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Abstract. The use of high-strength concrete (HSC) in precast concrete segmental bridges (PCSBs) can minimize
the superstructure geometry and reduce beam weight, which can accelerate the construction speed. Dry joints
between the segments in PCSBs introduce discontinuity and require special attention in design and construction.
Cracks in dry joints initiate more easily than those in epoxy joints in construction period or in service. Due to the
higher rupture strength of HSC, the higher cracking resistance can be achieved. In this study, shear behavior of dry
joints in PCSBs was investigated by experiments, especially focusing on cracking resistance and shear strength of
HSC dry joints. It can be concluded that the use of HSC can improve the cracking resistance, shear strength, and
ductility of monolithic, single-keyed and three-keyed specimens. The experimental results obtained from tests were
compared with the AASHTO 2003 design provisions. The AASHTO 2003 provision underestimates the shear
capacity of single-keyed dry joint C50 and C70 HSC specimens, underestimates the shear strength of three-keyed
dry joint C70 HSC specimens, and overestimates the shear capacity of three-keyed dry joint C50 HSC specimens.

Keywords: dry joint; high-strength concrete (HSC); precast concrete segmental bridges (PCSBs); shear
strength

1. Introduction

High-strength concrete (HSC) has cube concrete strength in the range of 50-80 MPa, according
to the Chinese code of technical specification for high-strength concrete structures (High strength
and high performance concrete committee of Chinese Society of Civil Engineering 1999). As a
matter of fact, HSC is characterized by increased modulus of elasticity, chemical resistance, freeze
thaw resistance, lower creep, lower drying shrinkage and lower permeability. In recent years, HSC
is increasingly in civil engineering practice due to its higher strength and better durability with
respect to normal strength concrete. Furthermore HSC can be used to lower production cost
decreasing member size or increasing structural member spacing, which is especially suitable for
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precast concrete segmental bridges (PCSBs).

A large number of researches have been carried out to investigate the structural behavior of
prestressed HSC beam. French et al. (1998) conducted a parametric study to determine the
viability of using HSC in prestressed bridge girders. Two long span prestressed bridge girders were
constructed to investigate transfer lengths, prestress losses, fatigue performance, shear and
ultimate strength of girders cast with HSC. Teoh et al. (1999) carried out tests to investigate nine
prototype pretensioned HSC I-beams to measure the maximum shear strengths. The major
parameters included the compressive strength of the concrete and the amount of prestressing force.
It was found that the maximum shear strength is closely proportional to the square root of the
compressive strength of the concrete, while the effect of prestressing force is insignificant. Li and
Zhao (2003) made the conclusion that with the further study and application of HSC, it is an
irresistible trend to employ HSC to the bridges. The advantage of continuous beams has been
acknowledged on the bridge. With the development of prestress, the technology of external
prestress has shown good prospects, so the combination of the three technologies can ensure
excellent economic and social benefits. Nagle and Kuchma (2007) conducted a series of eighteen
shear-friction tests and twenty beam shear tests, with the aim of generating the experimental data
that were needed for the extension of the American Association of State Highway and
Transportation Officials load and resistance factor design (AASHTO LRFD) bridge design
specifications to HSC. The results of the shear-friction tests indicate that the experimentally
measured resistance is typically larger than that used in the derivation of the LRFD shear
provisions. Al-Omaishi et al. (2009) conducted research for estimating prestress losses in
pretensioned HSC bridge girders, and summarized the portion of that work on concrete properties
that have an impact on design for long-term effects: modulus of elasticity, shrinkage, and creep.
The research findings were adopted into the 2005 and 2006 interim provisions of the AASHTO
LRFD specifications. Campione et al. (2014) established a model for the prediction of flexural and
shear resistance of HSC beams with longitudinal bars and stirrups, based on the evaluation of the
resistance contribution due to beam and arch actions including bond splitting and concrete
crushing failure modes. It was shown that the model satisfactorily fitted the experimental results.
Shi and Liu (2014) established the shearing strength formula of high strength concrete beams
under concentrated load, based on the previous results on the experimental study of shear
performance of HSC beam and the application of mathematical statistics theory. The ultimate
strength calculated by regression analysis matched with the experimental results well.

Nowadays, with superior durability, low life cycle costs and quality control readily achieved,
segmental bridges are favourable alternatives for long spans and for construction in areas where
minimal disruption of the environment is required. Due to the simplicity of construction of precast
segmental girders with dry joints, dry joints are still opted in many occasions because the
technique does not need the usage of epoxy and temporary prestress. Though the performance of
the dry joints in segmental construction is highly influenced by environmental factors, it reduces
the time and cost of the construction.

