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Abstract 

It is widely known that the precast segment method facilitates quality control and reduces the costs as well as the 
construction period. The method, however, has limited applicability since it causes structurally unstable behaviors 
due to stress concentration in the joints. Against this backdrop, this paper suggested precast segment joints for the 
improved structural performance and experimentally evaluated the structural performance of the proposed joints in 
terms of crack pattern, mode of failure, strain, maximum load and displacement ductility. In order to improve con-
structability as well as structural performance, this paper suggests joints combined with shear key, post tension and 
steel rod and conducts static load tests. The test results showed that, in terms of maximum load capacity, the resist-
ance of a girder where shear key and post tension are applied to joint details stood at around 86.4% of a monolithic 
girder’s and demonstrated better ductility behaviors than the monolithic girder.
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1 Introduction
The precast segmental construction has been widely used 
in bridge construction due to many advantages such as 
excellent durability, low life-cycle costs, and quality con-
trol since the late 1960s. The precast concrete segment 
(PCS) method is widely applied to building structures 
now as it ensures the high quality and reduces the con-
struction period by minimizing on-site placement work 
(Wium and Buyukozturk 1984). However, the joints of 
the spliced girders represent locations of discontinuity 
through which compression and shear forces are trans-
mitted. The stiffness of the joint can be weaker than those 
of monolithic girders (Wium and Buyukozturk 1984; 
Zhou et al. 2005). Nevertheless, there is little information 
not only on the behaviors and design methods of PCS-
applied structures but also the joints between segments 
that play a significant role in these PCS-applied struc-
tures (Zhou et al. 2005).

Finding it crucial to apply the shear key which ensures 
high shear resistance and ductility due to transversal 
interlocking, Zhou et al. (2005) conducted tests with the 
number of shear keys and the use of epoxy coating on the 
joint surfaces as variables to analyze effects of individual 
variables and propose a formula for calculating the shear 
strength of shear key. Buyukozturk et al. (1990) also con-
sidered segment joints as the most important element 
throughout design and construction, and evaluated the 
shear strength and deformation of joints through tests 
on the use of shear key and epoxy and the level of pre-
stressing as variables. Miller et al. (1999) performed tests 
considering the location of shear key and grouting mate-
rial as variables that can control the crack of shear key.

Tadros et al. (1993) suggested two new methods of con-
nection: one is by using jacking bracket and mechanical 
splice in pre-tensioned/post-tensioned precast concrete 
system to connect spliced girder; the other is by apply-
ing spacer strut and jacking bracket. It showed that the 
suggested one has more improved than the existing con-
nection in the aspect of seismic resistance and structural 
integrity. Saleh et al. (1995) suggested methods: connect-
ing precast concrete girder using high strength threaded 
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rod splicing and one using pre-tensioned strand splicing. 
The suggested method showed that structure and eco-
nomical efficiency has been better than the previous one.

Despite the PCS method has been widely applied to 
various construction fields, previous studies have been 
mainly about the application of conventional joint details 
to evaluate the local or global behaviors of structures or 
the characteristics of grouting materials, with relatively 
little research focused on developing enhanced joint 
details that can improve their structural performance.

In this paper, various types of PCS joint details to 
develop joint details to improve the structural perfor-
mance were proposed and tested to evaluate the struc-
tural behaviors of these joint details in terms of patterns 
of crack and failure, maximum load resistance capacity 
and ductility.

2  Experimental Program
In order to evaluate the structural performance of the 
proposed PCS-based joints, five specimens were manu-
factured by applying the combination of post tension, 
steel rod and shear key. For the comparative purpose, 
a monolithic girder was also manufactured. The com-
binations of the applied joint details were presented in 
Table 1.

2.1  Specimens
Hollow sections with the external cross section 
of 750  mm × 750  mm and the internal section of 
350 mm × 350 mm were applied to the specimens. All the 
specimens except the monolithic specimen were manu-
factured by splicing two segments with the length of 
1,650 mm as presented in Fig. 1. Unlike the conventional 
cast-in-place method that extends rebars from each seg-
ment when splicing two segments and places concrete 
into the joints in construction sites to attach specimens, 
rebars were connected using high strength non-shrink-
age mortar charging-type splice sleeves for ease of con-
struction and the integrity of rebar splices in this study. 
The details of splice sleeve are shown in Fig.  2. Since it 
has recently been reported that multiple unreinforced 

concrete shear keys enhance the structural performance 
of joints by better interlocking than single reinforced 
shear key (Buyukozturk et  al. 1990), the multiple unre-
inforced shear keys were applied to three specimens as 
illustrated in Fig. 3. Also, Hanna et al. (2007) conducted 
test and show a full-depth shear key improve a moment-
resisting connection (Hanna et al. 2007).  

