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Abstract. Concrete-to-concrete bedding planes (CCBP) are observed from time to time due to the multistep hardening process
of the concrete materials. In this paper, a series of direct/cyclic shear tests are performed on CCBP under static and dynamic
normal load conditions to study the frictional behavior effect by the shear velocities, normal impact frequencies, horizontal shear
frequencies, normal impact force amplitudes, horizontal shear displacement amplitudes and normal load levels. According to the
experimental results, apparent friction coefficient k (k = Fshea/Fnormat) Shows different patterns under static and dynamic load
conditions at the stable shear stage. k is nearly constant in direct shear tests under constant normal load conditions (DCNL),
while it is cyclically changing with nearly constant peak value and valley value for the direct shear tests under dynamic normal
load conditions (DDNL), where k increases with decreasing normal force and decreases with increasing normal force. Shear
velocity has little influence on peak values of k for the DCNL tests, but increasing shear velocity leads to increasing valley
values of k for DDNL tests. It is also found that, the valley values of k ascend with decreasing impact normal force amplitude in
DDNL tests. The changing pattern of k for the cyclic shear tests under constant and dynamic normal load conditions (CCNL and
CDNL tests) are similar, but the peak value of k is smaller in CDNL tests than that in CCNL tests. Normal load levels, shear
displacement amplitudes, vertical impact frequencies, horizontal shear frequencies and normal impact force amplitudes have
little influence on the changing pattern of k for the cyclic shear tests. The tests of this study provide useful data in understanding
the frictional behavior of the CCBP under distinct loadings, and these findings are very important for analyzing the stability of
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the jointed geotechnical structures under complicated in situ stress conditions.

Keywords:

concrete-to-concrete; dynamic normal force; constant normal force; cyclic/direct shear

1. Introduction

As one of the widely used building materials, reinforced
concrete blocks are often encountered in civil and
environmental engineering, where the concrete-to-concrete
bedding planes (CCBP) are observed from time to time due
to the multistep hardening process of the old and new
concrete materials (Ceia efal. 2016, Waseem and Singh
2017, Cavaco et al. 2018). The frictional behavior of CCBP
plays a central role in the stability and hazard evaluation of
the engineering structures (Liu ef al. 2012, Liu and Dang
2014, Zhang et al. 2016, Waseem and Singh 2017, Cavaco
etal. 2018). For a better understanding of the frictional
characteristic of joints or bedding planes, laboratory shear
tests are widely performed in the past decades (Dang et al.
2016, 2017, 2018). So far, direct/cyclic shear tests under
constant normal load conditions are the most common
methods to research the frictional characters of joints or
bedding planes. It has been already proved that, the most
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important factors influencing on the frictional behavior are
the surface asperities, shear velocities and normal load
levels (Hossain and Yin 2015, Borana et al. 2016, Lee et al.
2017, Chen et al. 2018, Dang et al. 2018, Li et al. 2018,
Shang et al. 2018, Samanta et al. 2018).

Dynamic excitations like earthquakes are very
complicated dynamic movements with simultaneous
dynamic impact in different directions in space (Kana et al.
1996, Zhou et al. 2018, Tao et al. 2015, Li et al. 2016, Dang
etal. 2018, Liu et al. 2018, Song et al. 2018). Stein (1999)
reported that the shear stress and normal stress are changed
along the surrounding faults or bedding planes during
earthquakes. In such cases, the shear movements of the
weak surface are subjected to shaking applied vertically,
i.e., shearing with complex normal load (static load
superimposed dynamic load) conditions happens. In order
to understand the frictional characteristics of CCBP under
dynamic normal load conditions, several researchers have
adopted laboratory test procedures involving step changes
or continuous changes in normal stresses. A distinct time
shift between peak normal force and peak shear force with
peak shear force behind is reported by Dang et al. (2017,
2018), where a dynamic shear strength criterion is also
suggested for predicting the direct shear strength under
cyclic normal load conditions. Konietzky ef al. (2012)
carried out dynamic shear tests under dynamic earthquake
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Fig. 1 (a) Shear test apparatus, (b) size of the concrete specimen (unit: mm) and (c) real concrete specimen

