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Abstract: To investigate the mechanical properties of a dowel
action under fatigue loads, nine reinforced concrete specimens
were fabricated, and the monotonic and fatigue loadings were
performed on these specimens, respectively. All of these
specimens were divided into two series. Six specimens in
Series | with different bar diameters of 12, 20 and 25 mm were
subjected to monotonic loads and were used to confirm the
ultimate bearing capacity. The remaining three specimens in
Series Il were subjected to fatigue loads and were designed to
investigate the attenuation character of dowel action and the
fatigue failure modes. The test results show that the
accumulated fatigue damage due to fatigue loads can reduce
the ultimate bearing capacity of specimens. With the increase
in fatigue loads, the failure mode can transform to fatigue
rupture of the dowel bar under the serviceability loading state,
i. e. 55% of the monotonic capacity. The fatigue life is
determined by the fatigue properties of steel and concrete.
Based on the test data, the failure process of dowel action can
be divided into two stages: the accumulation of fatigue
damage and the fatigue rupture of dowel bar.
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D owel action is one of the main mechanisms of load
transfer along the structural joints and interfaces.
Such joints are very often formed in precast concrete con-
1-4] . . . [5-6]
, construction joint in pavements” ",
faces between old and new concrete in columns repaired
or strengthened by means of reinforced concrete jack-
7-8 . ..
1 and so on. These interfaces and joints may turn out

to be critical planes in the operation of the load-resisting

nections' inter-

ets

mechanism and thus may govern the ultimate strength,
ductility and energy absorption capacity of the entire
structure'”’ .

As the important components of reinforced concrete
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structures, structural joints are directly subjected to shear
loads of great magnitude and cycles. During their service
life, the mechanical performances of dowel action gradu-
ally degrade due to the high cycle repetition of loads
which might cause a sudden collapse of the entire struc-
ture. Therefore, the mechanical behavior of dowel action
under fatigue loads should be taken into account.

In recent years, extensive experimental and analytical
investigations have been carried out to study the mechani-

cal properties of the dowel action'"""".
12

Vintzeleou and
Tassios' ~ experimentally investigated the behavior of
dowels under cyclic deformation. Test results indicate
that both the bearing capacity and the stiffness of dowel
action show obvious degradation, particularly in the case
of full reversed deformations.

In order to investigate the mechanism of dowel action
fatigue deterioration, Mattock and Hawkins'™' carried out
a series of high cycles fatigue tests of push-off speci-
mens. The relationship between the dowel shear force and
the transverse shear slip for various cycle totals of speci-
mens under different loading levels were obtained. How-
ever, it should be noted that the effect of fatigue loads on
the failure mode and the residual bearing capacity of spec-
imen were not studied. Therefore, the results of previous
tests cannot be directly applied in engineering design.

In this paper, a series of block-type specimens with
different bar diameters are tested to study the fatigue per-
formance of dowel action. The attenuation character and
failure mode of the specimen under fatigue loads are
quantified by comparison with the monotonic test results.

1 Experimental Program
1.1 Test specimen design

To investigate the transverse displacement of a long
dowel embedded in concrete, block-type specimens with
the dimension of 400 mm (length) x 300 mm ( width) x
250 mm (height) are designed, as shown in Fig. 1(a). In
total, nine specimens are cast, with each specimen being
reinforced with a single deformed bar. The yield strength
of the dowel bar is 400 MPa. The mixture proportion of
the concrete is shown in Tab. 1.

As summarized in Tab. 2, the specimens are divid-
ed into two series. Series | consists of six specimens
with three different bar diameters of 12, 20 and 25 mm,
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Fig.1 Specimen design (unit: mm). (a) Specimen dimension;
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(b) Type-A specimen; (c) Type-B specimen

Tab.1 Mixture proportions of concrete

kg/m’

Water-cement

ratio

Superplasticizer Cement

Water

Coarse

aggregate aggregate

Fine

0.47

0.57

415

195

1146

644

Tab.2 Details of specimens subjected to testing

Number Specimen

dy/mm  fl /(kg

-m~*) Loading pattern Series

DI12-M-A
D12-M-B
D20-M-A
D20-M-B
D25-M-A
D25-M-B
DI2-F
D20-F
D20-F

50.
49.
49.
50.
50.
49.
49.
50.
50.