Many studies have been conducted on the mechanical behavior of precast conventional
concrete segmental bridges with dry joints or epoxied joints since the 1950s (Jones 1959, Gaston
and Kriz 1964, Diaz 1975, Koseki and Breen 1983, Bakhoum 1990, Leung et al. 1994, Turmo et al.
2006, Li et al. 2013, Saibabu et al. 2013, Jiang et al. 2016, Shin and Chung et al. 2016). From
these tests, it shows that the shear strength of segments joined with epoxy is similar to that of
monolithically cast segments, but their failure is brittle. Dry joints with single or multiple keys
develop a strength lower than that of epoxied joints.
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The tests on shear behavior of dry joints in PCSBs are carried out by several researchers.
Buyukozturk et al. (1990) concluded that the strength of epoxied joints was consistently higher
than that of dry joints and the failure of the epoxied joints was very sudden and brittle, based on a
series of single-keyed dry or epoxy joint tests. Formulas were proposed for assessing the shear
strength of PCSB epoxied or dry joints.

Zhou et al. (2005) found out that AASHTO 2003 and other design criteria tended to
underestimate the shear strength of single-keyed joints and three-keyed epoxied joints, and
overestimate the shear capacity of three-keyed dry joints.

Issa and Abdalla (2007) undertook a group of five full-depth male-female shear key specimens
tests with the objective of examining the shear capacity of single-keyed epoxied joints. Comparing
with the cold-weather epoxy specimens, the hot-weather epoxy specimens showed an increase of
approximately 28% in shear capacity. The fatigue and water tightness at a segment joint of a
segmental construction bridge deck system were also tested.

Jiang et al. (2015) tested a group of full-scale dry joints with castellated keys specimens under
different confining stress levels. Two crack modes for the single-keyed joints were explicitly
proposed. The phenomenon of sequential failure of three-keyed dry joints from the inferior key to
the superior one was observed in the tests and verified by finite-element simulation. This
conclusion could be extended to the shear strength of three-keyed dry joints to improve the
formula.

In addition, there were various finite element models on shear keys reported, in order to
analyze the shear behavior of keyed joints under shear loading (notably Turmo ef al. 2012, Alcalde
et al. 2013, Shamass et al. 2015, 2016).

To achieve the most rapid construction speed, HSC can be used in PCSBs due to lessen
geometry and self-weight. HSC can also suppress cracking initiation and enhance the cracking
resistance of dry joints. Although Buyukozturk (1990), Zhou (2005), Issa and Abdalla (2007), and
other researchers studied on the shear behavior of dry joints with the compressive strength of
concrete varied from 30 MPa to 50 MPa in most of the cases, there are very limited experimental
studies on the shear behavior of dry joints with the compressive strength of concrete of more than
50 MPa. The widespread use of HSC has made it necessary to review dry joints in PCSBs design
codes and specifications for their applicability to HSC.

2. Research objectives

In this study, an experimental program has been carried out to investigate the shear behavior of
monolithic, single-keyed, and three-keyed specimens of C50 and C70 HSC under static load. The
geometry size of the keyed dry joints is similar to that of Wuhu No. 2 Yangtze River Bridge in
Anhui province of China. The cracking resistance, shear strength and residual strength of single-
keyed and three-keyed dry joints in PCSBs of C70 HSC have not been researched specially in
literature, which is very important for design and construction. The effect of concrete strength in
HSC scope on shear behavior, such as cracking resistance, shear strength, residual strength,
normalized ultimate shear stress and ductility, has seldom reported to author’s knowledge. The
experimental cases about three-keyed dry joints specimens of HSC have scarcely been
documented. This study can highlight the precious aspects of dry joints in PCSBs. The test results
in this paper can broaden the experimental database of dry joint specimens and be used for
verifying the relevant design codes.
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3. Experimental program
3.1 Test specimens
Push-off specimens similar to those used by other researchers (Buyukozturk et al. 1990, Zhou

et al. 2005, and Jiang et al. 2015) were adopted to study the shear behavior of dry joints. Figs. 1-2
show monolithic, single-keyed dry joint and three-keyed dry joint specimens of HSC used for the
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Fig. 2 Picture of testing specimens