signals, where they proved that increasing of shear
displacement will weaken the shear strength. Hong and
Marion (2005) investigated the frictional behavior of
creeping faults on granite to step changes in normal forces.
The test results proved that friction coefficient changes with
changes in normal stress and slip velocity. Kilgore ef al.
(2012 and 2017) investigated the variation of shear strength
and other fault properties with changes in normal stress
(between 5 and 7 MPa) using dry initially bare rock
surfaces of granite. They identified that changes in rapid
normal stress result in gradual, approximately exponential
changes in shear stress during fault slip. Molinari and
Perfettini (2017) analyzed the frictional responses with
changes in shear and normal stresses. They illustrated that
an elastic behavior of the plastic contacts is stopped when
the instantaneous changes in normal and shear stresses.

Because of the technical limitations of the testing
equipment, so far, cyclic shear tests under DNL conditions
are seldom reported in relevant researches, especially for
the CCBP. However, cyclic frictional behavior of CCBP
under DNL conditions is a common phenomenon during
earthquakes and blasting. In order to fulfill the blank of the
previous studies in this area, the direct/cyclic frictional
responses of CCBP under constant and dynamic normal
load conditions are investigated in this paper. The static and
dynamic friction coefficients are investigated, which can
provide a theoretical basis for stability assessment for the
concrete-to-concrete  structures under complex load
conditions.

2. Experimental program
2.1 Test apparatus

The experiments are conducted in a shear box device,
GS-1000 (shown in Fig. 1(a)). The GS-1000 shear box
device is developed with 16 bit digital records system,
where the shear force as well as the normal force is detected
by the load cells installed in the cylinders. The shear box

device permits servo control of static normal load from
10 kN up to 1000 kN, shear load from -300 kN up to 800
kN, superimposed dynamic normal load up to 500 kN,
normal impact frequency and shear frequency up to 40 Hz,
shear displacement up to 5 cm, and data can be recorded up
to 100 points per second (recording frequency 100 Hz).

2.2 Materials and specimen preparation

The concrete specimens used in the present research
work are made of CEMI32.5R cement, glassand and
water (the CEM I 32.5 R cement and glassand with a weight
ratio of 1:3). The block size of the concrete specimen is
300 mm (length) x 160 mm (width) x 150 mm (/height),
where a flat surface (the maximum asperity of the surface is
within 0.1 mm) separates the block into two parts and each
part with the height of 75 mm (see Fig.1b and c). The
samples are cured at a temperature of about 20 over 28
days. At the time of test, the mechanical parameters of the
samples are illustrated in Table 1.

2.3 Test setup

The laboratory shear tests setup under static and
dynamic normal load conditions are shown in Fig. 2. The
frictional behavior is investigated under different normal
impact frequency (f;), horizontal impact frequency (f),
amplitude of superimposed dynamic normal force (Fu),
amplitude of shear displacement (#x) and constant normal
force levels. Four group laboratory shear tests are
performed:

Group A (Fig. 2(a)): direct shear tests under constant
normal load conditions (DCNL). A constant normal load is
applied at the upper loading plate, where the constant
normal loads are 90 kN and 180 kN, respectively. At the
same time, a shear load is applied horizontally to the bottom
part of the specimen to provide a shear movement with a
fixed velocity, where the shear velocities vary from 1.0
mm/min to 100 mm/min.
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Fig. 2 Sketch map of laboratory tests under static and dynamic normal load conditions: (a) DCNL test, (b) CCNL test, (c)

DDNL test and (d) CDNL test

Table 1 Mechanical parameters of concrete specimen

Internal

Tensile Uniaxial Compressive Young’s . . . S Dilation angle ~ Density
Item Strength [MPa] Strength [MPa] modulus [GPal] Poisson ratio Cohesion [MPa] frlctl(Eil]angle ] [g/om?]
Concrete 2.5 19.1 30 0.2 72 30 10 2.50