To improve splicing performance, post tensioning 
method was used for specimens, SGSP and SGP, and 
steel rods were used for specimen, SGSS. The details of 
each specimen are presented in Fig. 4. The manufactur-
ing process of specimens is illustrated in Fig.  5. Epoxy 
was applied to the joint surfaces of the specimens with 
thickness of 2  mm after the removal of the forms. The 
rebars of these segments were inserted into one side of 
splice sleeve, and non-shrinkage mortar was injected into 
splice sleeve holes for the first joints. Then, steel rod or 
post tensioning was applied to create the second joints 
depending on which splicing method was used. As for 
post tensioning specimens, jacking force of 128.5  kN 
was applied. As shown Fig. 6, in the case of a steel rod-
applied specimen, the hole was set up in the segment in 
advance to insert steel rod and to fasten the bolt of steel 
rod before concrete placing. After inserting steel rod into 
segment which exposed steel bar, steel bar was put into 
spliced sleeve; steel rod was inserted in the hole on the 
other side to set up steel rod then it was assembled with 
the other segment. Later, bolts were fastened in both 
ends of steel rods then non-shrinkage mortar was placed 
in the space which previously had been set up for fasten-
ing the bolts.  

2.2  Materials
The 28-day compressive strength of concrete of the spec-
imens was evaluated from a standard cylinder test. The 
average concrete compressive strength was 45.2  MPa. 

Table 1 Test variables.

Specimen Joint type

MG Monolithic girder

SGSP Splice girder + shear key + post-tension

SGP Splice girder + post-tension

SGSS Splice girder + shear key + steel rod

SGS Splice girder + shear key

SG Splice girder

Fig. 1 Configuration of segment-to-segment joint.
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The sizes of rebars used for longitudinal reinforcements 
and stirrups are 25 and 10  mm, respectively, and their 
tensile strength is 400  MPa. The diameter of steel rods 
was 28  mm with tensile strength of 400  MPa. Material 
properties of steel strands and splice sleeves used for the 

test are summarized in Tables 2 and 3, respectively. Also, 
the properties of the steel rods are presented in Table 4.

2.3  Test Setup
To assess the structural performance of the proposed 
joints, the specimens were the simply supported and 
loaded as shown in Fig.  7a. Linear variable differen-
tial transformers (LVDTs) were placed on a half span to 
measure vertical displacements. During the fabrication of 
the specimen, strain gauges were attached at the center of 
top and bottom bars as shown in Fig. 7b.

3  Test Results
3.1  Crack and Failure Modes
Figure  8 shows cracks at 80% of the maximum load for 
the test specimens; a thick continuous line exhibits joint 
separation mode. Initial flexural cracks occurred at mid-
span in all specimens. As load increased, the crack pat-
terns were various depending on the joint details. For 
MG specimen, the initial flexural cracks were propagated 
into the compression zone and shear cracks occurred 
as the loading increased as shown Fig.  8a. Openings of 

Fig. 2 Splice sleeve.

Fig. 3 Details of shear keys.
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Fig. 4 Details of specimens.
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SG and SGS specimen occurred after the initial flexural 
cracks as shown in Fig. 8b, c. For SGS specimen, cracks 
occurred at the midspan were developed up to the top 
fiber of the specimen as the loading increased.

Also, opening of SGP specimen occurred after the ini-
tial flexural cracks occurred as the loading increased. Its 
crack patterns were similar to SG specimen as shown in 
Fig.  8d. SGSP and SGSS specimens showed the similar 

crack patterns to that of MG specimen. For SGSP speci-
men, the initial flexural cracks were propagated into the 
compression zone and these cracks were extended to the 
upper shear key of the joint as shown in Fig. 8e. Severe 
spallings occurred in SGSS specimen as cracks were 
developed. And the cracks occurred at the shear key root 
at the bottom were propagated to upper shear key as 
shown in Fig. 8f. In SGSP and SGSS specimens, flexural 