Table 1 Summary of experimental parameters

U i Typeotioms Sibunde | Confitg - Specime
1 MO0-H5-0.5 Monolithic joint Cs50 0.5 2
2 MO0-H5-1.0 Monolithic joint C50 1.0 2
3 MO0-H5-2.0 Monolithic joint C50 2.0 2
4 MO0-H7-0.5 Monolithic joint C70 0.5 2
5 MO0-H7-1.0 Monolithic joint C70 1.0 2
6 MO0-H7-2.0 Monolithic joint C70 2.0 2
7 K1-H5-0.5 Single-keyed joint C50 0.5 2
8 KI1-H5-1.0 Single-keyed joint C50 1.0 2
9 KI1-H5-2.0 Single-keyed joint C50 2.0 2
10 KI1-H7-0.5 Single-keyed joint C70 0.5 2
11 KI1-H7-1.0 Single-keyed joint C70 1.0 2
12 K1-H7-2.0 Single-keyed joint C70 2.0 2
13 K3-H5-0.5 Three-keyed joint C50 0.5 2
14 K3-H5-1.0 Three-keyed joint C50 1.0 2
15 K3-H5-2.0 Three-keyed joint C50 2.0 2
16 K3-H7-0.5 Three-keyed joint C70 0.5 2
17 K3-H7-1.0 Three-keyed joint C70 1.0 2
18 K3-H7-2.0 Three-keyed joint C70 2.0 2
Table 2 Concrete mix proportions
Strength  Ratio of water =~ Cement  Fine aggregate Coarse aggregate Water  Superplasticizer
grade to cement (kg/m?) (kg/m®) (kg/m?) (kg/m?) (kg/m?)
C50 0.44 418 719 1125 184 —_—
C70 0.33 447 703 1147 148 443

Note: Coarse aggregate range in size from 5 mm to 15 mm
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tests. All the specimens have a thickness of 100 mm whose size effect of thickness has been
neglected in this study. 12 mm and 16 mm diameter rebars were used in the specimens to prevent
the concrete failure prior to the failure of keys. In the tests, the main parameters adopted for the
investigation were joint types (monolithic joints or keyed dry joints), concrete strength (C50 or
C70 HSC), key numbers (single key or three keys), and confining stress levels (0.5 MPa, 1.0 MPa,
and 2.0 MPa) as listed in Table 1.

3.2 Materials

Two concrete mix proportions are list in Table 2. The two mixtures of C50 and C70 HSC were
designed with an expected compressive strength of 50 MPa and 70 MPa respectively after 28 days
based on tests of 15 cm cubic specimens according to JTG D62-2004 (2004). The mix constituents
of C50 and C70 HSC both include P-1 42.5 cement, coarse and fine aggregates and water, but C70
adds superplasticizer. Water to cementitious material ratio of C50 and C70 is 0.44 and 0.33
respectively. C50 and C70 HSC was elaborated at the laboratory by a horizontal forced-action
mixer of 350 L capacity. In order to prevent the failure of female parts prior to that of male parts,
the female parts of keyed joint specimens were cast a week earlier than the male parts intentionally.
The cylinder concrete strength of female parts of keyed joint specimens was higher than that of
male parts by designing. Actual concrete strength values of monolithic specimens and dry joints
specimens can be found in Table 3.

The results of all specimens are documented in Table 3. The specimen nomenclature system
shown in Table 3 comprises of four groups of characters or numbers. The first character in first
group can be

M = monolithic specimens, and K = keyed joint specimens. The number following it represents
the number of keys, e.g., “0” = no key, “1” = one key, and “3” = three keys. The second group
gives the expected concrete strength of monolithic specimens and keyed joint specimens, e.g., HS
represents C50 HSC, and H7 identifies the C70 HSC. The number in the third group indicates the
confining pressure (“0.5” = 0.5 MPa, “1.0” = 1.0 MPa, and “2.0” = 2.0 MPa). The last group
including only one character is to distinguish two same specimens (for instance, a = the first one,
and b = the second one).

