno, NV. His 
research interests include large-scale testing, advanced materials in civil 
engineering, and bridge engineering.

ACKNOWLEDGMENTS
The authors would like to acknowledge Splice Sleeve Japan and North 

America for funding this research. The authors are also grateful for the 
assistance of MMFX Steel Corporation for donation of MMFX bars that 
were used in the testing.

REFERENCES
1. Restrepo, J., and Tobolski, M., and Matsumoto, “Development of a 

Precast Bent Cap System for Seismic Regions,” NCHRP Report 12-74, 
Transportaion Research Board, Washingon, DC, 2011, 116 pp.

2. Haraldsson, O.; Janes, T.; Eberhard, M.; and Stanton, J., “Seismic 
Resistance of Socket Connection between Footing and Precast Column,” 
Journal of Bridge Engineering, ASCE, V. 18, No. 9, 2013, pp. 910-919. doi: 
10.1061/(ASCE)BE.1943-5592.0000413

3. Haber, Z. B.; Saiidi, M.; and Sanders, D. H., “Seismic Performance 
of Precast Columns with Mechanically Spliced Column-footing Connec-
tions,” ACI Structural Journal, V. 111, No. 3, May-June 2014, pp. 639-650. 
doi: 10.14359/51686624

4. Tazarv, M., “Next Generation of Bridge Columns for Accelerated 
Bridge Construction in High Seismic Zones,” PhD thesis, University of 
Nevada, Reno, Reno, NV, 2014, 400 pp.

5. Tazarv, M., and Saiidi, M., “Low-Damage Precast Columns for 
Accelerated Bridge Construction in High Seismic Zones,” Journal of 
Bridge Engineering, ASCE, V. 21, No. 3, 2015. doi: 10.1061/(ASCE)
BE.1943-5592.0000806

6. Ameli, M.; Parks, J. E.; Brown, D. N.; and Pantelides, C. P., “Seismic 
Evaluation of Grouted Splice Sleeve Connections for Reinforced Precast 
Concrete Column-to-Cap Beam Joints in Accelerated Bridge Construc-
tion,” PCI Journal, V. 60, No. 2, 2015, pp. 80-103. doi: 10.15554/
pcij.03012015.80.103

7. Mehrsoroush, A., and Saiidi, M., “Cyclic Response of Precast Bridge 
Piers with Novel Column-Base Pipe Pins and Pocket Cap Beam Connec-
tions,” Journal of Bridge Engineering, ASCE, V. 21, No. 4, 2016. doi: 
10.1061/(ASCE)BE.1943-5592.0000833

8. Ameli, M.; Brown, D. N.; Parks, J. E.; and Pantelides, C. P., “Seismic 
Column-to-Footing Connections Using Grouted Splice Sleeves,” ACI 
Structural Journal, V. 113, No. 5, Sept.-Oct. 2016, pp. 1012-1030. doi: 
10.14359/51688755

9. Haber, Z. B.; Mackie, K. R.; and Al-Jelawy, H. M., “Testing and 
Analysis of Precast Columns with Grouted Sleeve Connections and Shifted 
Plastic Hinging,” Journal of Bridge Engineering, ASCE, V. 22, No. 10, 
2017, p. 04017078. doi: 10.1061/(ASCE)BE.1943-5592.0001105

10. Galunic, B.; Bertero, V. V.; and Popov, E. P., “An Approach for 
Improving Seismic Behavior of Reinforced Concrete Interior Joints,” 
Report No. NSF/RA-770799, Earthquake Engineering Research Center, 
College of Engineering, University of California, Berkeley, Berkeley, CA, 
1977, 122 pp.



1114 ACI Structural Journal/July 2018

11. Abdel-Fattah, B., and Wight, J., “Study of Moving Beam Plastic 
Hinging Zones for Earthquake-Resistant Design of Reinforced Concrete 
Buildings,” ACI Structural Journal, V. 84, No. 1, Jan.-Feb. 1987, pp. 31-39.

12. Lehman, D.; Gookin, S.; Nacamuli, A.; and Moehle, J., “Repair of 
Earthquake-Damaged Bridge Columns,” ACI Structural Journal, V. 98, 
No. 2, Mar.-Apr. 2001, pp. 233-242.

13. Rutledge, S.; Kowalsky, M.; Seracino, R.; and Nau, J., “Repair of 
Reinforced Concrete Bridge Columns Containing Buckled and Fractured 
Reinforcement by Plastic Hinge Relocation,” Journal of Bridge Engineering, 
ASCE, V. 19, No. 8, 2013. doi: 10.1061/(ASCE)BE.1943-5592.0000492

14. Parks, J. E.; Brown, D. N.; Ameli, M.; and Pantelides, C. P., “Seismic 
Repair of Severely Damaged Precast Reinforced Concrete Bridge Columns 
Connected with Grouted Splice Sleeves,” ACI Structural Journal, V. 113, 
No. 3, May-June 2016, pp. 615-626. doi: 10.14359/51688756

15. Baker, A. L. L., “The Ultimate Load Theory Applied to the Design 
of Reinforced & Prestressed Concrete Frames,” Concrete Publ. Lmd, 1956.