Group B (Fig. 2(b)): cyclic shear tests under constant
normal load conditions (CCNL). A constant normal load is
applied at the upper loading plate. At the same time, a
varied load is applied horizontally to the bottom part of the
shear box to provide a sinusoidal excitation of the shear
displacement, where the shear displacement is controlled by
sinusoidal excitation as described in Eq. (1) All cyclic tests
are performed with a horizontal shear frequency f; of 1.0
Hz. The shear displacement amplitude .. is maintained at
approximately +2.0mm, +4.0mm, Z50mm and
+ 8.0 mm, respectively. The constant normal load acting on
the sample varies form 30 kN to 360 kN.

Group C (Fig. 2(c)): direct shear tests under dynamic
normal load conditions (DDNL). A constant normal load is
applied at the upper loading plate, at the same time, a
dynamic superimposed normal force is given. The dynamic
superimposed normal force is defined by Eq.2.
Simultaneously, a shear load is applied horizontally to the
bottom part of the specimen to provide a shear movement
with a fixed velocity The constant and superimposed
dynamic normal force are 90 kN £45kN and 180 kN
+ 90 kN, respectively. The maximum shear displacement is
0.5 cm with the £, of 0.5 Hz. The shear velocities vary from
1.0 mm/min, to 100 mm/min.

Group D (Fig. 2(d)): cyclic shear tests under dynamic
normal load conditions (CDNL). A constant normal load is
applied at the upper loading plate, at the same time, a
dynamic superimposed normal force is given.

Simultaneously, a varied load is applied horizontally to

the bottom part of the shear box to provide a sinusoidal
excitation of the shear displacement, where the shear
displacement is controlled by sinusoidal excitation as
described in Eq.1 and the dynamic superimposed normal
force is defined by Eq.2. F; varies from 30 kN to 360 kN.
F, varies from £ 15 kN to = 180 kN. Both, f; and f, vary
from 0.25 Hz to 5.0 Hz, wuy. varies from = 2.0 mm to
+ 8.0 mm.

F., = F, sin(24f t) (1)

u, =u,,, sin(2f,t) )
where, F; is the impact normal force, F is the amplitude of
superimposed dynamic normal force, f, is the normal
impact frequency, ¢ is the time. u is the shear displacement,
Umar 18 the amplitude of shear displacement, f; is the

horizontal impact frequency.

S

3. Results and discussion

The frictional behavior of CCBP under different shear
and normal load conditions is illustrated in Figs. 3-8. In
DCNL tests, at the stable shear stage, the peak values of the
apparent friction coefficient k& (kK = Fshear/Fnormal) are
constant under different normal load levels and different
shear velocities (shown in Fig. 3(a) and Fig. 4), and peak at
an approximate value of 0.8. It should be noticed that, at
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Fig. 4 Ratio between shear force and normal force vs.
shear displacement of DCNL test at different shear
velocities

low shear velocities (e.g., 1 mm/min, 10 mm/min), the
stick-slip behavior is observed, which makes & fluctuation
at the stable shear stage. At the shear rate of 100 mm/min,
when the friction coefficient reaches to the peak value of
0.8, it needs 0.6 mm shear displacement under normal load
of 90 kN, while the required shear displacement increases to
1.0 mm under normal load of 180 kN (shown in Fig. 3a).
Large shear displacement is required to the peak friction
coefficient under large normal load levels, which indicates
lager shear stiffness of the CCBP under large normal load
levels. Fig. 4 also shows that under the same normal load
conditions, shear rate has little influence on the shear
displacement reaches to the peak friction coefficient, which
also means shear rate has little influence on the shear
stiffness of CCBP.