3.3 Testing setup and instrumentation

The confining pressure, simulating the effect of prestressing in segmental bridges, was applied
using a confining grid and a hydraulic pump. The confining grid consists of two double 116
sections, and two 35 mm diameter steel rods. The confinement pressure was calculated as the ratio
between force in the jack and the joint's area. The confining pressure was applied by a jack,
powered by a hydraulic pump, and was measured by using pressure sensors and force monitor
before the hydraulic jack was set up. A layer of sliding plastic plate was placed at one side of the
concrete surface of the specimens and a steel hinge was also arranged before the steel form to
eliminate the vertical friction forces from the steel form. Two LVDTs (linear variable differential
transducer) were mounted on one side of the specimens to observe the relative vertical slippage,
and one LVDT was employed for horizontal dilation. The displacement-control tests for all
specimens were conducted at a constant stroke rate of 0.1 mm/min. Data acquired during the tests
included the applied forces measured by a calibrated internal load cell, horizontal confinement
pressure recorded by pressure sensors, vertical slippages through two LVDTs, horizontal dilation
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steel and teflon plate

hinge

steel form hydraulic jack

steel bar
load cell steel form

(a) sketch of setup (b) photo of setup
Fig. 3 Typical experimental setup for dry joints

via one LVDT by using a DH3816 data processor. A general sketch of the instrumentation set-up
for specimens is showed in Fig. 3.

4. Experimental results
4.1 Observed behavior

Totally twelve specimens of keyed dry joints and six monolithic specimens were tested. Each
specimen is generally under a different combination of parameters. The photos of typical failure
modes are presented in Fig. 4. The sketches of the cracking sequences and failure modes of
monolithic joints and dry joints are depicted in Figs. 5-7. The loads and slips corresponding to
pictures of crack initiations, crack propagation, and failure modes are list in captions.

4.1.1 Monolithic joint specimens

Three monolithic specimens of C50 HSC and three monolithic specimens of C70 HSC were
tested. For C50 HSC, several nearly vertical cracks initiated at the ultimate load and continuously
developed. Shortly after a failure plane was formed, the specimens slid into two parts as shown in
Figs. 5(a)-(b). For C70 HSC, several nearly vertical cracks initiated at the ultimate load with a
harsh sound and continuously developed. The specimens also slid into two parts as shown in Figs.

3(c)-(d).

4.1.2 Single-keyed dry joint specimens

Three single-keyed dry joint specimens of C50 HSC and three single-keyed dry joint specimens
of C70 HSC were tested. The cracking patterns of single-keyed dry joint specimens of C50 HSC
were depicted in Figs. 6(a)-(c). The first crack formed at the bottom corner of the single-key and
propagated at 61° respective to the horizontal direction. The second crack initiated and developed
over the first crack, and then several short diagonal cracks were initiated at the root of the key.
After the loads were increased, the cracks interconnected. The upper part of the key was cut off,
and the lower part was crushed. The cracking patterns of single-keyed dry joint specimens of C70
HSC were depicted in Figs. 6(d)-(f). The first crack formed at the bottom corner of the single-key
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(a) MO-H5-1.0-b (182.4  (b) M0-H7-2.0-a (74.3 (c) K1-H5-2.0-b (131.6  (d) K1-H7-1.0-b (125.8
kN, 0.121 mm) kN, 2.981 mm) kN, 0.532 mm) kN, 0.416 mm)

(e) K3-H5-0.5-a (145.4 kN, 1.935 mm) (f) K3-H7-1.0-a (231.3 kN, 1.875mm)
Fig. 4 Photos of typical crack patterns

(a) Crack initiation for C50 HSC specimens (b) Failure mode for C50 HSC specimens
(182.4 kN, 0.121 mm for MO-H5-1.0-b) (60.8 kN, 3.720 mm for M0-H5-1.0-b)

\\F .
B B

(¢) Crack initiation for C70 HSC specimens (d) Failure mode for C70 HSC specimens
(278.3 kN, 0.226 mm for M0-H7-2.0-a) (74.3 kN, 2.981 mm for M0-H7-2.0-a)

Fig. 5 Sketches of cracking patterns of monolithic specimens
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(a) Crack initiation for C50 HSC (b) Crack propagation for C50 HSC  (c) Failure mode for C50 HSC
specimens (116.1 kN, 0.280 specimens (131.6 kN,0.532 mm specimens (66.7 kN, 0.795
mm for K1-H5-2.0-b) for K1-H5-2.0-b) mm for K1-H5-2.0-b)

T\ TN\ TN

(d) Crack initiation for C70 HSC (e) Crack propagation for C70 HSC  (f) Failure mode for C70 HSC
specimens (111.6 kN, 0.324 specimens (125.8 kN,0.416 mm specimens (51.1 kN, 2.759
mm for K1-H7-1.0-b) for K1-H7-1.0-b) mm for K1-H7-1.0-b)

Fig. 6 Sketches of cracking patterns of single-keyed dry joint specimens

and propagated at 54° respective to the horizontal direction. Then, a principal vertical crack was
initiated at the root of the key. After the loads were increased, the cracks interconnected. The key
finally was sheared off.