Fig. 5 Specimen manufacturing process.
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and diagonal cracks were developed similar to those of 
MG specimen. This shows that two spliced segments 
experienced even distribution of stress and made the 
similar behaviors to the monolithic girder as the integrity 
of joint was achieved. SG and SGS specimens failed at 
relatively lower loads than the other specimen because of 
rapid joint openings, thus they experienced fewer cracks. 
Except MG specimen, all the others experienced joint 
opening and ultimate failure. At the load of 401.4 kN, ini-
tial flexural cracks occurred in the bottom center of MG 
specimen. Then the specimen failed due to the flexural 
shear cracks at the maximum load of 884.8 kN. The fail-
ure mode is presented in Fig.  9a. SGSP specimen expe-
rienced a temporary loss of load due to joint opening at 
320.6 kN, but the loading was kept increased on a stable 
basis afterwards. Cracks were developed in the shear 
keys at the load of 683.1 kN, and the load kept fluctuat-
ing—even after reaching the maximum load—without 
undergoing a sharp decrease. Then the load declined 
gradually as the opening of joints increased as shown 
in Fig.  9b. After bottom bar slips occurred in SGSS 
specimen, a number of cracks were developed than the 
other specimens, and spallings took place as the width 

Fig. 6 Specimen manufacturing process of SGSS specimen.

Table 2 Material properties of strands.

Type Diameter 
(mm)

Area  (mm2) Unit weight 
(kg/km)

Elongation 
(%)

SWPC7B 12.7 98.7 774 3.5

Table 3 Material properties of splice sleeves.

Type Yield 
strength 
(MPa)

Tensile 
strength 
(MPa)

Modulus 
of elasticity 
(GPa)

Elongation 
(%)

GCD50 414 562.1 166.8 16.0

Table 4 Material properties of steel rods.

Type Diameter 
(mm)

Area  (mm2) Yield strength 
(MPa)

Tensile 
strength (MPa)

SS400 28 615.8 250 400
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of these cracks grew. Then it reached the maximum 
load of 581.6 kN where compression failure of concrete 
occurred.

As shown in Fig. 9c, cracks occurred in the shear keys 
in SGP specimen, and joint opening occurred at the load 
of 302.2 kN. Then, as the opening of joints became wider 
at 504.6  kN, the friction between the steel strand and 

concrete generated noise, which was followed by anchor-
age failure and strand rupture (Fig. 9d).

The load of the specimen declined as joint opening 
became gradually wider as shown in Fig. 9e. The load of 
SGS specimen declined after bottom bar slips occurred 
at the initial stage of loading and then recovered, but it 
started to drop again when vertical cracks were generated 
in the shear keys. In the case of SG specimen, cracks were 
found in the epoxy-bonded area at the load of 192.4 kN. 
Then bottom bar slips took place at 220.2 kN, initiating 
joint opening; as the bottom bar slips increased at the 
load of 290.3 kN, the specimen’s load diminished sharply 
compared to SGS specimen.

3.2  Strain and Load–Displacement Relations
As shown in Fig. 10a, the bars strain of SGSP specimen 
increased dramatically at a lower level of load compared 
to MG specimen. This is because segmental specimens 
experience stress concentration compared to the mono-
lithic girder throughout which stress is evenly distrib-
uted. In Fig.  10b, the strain of reinforcements in SGSP 
specimen was similar to that of MG specimen, while 
reinforcements in SGS specimen showed a low strain, as 
joint failures took place before applied load was evenly 
distributed throughout the specimen. In other words, 
the joint details of SGSP specimen outperform SGS 
specimen’s in terms of integrity due to post tension-
ing. The test results are summarized in Table  5 and the 
load–displacement relations of individual specimens are 
presented in Fig. 11. The five segmental joint specimens 
showed similar behaviors with MG specimen until the 

Fig. 7 Test setup for specimen.

Fig. 8 Crack patterns.

(See figure on next page.)
Fig. 9 Failure modes.
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slips of bottom bars; their levels of initial stiffness were 
also similar to MG specimen’s. Except for MG specimen, 
others experienced a temporary drop in loads when the 
bottom bar slip occurred, and their loads bounced back 
to reach the maximum loads.

As shown in Fig.  11 and Table  5, in terms of the 
effect of shear key, SGS specimen had about 89  kN 
larger load resistant capacity than SG specimen which 
had no shear key but the other figurations were the 
same as SGS. Also, SGSP specimen had approximately 
103 kN larger load resistance than SGP specimen. This 
is because that the shear key plays a role of mechani-
cal interlock. In terms of the effect of post-tension-
ing, the maximum load of SGSP specimen showed 

approximately twice of that of SGS specimen which 
had the same joint details as SGSP but the post-ten-
sioning because the post-tensioning improved the load 
transfer between the segments as well as the integrity 
of the segments. Comparing with the specimen SGSS, 
SGSP specimen had about 178 kN larger the maximum 
load. Though both the post-tensioning and the steel 
rods improved the integrity of the segments, the post-
tensioning applied specimen showed the larger load 
resistance capacity because wider cracks and severe 
spallings of concrete occurred to the specimen SGSS 
and its effective sectional area was being reduced dra-
matically in consequence.