In DDNL tests, the changing pattern of k& is different
comparing with DCNL tests, where £ is cyclically changing
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Fig. 5 DCNL test results under normal force of 180 kN
+/- 90 kN, f, of 1.0 Hz at different shear velocities,
constant periodic stages are taken and starting time is
shifted to zero

with cyclically changing in normal forces. Fig. 5 and Fig. 6
show that & changes immediately when the normal force
changes, where k increases with decreasing in normal force
(shown in Fig. 5 and Fig. 6 area A and C). Conversely, &
decreases with increasing in normal force (shown in Fig. 5
and Fig. 6 area B) in all cases. The changes of k are caused
by the shear stiffness of the CCBP. It has already proved
that to reach the peak value of k need a certain amount of
shear displacement in DDNL tests. This founding is very
helpful for people to evaluate the stability of the CCBP
under dynamic normal load conditions.
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Fig. 6 DCNL test results under static normal load of 90 kN, £, of 1.0 Hz, shear rate of 3.0 mm/min, different normal impact
forces, constant periodic stages are taken and starting time is shifted to zero
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In the previous studies (Crawford and Curran 1981),
shear velocity can increase or decrease the friction
coefficient according to the mechanical parameters of the
material. In general, for harder materials, the friction
coefficient is proved to decrease with increasing in shear
velocity. Conversely, the friction coefficient of softer
materials increases with increasing shear velocity. Under
dynamic normal load conditions, the changing pattern of

friction coefficient is very different comparing with that
under CNL conditions for the CCBP. Decreasing the shear
velocity leads to a decrease in the valley values of & and the
peak values of k keep approximately constant (shown in
Fig. 5). However, k keeps constant at different velocities
under CNL conditions (shown in Fig. 4). Fig. 6 shows that
the changing pattern of k& is also influenced by the impact
normal force amplitude, where large impact normal force
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Fig. 9 Peak shear force vs. normal force under different
boundary conditions

amplitude leads to a decrease in the valley values of &, and
the peak values of k keep approximately constant.

Overall, values of k are changing within the range
between 0.2 and 0.7 at the stable shear stage in DDNL tests.
Decreasing the shear velocity or increasing the impact
normal force amplitude leads to a decrease in the valley
values of k, but the peak values of & keep approximately
constant. The peak value of & is smaller compared with that
in DCNL tests.

In CCNL tests, k changes to positive or negative values
along with the changing of shear direction. The peak values
of k are constant at both the forward and backward shear

directions (shown in Fig. 3(c)), where the constant value is
about 0.75 in the forward shear direction and -0.75 in the
backward shear direction. The plateau level of & becomes
smaller with increasing in normal forces, which is caused
by two reasons: progressive damage and shear stiffness of
the CCBP. The peak value of £ is also smaller than that in
DCNL tests. Besides, shear displacement amplitude has
little influence on the changing pattern of k.

In CDNL tests, the general changing pattern of & is
similar to that in CCNL tests, and £ is nearly constant at the
stable shearing stage. This is very different comparing with
the DDNL tests (as mentioned above, the apparent friction
coefficient £ is cyclically changing with the varying impact
normal forces). As shown in Fig. 8, even changes in normal
force, the apparent friction coefficient k is nearly constant
instead of the cyclically changing with the changes of
normal forces at the stable shear stage. It indicates that
changes in shear direction meet changes in normal forces
triggers a distinct changing pattern of the apparent friction
coefficient k. In CNDL tests, shear velocity changes at
different point of the shear displacement. It might be caused
by the changes in shear velocities encountering changes in
normal forces, which leads a special change of the apparent
friction coefficient k. The physical reasons of this behavior
need further investigations. CDNL test results under
different horizontal shear displacement amplitudes,
different normal impact frequencies, different horizontal
shear frequencies and different vertical impact force
amplitudes are shown in Fig. 7. It can be seen that, & is less
influenced by the shear displacement amplitudes; vertical
frequencies, horizontal impact frequencies, and impact
normal force amplitudes. The peak values of k are nearly
identical (about 0.7). It should also be noticed that, when
the normal forces over 180 kN +/- 90 kN, progressive
damage of the contact surface is clearly observed (shown in
Fig. 3(d)).