4.1.3 Three-keyed dry joint specimens

Three specimens of three-keyed dry joints of C50 HSC and three specimens of three-keyed dry
joints of C70 HSC were tested. For three-keyed dry joint specimens of C50 HSC, the crack
initiated at the bottom corner in the lower key and propagated at 46° respective to the horizontal
direction, and then the similar cracks occurred in the other two keys. With load increasing, the
cracks propagated upward and eventually the keys were sheared off. The failure sequence that the
lower key first failed, followed the upper and the middle one, is shown in Figs. 7(a)-(c). For three-
keyed dry joint specimens of C70 HSC, the cracking patterns are resembled with those specimens
of C50 HSC. The failure sequence of the keys is from the lower key to the upper and middle keys
as shown in Figs. 7(d)-(f).

4.2 Normalized shear stress-slip curves

Typical normalized shear stress-relative vertical displacement curves (shear stress-slip curves)
for monolithic joints, single-keyed dry joints, and three-keyed dry joints with confining stress of
0.5 MPa, 1.0 MPa, and 2.0 MPa are shown in Fig. 8. Data are presented graphically on plots where
the abscissa gives the values of the vertical relative displacement and the ordinate represents the
average normalized shear stress on the joint. The normalized average shear stress is obtained
through normalizing the average shear stress with respect to \/zg of the male part of the
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specimens for keyed dry specimens, in order to take into consideration the effect of the variation of
cylinder concrete strength in the specimens and make direct correlation with the expression given
by AASHTO LRFD (2014) provisions (shear strength of the keyed dry joint is a function of the
diagonal-tension cracking load).

The average shear stress is defined as the applied shear force divided by the area of the shear
plane (20,000 mm® for monolithic joints, and single-keyed joints; and 50,000 mm?® for three-keyed
joints in this study). The shear plane is defined here as the vertical projection of the contact area of
two parts of the specimens. For all specimens in Fig. 8, the normalized shear strength increases
with the increasing of the confining pressure.

The shear stress-slip curves of the monolithic specimens in Figs. 8(a)-(b) is linear up to a level
close to the ultimate load, and shows a sudden drop to approximately horizontal level, which
demonstrates a brittle failure mode.

The shear stress-slip curves of the single-keyed dry joint specimens are shown in Figs. 8(c)-(d).
It can be seen from the curves of C50 HSC specimens, the load increases linearly with slip up to
about 70% of the maximum load, then nonlinearity initiates, and the stiffness of the specimen
reduce. After approaching the summit of the plot, the load starts to drop to approximate horizontal
level. A similar behavior was observed for C70 HSC specimens.

The shear stress-slip curves of three-keyed dry joint specimens are depicted in Figs. 8(e)-(f).

\
> = <
N N

(a) Crack initiation for C50 HSC (b) Crack propagation for C50 HSC (c) Failure mode for C50 HSC
specimens (155.5 kN, 0.383 specimens (187.9 kN, 0.898 mm specimens (145.4 kN, 1.935
mm for K3-H5-0.5-a) for K3-H5-0.5-a) mm for K3-H5-0.5-a)

== S =
& \ \

(d) Crack initiation for C70 HSC (e) Crack propagation for C70 HSC (f) Failure mode for C70 HSC
specimens (350.0 kN, 0.703 specimens (392.2 kN, 1.070 mm specimens (231.3 kN, 1.875
mm for K3-H7-2.0-a) for K3-H7-2.0-a) mm for K3-H7-2.0-a)

Fig. 7 Sketches of cracking patterns of three-keyed dry joint specimens
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After the load reaches the maximum value, the curve begins to decrease, and then rises but not
more than the maximum value. At last the curve sustains a nearly horizontal level. For C50 HSC
specimens, the curve drops gradually and slightly, while for C70 HSC specimens, the value
exhibits a certain fluctuation, as the keys failed gradually.

4.3 Cracking load

The cracking loads and ratios of cracking loads to ultimate loads of all specimens are listed in
Table 3. For all specimens, the cracking loads increase as the confining pressure increases.
However, the confining pressure doesn’t influence the ratios of cracking to ultimate loads
significantly, because the confining pressure also changes the ultimate loads simultaneously. For
single-keyed and three-keyed dry joint specimens, the cracking load of C70 HSC specimen is
higher than that of C50 HSC specimen correspondingly, which can infer that higher concrete
strength can delay the occurrence of cracking effectively.

