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Fig. 4.  “Stress-strain” relationship of the Concrete Damaged Plasticity (CDP) model, a) for single-axis
compressed concrete, b) for tension concrete. Source: own study based on [11]

The composite beam model discreted in the Abaqus software consisted of steel rein-
forcement, precast element and new concrete. For the concrete elements, a finite element grid
of about 25 mm mesh size was adopted. For its construction, eight-node solid elements of
C3DR8 type were used. The steel reinforcement was modelled of beam elements B31 type. The
cooperation between the reinforcement and concrete was achieved by adopting the “embedded”
option (steel reinforcement was the embedded element and concrete was the base one). The
applied forces and reactions of supports were transmitted through 150 x 40 x 40 mm steel pads
(as in laboratory tests). A “surface-to-surface” contact model of “exponential” character was
chosen to simulate the cooperation between precast elements and new concrete.

The cohesion between the concrete parts was modelled with the “traction-separation”
function shown in Fig. 5. This function identifies the displacement of concrete parts in relation
to each other (“separation”) describing the behaviour of interface due to shear stress (“traction”).
The relationship is linear-elastic at the beginning and after the damage initiation it changes
into the so-called “damage evolution” state, also characterized by linearity.

Fig. 5. The “traction-separation” relationship adopted for description of interface behaviour. Source: own
study based on [11]
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The model calibration process was carried out assuming the friction coefficient of
p = 0.7, the traction at the damage initiation in all directions equal to concrete tensile strength
(#°, = 1°,=1°,= 2.3 MPa) and the separation at damage in all directions (5, o', ") varied from
0.001 to 0.1 mm. The value of stiffness of cohesive surface (K, K, K,) is assumed as the
default one. The calibration was considered to be satisfactory when the obtained load which
caused the interface cracking was similar to that identified by an imaging method. The best

compliance with laboratory tests was achieved for a separation value of 0.005 mm.

For the simulation of cracking phenomena, the SDEG parameter was used, which
describes the stiffness degradation of finite elements in the range from 0 to 1. The stress in
steel was presented with S, Mises parameter and the normal force in the interface along the
Z-axis was depicted with the CNORMF3 parameter.

The cracks between the new concrete and the precast element were illustrated also by
means of the CSTATUS parameter, which determined the displacement of adjacent finite
element nodes in relation to each other corresponded to the crack appearance. On the basis
of model calibration it was assumed that the crack appeared if the slip between the concretes
achieved the value of 0.005 mm.

3. Results and discussion

The cracks of the beam identified by the DIC method and obtained with the finite element
method were compared at different load levels. In addition, the stress in the interface and
stirrups under the load causing interface crack were analysed.

Figure 6 shows cracks patterns of composite beams tested in the laboratory, identified
by DIC method and that of the virtual model for different load levels.

The first bending cracks in the composite beam were observed by the DIC method under
the load of 9.8 kN, while in the virtual beam model the cracks appeared under the load of
15.5 kN. Figure 6a shows the cracks under 20 kN and 80 kN loads. The perpendicular cracks
in the pure bending zone under the load of 80 kN are much more intense (greater range and
width) than it was observed under the load of 20 kN. The next cracks appeared in the zone
between support and force, but these did not yet crack due to the dominant shear.

For the same loads, the crack pattern shown in Figure 6b using the SDEG parameter
indicates that the number of cracks in the virtual model and their length was less than that
of the DIC method. This may be due to the fact that, according to the stiffness degradation
parameter definition, a finite element is completely destroyed, which is identified as crack,
after tensile stress in it reached a concrete tensile strength value. Meanwhile, the DIC method
shows only the values of points displacements in relation to each other and it cannot be clearly
stated whether the crack has already been formed (whether the concrete tensile strength has
been achieved).

Under a load of about 80 kN, both methods indicate the appearance of shear cracks and
the propagation of bending cracks (Fig. 6).
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Fig. 6.  Cracks pattern of the composite beam, a) beam displacements illustrated by GOM Correlate [8] for
20 kN and 80 kN loads, b) crack pattern generated by SDEG parameter for 20 kN and 80 kN loads.
Source: own study

The first symptoms of crack between new and precast concrete parts were observed at
a load of 100.2 kN, as shown in Figure 7a. On detailed drawings of A and B areas, constituting
the vertical (parallel to Y-axis) displacement maps, a horizontal crack in the down part of notch
is visible. The crack was created in the place where there is no stirrup.

As the load increases, the cracks between concrete parts appear on the successive notches
towards the support. The cracks pattern with a load of 180 kN (Figure 7b) includes cracks
due to bending, shear and interface cracks (marked with arrows in Figure 7b) on one side of
notches without joining stirrups.