0 = OO NN W W =

Monotonic
Monotonic
Monotonic
Monotonic
Monotonic
Monotonic
Fatigue
Fatigue
Fatigue

I

e e = = = = —

respectively. These specimens are subjected to monotoni-
cally increasing load and are used to confirm the mono-
tonic capacity of dowel action. The remaining three spec-
imens in Series [I are subjected to the fatigue loading and
are designed to investigate the mechanism of dowel action
fatigue deterioration and the fatigue failure modes.

For the specimens in Series [ , the displacement distri-
bution in this test is obtained via the direct measurement
of the displacements of the bar. A total of three plastic
ducts are pre-cast in the concrete specimens ( diameter of
20 mm, as shown in Fig. 1(b) ), thereby allowing linear
voltage displacement transducers (LVDTs) to touch the
bar and directly measure the displacements. The influence
on the dowel capacity of these pre-cast ducts will be dem-
onstrated by comparing the response curves of specimens
with ducts ( Type-A) to the curves of specimens with no
ducts ( Type-B). For the specimens in Series [I , only
Type-B specimen is used, as shown in Fig. 1(c).

1.2 Test setup

To directly obtain the transverse displacement and con-
trol the load history, a direct shear approach'"*’ is chosen
for this study, in which the shear force is directly applied
to the dowel bar. The test setup is presented schematical-
ly in Fig.2(a). Two servo-hydraulic actuators with load-
ing capacities of 250 and 150 kN are used in the loading
frame, which allows both the shear and axial forces to
be applied to the dowel bar. The monotonic tests are con-
ducted by controlling the displacement at the loaded end

—
Reaction frame- .—S:gs;}g;i(r;gl:;
Load cell
Load cell RC specimen
Servo-hydraulic
actuator (15t)

(a)

MiMimi F iM{ F iM{ F M| F|
102 10° 104 10°
(b)
Fig.2 Schematic of test setup. (a) Loading scheme; (b) Load-
ing histories of fatigue tests
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section, and the displacement is imposed in 40 to 60 steps.
At each load step, a period of time is required for the sta-
bilization of the displacement to be achieved, and the next
step is applied after the displacements were steadied.

For the fatigue test, a repeated single-sided shear force
is applied to the dowel bar. The maximum load level V,,
is set equal to 55% of the monotonic capacity obtained
from the monotonic tests and the minimum load level is
set to be 1 kN (V) in order to keep the specimen sta-
ble. The specimens in Series [l are subjected to the fol-
lowing loading histories, as shown in Fig.2(b). First,
three monotonic loading cycles are performed to eliminate
the influence of the deformation of the support device.
Then a numbers of fatigue cycles (N =1 x10%, 1 x10?,
1 x10*, 2x10*, 4 x10*, 6 x10*, 8 x10*, 1 x10°) are
carried out. A force controlling mode is adopted for fa-
tigue loading and the loading frequency is set to be 2 Hz.
After 1 x 10° times fatigue cycles, the specimen is tested
up to failure to measure the residual carrying capacity.

1.3 Measurement scheme

Fig. 3 schematically shows the measurement scheme.
In all tests, the shear displacements and shear forces are
continuously recorded during loading with a data acquisi-
tion frequency of 1 Hz. For Type-A specimens, the dis-
placements at different points along the bar are recorded
by 4 LVDTs. Furthermore, several LVDTs are used to
monitor the concrete block at different positions, and to
measure possible rigid body displacements of the speci-
men with respect to the loading frame.