3.3  Evaluation of Displacement Ductility and Maximum 
Load Resistance Capacity

In order to evaluate the ductility performance of the 
drop as ultimate displacement. As for SGP specimen, 
specimens with the various joint details, the displace-
ment ductility index (μ), the ratio of ultimate displace-
ment (Δmax) to yield displacement (Δyield) was used in 
the paper. As it is difficult to estimate the accurate yield 
displacement (Δyield) in load–displacement relations, 
this study adopted the method suggested by Sheikh as 
shown in Fig. 12. Sheikh and Khoury (1997) defined the 
displacement when specimen reaches the maximum 
load while maintaining initial stiffness as yield displace-
ment and the displacement at 80% of the maximum 
loads after the load begins to however, the displacement 
when the steel strand failed was used in calculating the 
displacement ductility since it was not possible to obtain 
the data from the maximum load to 80% of that load due 
to strand breakage and anchorage failure. The displace-
ment ductility indexes of the specimens were presented 
in Fig. 13. Comparing with MG specimen, SGSP and SGP 
specimen showed approximately 1.6 and 1.3 times higher 
ductility indexes, respectively. Also, the displacement 
ductility indexes of post tension-applied SGP and SGSP 

Fig. 10 Bar strains.

Table 5 Test results.

Specimen Pmax (kN) δ (mm) Δmax/Δyield

MG 879.6 30.86 2.19

SGSP 760.1 22.5 3.52

SGP 646.7 30.15 2.91

SGSS 581.6 18 2.06

SGS 380 11.3 1.92

SG 290.7 7.12 1.38

Fig. 11 Load versus displacement.
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specimens are around 1.4 times and 1.7 times higher than 
the SGSS specimen’s. Shear key-applied SGS specimen 
showed approximately 1.4 times higher index than SG 
specimen and the displacement ductility index of a shear 
key-applied SGSP specimen is around 1.2 times higher 
than that of an SGP specimen. SGSP specimen to which 
both post-tensioning and shear key were applied showed 
the highest ductility index of 3.52. The use of post tension 
and shear key, therefore, is believed to play an integral 
role in improving the ductility behaviors of joints. 

Figure  14 summarizes the resistance levels of individ-
ual spliced girders with various joint details by the ratio 
of the maximum load to that of the monolithic girder. 
The maximum loads of SGSP and SGP specimens stand 
at 86.4% and 75.3% of MG specimen’s, respectively. This 
indicates that the behaviors and load resistant capacities 
of the two specimens are comparable to that of a mono-
lithic girder, ensuring the integrity of joints. SG and SGS 
specimens spliced only with splice sleeve, on the other 
hand, fell short of MG specimen’s maximum load.

4  Summary and Conclusions
In this paper, five spliced girders with various joint 
details were tested to evaluate the structural perfor-
mance in terms of the integrity and the ductility. For 
the comparison, one monolithic girder was manufac-
tured. The following conclusions are drawn based on 
the test results obtained:

1. The test results on SG specimen showed that spliced 
precast box girder with splice sleeve and epoxy only 
had insufficient structural capacity in terms of maxi-
mum load and displacement ductility.

2. In the case of SGSP specimens to which shear key 
and post tension are applied, their loads kept fluc-
tuating without any dramatic decline in loads after 
reaching the maximum load. Also, it showed the 
most excellent structural performance in terms of the 
displacement ductility index and the maximum load 
capacity among the spliced specimens.

3. As for SGSS specimen spliced with steel rods, con-
structability would likely be high upon on-site appli-
cation because its assembling process was relatively 
simpler than the other joints tested in this paper. 
The test results presented, however, that cracks 
became wider and severe spalling took place as loads 
increased comparing with the other specimens.

4. Among the joints tested in this paper, the load resist-
ance capacity of shear key- and post tension-applied 
SGSP joints was around 86.4% of the monolithic 
girder, and it showed better ductility behavior than 
the monolithic girder.
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Fig. 12 Displacement ductility.

Fig. 13 Comparison of displacement ductility for the specimen.

Fig. 14 Comparison of the maximum loads.
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