The cracks pattern of the virtual composite beam model obtained with use of the
CSTATUS parameter is presented in Figure 8a. CSTATUS equal to 0.005 mm, which was
defined as the beginning of the crack (see chapter 2.3), was observed under a load of
about 102 kN. Comparing the cracks observed with the DIC method and the CSTATUS
and SDEG parameters, it can be concluded that the place and time of interface cracks
formation are related to formation and propagation of shear cracks. The places of separa-
tion in the contact plane are located on the line of shear cracks trajectory, where virtual
rotation points may form.

The delamination between the concrete parts shown in Figure 8b using the CSTATUS
parameter for 180 kN load confirms the interface cracking on one side of notches. Similar to
the situation of lower load level, the interface cracks were associated with the formation and
propagation of subsequent shear cracks. In the numerical model delamination took place in
every notch. Therefore it can be concluded that the virtual model performance differed from
the laboratory tests, in which the cracks between concrete parts occurred only at the notches,
where there were no joining stirrups.



Composite beams with indented construction joint. .. 41

Fig. 7.  Cracks pattern of the composite beam obtained with the GOM Correlate software [8] with use of

Y-axis displacements, a) extensive view and details A and B under 100.2 kN load, b) extensive view
under 180 kN load. Source: own study
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Fig. 8. Results of FEM analysis — cracks between concretes generated using CSTATUS parameter and cracks
pattern shown with use of SDEG parameter, a) for load of 102 kN, b) for 180 kN load. Source: own
study
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Figure 9 shows the “load-deflection” relationship obtained in the laboratory test and
in the virtual model. They are similar to each other up to a load of about 95-100 kN. These
relationships differed after the interface cracking and the difference increases along with the
increase of load. The deflection of tested composite beam under the ultimate load of 198 kN
was equal to 17.3 mm, while under the same load the virtual model deflection was equal to
22.3 mm. Differences in deflections are caused by the fact that interface cracks occur in each
notch in the numerical model, whereas in tested beams only in few notches (Fig. 8b).
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Fig. 9.  “Load- deflection” relationship of the laboratory tested composite beam and its virtual model.

Source: own study

Figure 10 shows a map of normal forces parallel to Z-axis for 102 kN and 180 kN loads
expressed by the CNORMF3 parameter. In those notches where joining stirrups are present,
there is a stress concentration which can be interpreted as an effect of “shear friction” phenom-
enon. As the load increases, normal stress increases and the range of their concentration grows
towards the support, successively with the process of separation in successive notches.
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Fig. 10. Results of FEM analysis: “shear friction” presented using CNORMF3 and stress in the reinforcing
steel presented with S, Mises parameter: a) for 102 kN load, b) for 180 kN load. Source: own study

The stresses in joining stirrups are shown in Figure 10 with use of the S, Mises param-
eter. Cracks between the concrete parts results in an increase in stress of the joining stirrups
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at the points marked with arrows in Figure 10a. This confirms the “dowel action” effect. The
increase in stress of the subsequent joining stirrups (Figure 10b) is related to the debonding
taking place in the subsequent notches towards the support.

Comparison of the laboratory results identified by the DIC method and finite element
calculations shows that the virtual model reflects the composite beam performance properly up
to the first crack between precast element and new concrete. In further work, the authors will
make an attempt to improve the model in order to ensure that the interface cracks reflect the
results of laboratory tests over the entire load range. The interface parameters obtained from the
calibration will be used to analyze composite beams with different spacing and size of notches.

4. Conclusion

On the basis of comparative analysis of the performance of the composite beam with
indented interface identified by the DIC method in laboratory test and the performance of its
virtual model, the following conclusions can be specified:

e Cracks between the precast element and new concrete appear on the down part of that
notches on the support side, where there are no joining stirrups. As the load increases,
the cracks interface widen and new ones are formed in the subsequent notches towards
the support.

e Formation of cracks in indented interface is related to the appearance and propagation
of shear cracks.

e The effects of “shear friction” and “dowel action” phenomena are largely activated
after interface cracking. The stress concentration on the notches’ surface was observed
near the joining stirrups, which confirms the occurrence of the above-mentioned
phenomena.

e Virtual composite beam model of composite beam with indented interface and its
calibration on the basis of laboratory test results identified by DIC method allows for
an extended analysis of the composite behavior beam with the indented interface. The
comparative analysis has shown that the results of both methods are comparable to the
moment when interface cracked. The difference in deflection results from the fact that
in a virtual model, the interface cracks occur at each notch, while in laboratory tests
only in notches without joining stirrups. In further work make an attempt to improve
the FE model by changing the parameters inter alia the friction coefficient, stiffness
of cohesive surface and decrease mesh size.
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