2 Experimental Results and Discussion
2.1 Monotonic loading

Load-displacement curves for specimens with different
bar diameters (12, 20 and 25 mm) are shown in Fig. 4
and the displacement distribution measurements under dif-
ferent load levels collected from Type-A specimens are
shown in Fig. 5. The ducts containing the stems of the
LVDTs are found not to influence the dowel action based
on the closeness of the response curves between these
specimens. The differences may be due to the scattering
of the experiment, and all these results can, therefore, be
combined together for analysis.

60
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25 mm
ol Vo= 51 kN
Z
]
?é 30
=
0L Vor=31.5 kN _o_100-M-A
——D20-M-B
-o-D12-M-A
10 -=DI2-M-B
-¢-D25-M-A
——D25-M-B
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Displacement/mm

Fig.4 Load-displacement curves for specimens in Series [

The dowel behavior demonstrates a better ductility and
similar elastic-plastic trends are presented. The demarca-
tion point of the elastic stage and the plastic stage may be
caused by either the yielding of the bar or the crushing of
the concrete and can be defined as approximately 2/3 of
the maximum load. Both the dowel stiffness and strength
increase with the increase in bar diameter, which are in
agreement with previous published results'"*'. In the elas-
tic stage, the bars do not exhibit obvious plasticization
and the displacement along the bars is approximately line-
arly distributed. When the shear loads approach or exceed
the demarcation point, the behavior exhibits obvious non-
linear characteristics, and a turning point is formed in the
displacement distribution curves. As shown in Fig.5, the

Fig.3 Measurement scheme
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Fig.5 Displacement distribution for specimen. (a) D20-M-A; (b) DI2-M-A; (c) D25-M-A
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displacement along the dowel bar continues to increase
until the destruction of the specimen. With reference to
the phenomenon, both the concrete and steel nonlineari-
ties have to be considered, as well as the localized dam-
age of the subgrade concrete.

Based on these results, it can be speculated that a
plastic hinge is formed in the dowel bar which is located
about 20 to 25 cm away from the surface of the speci-
men. All the specimens failed due to bar yielding and lo-
calized crushing of concrete, as shown in Fig. 6. At a
load level equal to approximately the maximum load, the
concrete under the dowel bar close to the shear plane be-
gan to deteriorate, leading to flaking as also reported by

14
other researchers!™.

(a) (b)

Fig.6 Typical failure mode for specimen. (a) D20-M-A; (b)
DI12-M-B

2.2 Fatigue loading

Based on the experimental data obtained from the mon-
otonic test, the maximum load level V,, for each specimen
in Series Il is determined, as shown in Tab. 3. For spec-
imen DI12-F, the maximum load level is set to be 7.0 kN
(60% of the monotonic capacity) to ensure the accuracy
of the servo-hydraulic actuator.

Tab.3 Details of specimens subjected to fatigue loads

Specimen  dy,/mm  f! /(kg-m3) Vi /KN V/kN
DI12-F 12 49.6 1.0 7.0
D20-F 20 50.1 1.0 18.0
D20-F 25 50.8 1.0 28.0

2.3 Attenuation character of dowel action under fa-
tigue loads

The typical dowel force-dowel displacement curves of
specimen D12-F is given in Fig. 7. The residual carrying

capacity after 1 x 10° times fatigue cycle is 9.2 kN, less
than the monotonic capacity (11.6 kN for specimen D12-
M-B).
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Fig.7 Load-displacement curves for specimen D12-F

It can be concluded that the accumulated fatigue dam-
age due to fatigue loads will reduce the ultimate bearing
capacity of the dowel action. This experimental phenome-
non is of great significance to practical engineering de-
sign. For the construction joints subjected to fatigue
loads, the bearing capacity of dowel action cannot be de-
signed according to the monotonic tests. The dowel ac-
tion fatigue deterioration should be considered and quanti-
fied based on the analysis of the actual load history.