4.4 Ultimate load

The ultimate loads of all specimens are listed in Table 3. It can be seen that the increasing of
the confining pressure can effectively improve the ultimate loads. In the group of monolithic
specimens, the monolithic specimens of C70 HSC with different confining pressures record the
highest ultimate loads than those of monolithic specimens of C50 HSC. The ultimate loads of
single-keyed dry joint specimens of C70 HSC are less than that of monolithic specimens of C70
HSC. The ultimate load of single-keyed and three-keyed dry joint specimens of C70 HSC are
higher than that of single-keyed and three-keyed dry joint specimens of C50 HSC at the same
confining pressure, which indicates that concrete strength can improve the ultimate load of single-
keyed and three-keyed dry joint specimens.

4.5 Residual load

After the specimen finally was sheared off, the load starts to drop to approximate horizontal
level. For monolithic and single-keyed specimens, the residual loads were chosen the shear loads
corresponding to the vertical relative slip value (4 mm). For three-keyed specimens, the residual
loads were chosen the shear loads corresponding to the vertical relative slip value (6 mm). The
residual loads of all specimens are listed in Table 3. For all specimens, the residual loads increase
as the confining pressure increases, which can infer that higher confining pressure can improve the
residual loads effectively. The residual load of monolithic specimens is higher than that of single-
keyed dry joint specimens at the same confining pressure for both C50 and C70 HSC specimens.
The reason for this is that after the ultimate load is reached and the joints are fully cracked, the
surface roughness of the concrete in the case of monolithically specimens is much higher than the
surface roughness for single-keyed joints.

The average residual loads of all specimens are list in Table 4. For C50 and C70 HSC, the
standard deviation of the monolithic specimens is 18.2 and 16.8, that of single-keyed dry joint
specimens is 11.2 and 11.9, as well as that of three-keyed dry joint specimens is 31.6 and 26.9
respectively. From Table 4, the monolithic specimens of C50 HSC have the higher average
residual load than that of monolithic specimens of C70 HSC. For the case of single-keyed dry joint
specimens and three-keyed dry joint specimens, it can be found that the higher strength concrete
can slightly improve the average residual load. From Table 4, the improvement is 4.1% and 8.6%.
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Fig. 8 Normalized shear stress relative displacement curves

4.6 Comparison of normalized shear stress

From Table 3, it can be found that the normalized shear stress of all specimens increases with the
increasing of confining pressures. The average normalized shear stresses of all specimens are list
in Table 4. From Table 4, the monolithic specimens of C70 HSC have the highest average
normalized shear strength, as recorded of 1.555. The average normalized shear stress of C50 HSC
monolithic specimens rank at the top near that of monolithic specimens of C70 HSC. The average
normalized shear strength of three-keyed dry joint specimen of C50 HSC is 8.1% lower than that
of single-keyed dry joint specimen of C50 HSC. Meanwhile, the average normalized shear
strength of three-keyed dry joint specimens of C70 HSC is 1.3% lower than that of single-keyed
dry joint specimens of C70 HSC.
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Table 4 The average values of all specimens

Average value of normalized  Average vertical ~Average horizontal ~Average residual

Specimens shear stress (MPam) slippage (mm) dilation (mm) load (kN)
MO-H5 1.269 0.228 0.162 69.3
MO-H7 1.555 0.326 0.173 58.3
KI1-H5 0.791 0.457 0.129 44.5
K1-H7 0.868 0.497 0.290 48.7
K3-H5 0.727 1.115 0.312 139.2
K3-H7 0.857 1.475 0.715 145.2

Table 5 Effect of concrete strength

Original ~ Comparative Cracking load Ultimate load Residual load Normalized ultimate

Number specimen specimen Ver (%) V., (%) (%) shear stress (%)
1 MO0-H5-0.5 MO0-H7-0.5 - 20.09 -16.20 12.80
2 MO-H5-1.0 MO0-H7-1.0 - 31.67 -19.43 23.62
3 MO0-H5-2.0 MO0-H7-2.0 - 38.32 -13.25 29.85
4 K1-H5-0.5 KI1-H7-0.5 38.28 20.79 17.54 14.57
5 K1-H5-1.0 KI1-H7-1.0 39.35 9.10 3.85 3.54
6 K1-H5-2.0 KI1-H7-2.0 18.70 18.11 8.80 12.08
7 K3-H5-0.5 K3-H7-0.5 8.46 24.86 15.21 16.64
8 K3-H5-1.0 K3-H7-1.0 36.29 18.84 -0.23 11.03
9 K3-H5-2.0 K3-H7-2.0 32.05 33.22 0.83 24 .41