Fig. 9 shows that, peak shear force has a linear relation
with normal force under DCNL, CCNL and CDNL
conditions. The peak shear force is lager under DCNL
conditions than that under CCNL and CDNL conditions,
which indicates the reduction effect of dynamic load on the
friction coefficient. The peak shear force under DDNL
conditions is not constant, which is influenced by the shear
velocity and impact normal force amplitude, where the plot
is not provided in the present paper.

4. Conclusions

This paper presents the experimental investigations of
the frictional characteristic of CCBP under static and
dynamic load conditions, where DCNL, DDNL, CCNL and
CDNL tests are performed using the GS-1000 shear box
device. Normal load levels and shear velocities have little
influence on the apparent friction coefficient under DCNL
conditions. The apparent friction coefficient is cyclically
changing with the cyclic normal force with the constant
peak and valley values under DDNL conditions, where due
to the shear stiffness of CCBP apparent friction coefficient
decreases with increasing normal forces and increases with
decreasing normal forces. Increasing impact normal force
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amplitude or decreasing shear velocity leads to decreasing
of the valley value of the apparent friction coefficient, while
the peak values are unaffected. The changing pattern of the
apparent friction coefficient in the CCNL tests and CDNL
tests are nearly the same, but the peak value is smaller
under CDNL conditions than that under CCNL conditions.
Normal load levels, shear displacement amplitudes, vertical
impact frequencies, horizontal shear frequencies, and
normal impact force amplitudes have little influence on the
apparent friction coefficient under CDNL conditions.
Within all the four test groups, the peak value of the
apparent friction coefficient is larger under static conditions
than that under dynamic load conditions. It should be
mentioned that fatigue life and roughness of CCBP are not
taken into account in the presented research work, where
further investigations are needed in the future.

Acknowledgements

Special thanks to Dr. Tomas Friihwirt, Mr. Tom
Weichmann, Mrs. Beatrice Tauch, and Mr. Gerd
Miinzberger for help during lab testing.

References

Borana, L., Yin, J.H., Singh, D.N. and Shukla, S.K. (2016),
“Interface behavior from suction-controlled direct shear test on
completely decomposed granitic soil and steel surfaces”, Int. J.
Geomech., 16(6), D4016008.

Cavaco, E., Pacheco, I. and Camara, J. (2018), “Detailing of
concrete-to-concrete interfaces for improved ductility”, Eng.
Struct., 156, 210-223.

Ceia, F., Raposo, J., Guerra, M., Julio, E. and Brito, J.D. (2016),
“Shear strength of recycled aggregate concrete to natural
aggregate concrete interfaces”, Construct. Build. Mater., 109,
139-145.

Chen, N., Zhang, X., Jiang, Q., Feng, X., Wei, W. and Yi, B.
(2018), “Shear behavior of rough rock joints reinforced by
bolts”, Int. J. Geomech., 18(1), 04017130.

Crawford, A.M. and Curran, J.H. (1981), “The influence of shear
velocity on the frictional resistance of rock discontinuities”, Int.
J. Rock Mech. Min. Sci., 18(6), 505-515.

Dang, W., Frithwirt, T. and Konietzky, H. (2017), “Behaviour of a
plane joint under horizontal cyclic shear loading”, Geomech.
Eng., 13(5), 809-823.

Dang, W., Konietzky, H. and Frithwirt, T. (2016), “Direct shear
behavior of a plane joint under dynamic normal load (DNL)
conditions”, Eng. Geol., 213, 133-141.

Dang, W., Konietzky, H., Chang, L. and Frihwirt, T. (2018),
“Velocity-frequency-amplitude-dependent frictional resistance
of planar joints under dynamic normal load (DNL) conditions”,
Tunn. Undergr. Sp. Technol., 79, 27-34.

Hong, T. and Marone, C. (2005), “Effects of normal stress
perturbations on the frictional properties of simulated faults”,
Geochem. Geophys. Geosyst., 6(3), 1-17.