Both the displacement of the dowel bar at the maxi-
mum load level (7.0 kN) and at the minimum load level
(1.0 kN) increase as the number of cycles increases.
Fig.8(a) shows the incremental displacement against the
number of fatigue cycles. There is a linear relationship
between the incremental shear displacement and the log-
arithm of the number of fatigue cycles. This is similar to
the S-N diagram for the fatigue life of materials, which is
in agreement with previous published results, as shown in
Figs.8(b) and (¢) .

2.4 Fatigue failure modes

Dowel bars of specimen D20-F and D25-F are ruptured
at the 68 720th and 72 485th fatigue cycles. The positions
of fractures are located about 20 to 25 cm away from the
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sultst®); (¢) High amplitude (22.5 kN) of published results’'*!
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Incremental displacement against the number of fatigue cycles. (a) D20-F; (b) Low amplitude (9.6 kN) of published re-
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surface of the specimen which is close to the position of
the plastic hinge formed in the bar in monotonic test. Fig.
9 shows the typical failure mode of these specimens. It can
be concluded that the fatigue failure mode of dowel action
is the fatigue rupture of the dowel bar and the fatigue life is
determined by the fatigue properties of steel and concrete.

Fig.9 Typical failure mode of specimen. (a) D20-F; (b) Steel
bar of D20-F; (c¢) D25-F; (d) Steel bar of D25-F

The load-displacement curves and the incremental evo-
lution of shear displacement for both specimens are shown
in Fig. 10 and Fig. 11, respectively. When the number of
cycles is less than 4 x 10*, similar trends are presented to
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Fig.10 Load-displacement curves for specimen.
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Fig. 11 Incremental displacement against the number of fatigue
cycles. (a) D20-F; (b) D25-F

the specimen D12-F, and a linear relationship between
the incremental shear displacement and the logarithm of
the number of fatigue cycles is obtained. When the num-
ber of fatigue cycles is equal to 6 x 10"
increase in the shear displacement of the dowel bar and
the stiffness degradation can be clearly observed.

The observation on the macroscopic feature and micro-
scopic feature of these specimens is shown in Fig.9. The
fracture characteristics are similar to the fatigue rupture of
the steel bar. Based on the test data,
process of dowel action can be divided into two stages:
the accumulation of fatigue damage and the fatigue rup-
ture of dowel bar. In the former stage, the fatigue dam-
age of materials gradually accumulates under the fatigue
loads. In the latter stage, the bearing section of the dowel
bar is fractured due to the growth and propagation of the

, there is a sudden

the fatigue failure

micro cracks in steel.
3 Conclusions

1) The load-displacement curves are mostly elastic-plas-
tic in the case of monotonic loading. The behavior of a
long dowel is mostly elastic for a shear load not exceeding
60% of the ultimate capacity. When the shear loads ap-
proach or exceed the demarcation point, the behaviour ex-
hibits obvious nonlinear characteristics, and a plastic hinge
is formed in the dowel bar which is located about 20 to 25
cm away from the surface of the specimen.

2) The accumulated fatigue damage due to the fatigue
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loads can significantly reduce the ultimate bearing capaci-
ty of dowel action. The fatigue deterioration of dowel ac-
tion should be considered in engineering design to ensure
the safety of the structures.

3) The failure mode of dowel action can transform to fa-
tigue rupture of the dowel bar under serviceability loading
state (55% of the monotonic capacity ). The fatigue life is
determined by the fatigue properties of steel and concrete.

4) The fatigue failure process of dowel action can be
divided into two stages; the accumulation of fatigue dam-
age and the fatigue rupture of dowel bar. In the former
stage,
tal shear displacement and the logarithm of the number of
fatigue cycles.
dowel bar will suddenly fracture due to the growth and

there is a linear relationship between the incremen-
In the latter stage, the bearing section of

propagation of the micro cracks in steel.
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