4.7 The vertical slippages and horizontal dilations at ultimate loads

The vertical slippages and horizontal dilations at ultimate loads are important indexes which
measure the ductility of the specimens as listed in Table 3. The average value of the vertical
slippage and horizontal dilation for each specimen type are tabulated in Table 4. The average
vertical slippages of monolithic specimens range from 0.2~0.4 mm, while the horizontal dilations
from 0.1~0.2 mm. The vertical slippages and horizontal dilations of single-keyed dry joint
specimens are in the scope of 0.1~0.5 mm. The three-keyed dry joint specimens have the larger
vertical slippages from 1.1 to 1.5 mm and horizontal dilations from 0.3 to 0.8 mm than those of
monolithic specimens and single-keyed dry joint specimens. It can be inferred that three-keyed dry
joint specimens have more ductility than those of single-keyed dry joint.

4.8 Effect of concrete strength

The increased percentages of cracking load, ultimate load, residual load, and normalized
ultimate shear stress of all specimens affected by concrete strength are listed in Table 5. For
monolithic specimens, as the concrete strength increases, ultimate load and normalized ultimate
shear stress increase while residual load decreases. For single-keyed specimens, cracking load,
ultimate load, residual load, and normalized ultimate shear stress in the Table 5 increase as the
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concrete strength increases. For three-keyed specimens, cracking load, ultimate load, and
normalized ultimate shear stress increase with the increasing concrete strength, but the relationship
between concrete strength and residual load is obscured.

4.9 Shear capacity of joints compared with AASHTO 2003 provisions

AASHTO 2003 gives the following design formula for estimating the shear capacity of key
joints in prestressed concrete segmental bridges (in metric unit)

V, = 4,3 £1(0.9961+0.20485,) +0.6 4,0, (MN) (1)

Where, 4; = base areas of all keys in the failure plane (m”); f. = compressive strength of
concrete (MPa); 0, = normal compressive stress in concrete after allowance for all prestress losses
determined at the centroid of the cross section (MPa); and Ay, = area of contact between smooth
surfaces on the failure plane (m?).

Shear capacity of joints predicted by Eq. (1), originally proposed by Ramirez et al. (1993), is
taken as the algebraic summation of the shear contribution from the contacting flat parts between
segments and the shear contributions of keys. The shear strength of dry joints with castellated keys
comprises two contributions. The first contribution is that the friction resistance arises when two
flat and compressed surfaces attempt to slide against each other. This resistance is proportional to
the actuating compression and the corresponding proportionality factor, which is the friction
coefficient, indicated as 0.6 in Eq. (1) in AASHTO 2003 provisions. The second part considers the
support effect of the castellated shear keys. These keys permit shear transfer when they are in
contact with each other, behaving like small plain concrete corbels (the small dimensions of the
keys do not enable us to place conventional reinforcement). The shear strength of the keys by
surface area is called cohesion, which is 12\/76’ (English unit) or 0.9961\/76' (Metric unit) in Eq.
(1). If compression stresses, o, exist, then the keys turn out to be small prestressed concrete corbels,
increasing the ultimate shear capacity with compression. The corresponding proportionally factor
is called internal friction, which is 0.017\/70' (English unit) or 0.2048,/f! (Metric unit) in Eq.
(D).

The measured shear strength from tests of dry joints has been compared with AASHTO 2003
provisions, which are listed in Table 3. The average of V, / V, of single-keyed dry joint specimens
of C50 HSC is 1.191, and the standard deviation is 0.120. The average of V, / V, of single-keyed
dry joint specimens of C70 HSC is 1.311, and the standard deviation is 0.121. It can be found that
the AASHTO 2003 formula is conservative for evaluation of shear capacity for single-keyed dry
joints.