16. Mattock, A. H., “Rotational Capacity of Hinging Regions in Rein-
forced Concrete Beams,” Flexural Mechanics of Reinforced Concrete, 
SP-12, American concrete Institute, Farmington Hills, MI, 1965, 
pp. 143-181.

17. Corley, W. G., “Rotational Capacity of Reinforced Concrete Beams,” 
Journal of the Structural Division, ASCE, V. 92, No. 5, 1966, pp. 121-146.

18. Sakai, K., and Sheikh, S., “What Do We Know about Confinement in 
Reinforced Concrete Columns? (A Critical Review of Previous Work and 
Code Provisions),” ACI Structural Journal, V. 86, No. 2, Mar.-Apr. 1989, 
pp. 192-207.

19. Mendis, P., “Plastic Hinge Lengths of Normal and High-Strength 
Concrete in Flexure,” Advances in Structural Engineering, V. 4, No. 4, 
2002, pp. 189-195. doi: 10.1260/136943301320896651

20. Bae, S., and Bayrak, O., “Plastic Hinge Length of Reinforced 
Concrete Columns,” ACI Structural Journal, V. 105, No. 3, May-June 2008, 
pp. 290-300.

21. Zhao, X. M.; Wu, Y. F.; and Leung, A. Y., “Analyses of Plastic 
Hinge Regions in Reinforced Concrete Beams under Monotonic Loading,” 
Engineering Structures, V. 34, 2012, pp. 466-482. doi: 10.1016/j.
engstruct.2011.10.016

22. Mortezaei, A., and Ronagh, H. R., “Plastic Hinge Length of Rein-
forced Concrete Columns Subjected to Both Far-Fault and Near-Fault 
Ground Motions Having Forward Directivity,” Structural Design of Tall 
and Special Buildings, V. 22, No. 12, 2013, pp. 903-926. doi: 10.1002/
tal.729

23. Yuan, F., and Wu, Y. F., “Effect of Load Cycling on Plastic Hinge 
Length in RC Columns,” Engineering Structures, V. 147, 2017, pp. 90-102. 
doi: 10.1016/j.engstruct.2017.05.046

24. Priestley, M., and Park, R., “Strength and Ductility of Concrete 
Bridge Columns under Seismic Loading,” ACI Structural Journal, V. 84, 
No. 1, Jan.-Feb. 1987, pp. 61-76.

25. Paulay, T., and Priestley, M. N., Seismic Design of Reinforced 
Concrete and Masonry Buildings, John Wiley & Sons, Inc., New York, 
1992, 764 pp.

26. Berry, M. P.; Lehman, D. E.; and Lowes, L. N., “Lumped-Plasticity 
Models for Performance Simulation of Bridge Columns,” ACI Structural 
Journal, V. 105, No. 3, May-June 2008, pp. 270-279.

27. California Department of Transportation, “Seismic Design Criteria 
(SDC) Version 1.7,” Division of Engineering Services, Sacramento, CA, 
Apr. 2013, 180 pp.

28. American Association of State Highway and Transportation Officials 
(AASHTO), “AASHTO Guide Specifications for LRFD Seismic Bridge 
Design,” Washington, DC, 2011, 249 pp.

29. Haber, Z. B.; Saiidi, M.; and Sanders, D. H., “Behavior and Simplified 
Modeling of Mechanical Reinforcing Bar Splices,” ACI Structural Journal, 
V. 112, No. 2, Mar.-Apr. 2015, pp. 179-188. doi: 10.14359/51687455

30. ASTM C39/C39M-15a, “Standard Test Method for Compressive 
Strength of Cylindrical Concrete Specimens,” ASTM International, West 
Conshohocken, PA, 2015, 7 pp.

31. ASTM C109/C109M-08, “Standard Test Method for Compressive 
Strength of Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Spec-
imens),” ASTM International, West Conshohocken, PA, 2008, 9 pp.

32. ASTM E8/E8M-15b, “Standard Test Methods for Tension Testing of 
Metallic Materials,” ASTM International, West Conshohocken, PA, 2015, 
29 pp.

33. ASTM A370/A370M-10, “Standard Test Methods and Definitions 
for Mechanical Testing of Steel Products,” ASTM International, West 
Conshohocken, PA, 2010, 47 pp.

34. Biskinis, D.; Roupakias, G.; and Fardis, M., “Degradation of Shear 
Strength of Reinforced Concrete Members with Inelastic Cyclic Displace-
ments,” ACI Structural Journal, V. 101, No. 6, Nov.-Dec. 2004, pp. 773-783.

35. Lehman, D. E., “Seismic Performance of Well-confined Concrete 
Bridge Columns,” PhD dissertation, University of California, Berkeley, 
Berkeley, CA, 2000, 316 pp.

36. Park, R., and Paulay, T., Reinforced Concrete Structures, John 
Wiley & Sons, Inc., New York, 1975, 783 pp.