Hossain, M.A. and Yin, J.H. (2015), “Dilatancy and strength of an
unsaturated soil-cement interface in direct shear tests”, Int. J.
Geomech., 15(5), 04014081.

Kilgore, B., Beeler, N.M. and Lozos, J.D., (2017), “Oglesby, rock
friction under variable normal stress”, J. Geophys. Res. Solid
Earth, 122(9), 1-34.

Kilgore, B., Lozos, J., Beeler, N. and Oglesby, D. (2012),

“Laboratory observations of fault strength in response to
changes in normal stress”, J. Appl. Mech., 79(3), 031007.

Konietzky, H., Frithwirt, T. and Luge, H. (2012), “A new large
dynamic rockmechanical direct shear box device”, Rock Mech.
Rock Eng., 45(3), 427-432.

Lee, S., Chang, 1., Chung, M.K., Kim, Y. and Kee, J. (2017),
“Geotechnical shear behavior of xanthan gum biopolymer
treated sand from direct shear testing”, Geomech. Eng., 12(5),
831-847.

Li, X., Cao, W., Tao, M., Zhou, Z. and Chen, Z. (2016), “Influence
of unloading disturbance on adjacent tunnels”, Int. J. Rock
Mech. Min. Sci., 84, 10-24.

Li, Y., Wu, W. and Li, B. (2018), “An analytical model for two-
order asperity degradation of rock joints under constant normal
stiffness conditions”, Rock Mech. Rock Eng., 51, 1431.

Li, Y, Yang, Y., Yu, H.S. and Roberts, G.W. (2016), “Monotonic
direct simple shear tests on sand under multidirectional
loading”, Int. J. Geomech., 17(1), 04016038.

Liu, S., Mao, H., Wang Y. and Weng, L. (2018), “Experimental
study on crushable coarse granular materials during monotonic
simple shear tests”, Geomech. Eng., 15(1), 687-694.

Liu, Z. and Dang, W. (2014), “Rock quality classification and
stability evaluation of undersea deposit based on M-IRMR”,
Tunn. Undergr. Sp. Technol., 40(2), 95-101.

Liu, Z., Dang, W. and He, X. (2012), “Undersea safety mining of
the large gold deposit in Xinli District of Sanshandao Gold
Mine”, Int. J. Miner. Metall. Mater., 19(7), 574-583.

Molinari, A. and Perfettini, H. (2017), “A micromechanical model
of rate and state friction: 2. effect of shear and normal stress
changes”, J. Geophys. Res., 122(4), 2638-2652.

Samanta, M., Punetha, P. and Sharma, M. (2018), “Effect of
roughness on interface shear behavior of sand with steel and
concrete surface”, Geomech. Eng., 14(4), 387-398.

Shang, J., Zhao, Z. and Ma, S. (2018), “On the shear failure of
incipient rock discontinuities under CNL and CNS boundary
conditions: insights from DEM modeling”, Eng. Geol., 234,
153-166.

Stein, R.S. (1999), “The role of stress transfer in earthquake
occurrence”, Nature, 402(6762), 605-609.

Tao, M. and Li, X. (2015), “The influence of initial stress on wave
propagation and dynamic elastic coefficients”, Geomech.
Eng., 8(3), 377-390.

Waseem, S.A. and Singh, B. (2017), “Shear strength of interfaces
in natural and in recycled aggregate concrete”, Can. J. Civ.
Eng., 44(3), 212-222.

Zhang, C., Ji, J., Gui, Y., Kodikara, J., Yang, S. and He, L. (2016),
“Evaluation of soil-concrete interface shear strength based on
LS-SVM?”, Geomech. Eng., 11(3), 361-372.

Zhou, Z., Zhao, Y., Cao, W., Chen, L. and Zhou, J. (2018),
“Dynamic response of pillar workings induced by sudden pillar
recovery”, Rock Mech. Rock Eng., 51(10), 3075-3090.

cc