Shamass et al. 2016 pointed out that concrete tensile strength has a significant effect on the
behavior of keyed joints and recommended to use a concrete tensile strength that is as accurate as
possible. Increasing the tensile strength of concrete from 7.5%f., [the Eurocode 2 (BSI 2004)
formula] to 10%f.,, (the general assumption of tensile strength of concrete) can increase the shear
capacity of the joints and the displacement at the peak load up to 25%, depending on the strength
of concrete and confining pressure. The tensile strength suggested by Eurocode 2 (BSI 2004) is
about 7-7.5% of the compressive strength of the concretes tested by Buyukozturk ef al. (1990) and
Zhou et al. (2005). However, there are several factors influencing the shear strength of single-
keyed dry joint, like the geometry of keyed dry joint and confining pressure. The effect of concrete
tensile strength on the shear strength of single-keyed dry joint is still uncertain. The explanation
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Table 6 Comparison between testing results and AASHTO formula

Specimens Ultimate load ¥V, (kN)  Shear strength by AASTHO V, (kN) V.V,
M1-D-K3-1 446 564 0.791
Zhou 2005 MI1-D-K3-2 437 560 0.780
M1-D-K3-3 471 611 0.771
PC-JC 385 533 0.722

Turmo 2006
SFRC-JC 357 509.3 0.701
K2-01 141.8 163.3 0.868
K2-03 137.39 164.4 0.836
Jiang 2015 K2-04 127.04 164.4 0.773
K3-01 181.3 2433 0.745
K3-02 235.64 294.7 0.800
K3-H5-0.5 217.6 246.4 0.883
This test K3-H5-1.0 263.3 274.8 0.958
K3-H5-2.0 320.6 331.6 0.967

Average of V,,/ V, = 0.815, Standard Deviation of V,,/ V, = 0.084

for the underestimation of shear strength of single-keyed dry joint and the effect of concrete tensile
strength on the shear strength of single-keyed dry joint need more deep exploring.

The average value of V, / V, of three-keyed dry joints of C50 HSC is 0.936 and the standard
deviation is 0.049. The average value of V,, / V, of three-keyed dry joints of C70 HSC is 1.102 and
the standard deviation is 0.106. In this test, for the three-keyed dry joints, the AASHTO 2003
formula overestimates the shear capacity of three-keyed dry joints of C50 HSC, while the
AASHTO 2003 formula underestimates the shear capacity of three-keyed dry joints of C70 HSC.

The deviation between the tests results and the AASHTO 2003 formula on the multi-keyed dry
joints can also be found in other papers (Zhou et al. 2005, Turmo et al. 2006, Jiang et al. 2015),
which are listed in Table 6. It can be observed that the average value of V, / V, is 0.815 and the
standard deviation is 0.084, which indicates that AASHTO 2003 formula overestimates the shear
strength of three-keyed dry joints with less than or equal to 50 MPa concrete.

This difference may be explained from the fact that Eq. (1) was derived from the theoretical
and experimental work of single-keyed joints. The fixing imperfections and stress concentration in
joints increase as key number increases; the higher stress concentration and fixing imperfections
mean that the summation of individual shear capacity of keys in two-keyed or three-keyed joints
cannot be fully developed. From this experimental work, the keys in three-keyed dry joints do not
fail simultaneously while they fail sequentially.

5. Conclusions

A series of tests were undertaken to investigate on the shear behavior of different type joint
specimens with various parameter combinations. However, the cracking resistance and shear
strength of dry joints of HSC has not been researched specifically. This study offers quantitative
data and the fundamental behavioral understanding on the cracking and failure mechanism of
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keyed dry joints in HSC. Based on the test results and observations, the following conclusions can
be drawn.

e The cracking load, ultimate load and the normalized shear stress of all specimens increase
with the increasing confining pressure. Based on the test results of vertical slippage and
horizontal dilation, three-keyed dry joint specimens have a higher degree of ductility than
single-keyed joint specimens.

e The principal crack appears at the ultimate load for monolithic specimens of HSC, and then
propagates up to splitting the specimens into two parts immediately. The crack in the single-
keyed dry joint specimens occurs at the bottom corner of the key, several diagonal cracks at
the root of the key develop and interconnect leading to failure. The failure of single-keyed
dry joint specimens of HSC originates from the split of castellated key. The failure of three-
keyed dry joint specimens, however, is caused by the failure of the bottom key first, then the
top key, and finally the middle key in that sequence.

e Higher concrete strength in dry joints specimens can effectively enhance the cracking loads,
ultimate loads, normalized ultimate shear stress and ductility of monolithic specimens,
single-keyed specimens and three-keyed specimens. The residual load increases with the
increasing of concrete strength for single-keyed specimens, and decreases for monolithic
specimens. The effect of the concrete strength on the residual load of three-keyed specimens
is obscured.

e The AASHTO 2003 formula underestimates the shear capacity of single-keyed dry joint
specimens of C50 and C70 HSC and underestimates the shear capacity of three-keyed dry
joint specimens of C70 HSC. The AASHTO 2003 formula overestimates the shear capacity
of three-keyed dry joint specimens of C50 HSC.
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