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This article deals with the numerical analysis of the bond of a prestressing strand

Elevated temperatures with UHPC heated to elevated temperatures and subsequently cooled. Numerical
analysis was performed with experimentally determined material properties of
UHPC UHPC at a reference temperature of 20 °C and further after heating to
temperatures of 200, 400 and 600 °C and subsequent annealing to normal
Numerical analysis temperature. The resulting deflection depending on the pulling force from the
numerical analysis were compared with the experimental results. The results are
Prestressed concrete used to configure the cement composite model for more demanding simulations

of structures and load cases.

Introduction

Elevated temperature is an important factor influencing the behavior of building structures, and
no less important is its effect on the strength of ultra - high performance concrete (UHPC) and
its bond with steel reinforcement. The temperature and its effects on structures should therefore
be taken into account when designing reinforced concrete structures exposed to high
temperatures, not only because of the possible future collapse of the structure, but also to
prevent irreversible damage or failure. The use of UHPC for various types of structures is
becoming more and more common in the construction industry. The practical significance of
these cement composites is based on their high strengths, fracture parameters, impact resistance
and durability. However, favorable material parameters such as low permeability, absorbency
and overall very high homogeneity of the fine-grained mixture can pose a serious risk in some
situations. In the case of concrete structures, this risk is caused by the exposure of the structure
to the effects of elevated temperatures.
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When exposed to high temperatures, extreme stress occurs in the concrete, which,
especially in the case of naturally moist concrete, leads to explosive flaking and damage to the
surface layers. The first of the influences causing destructive effect is a thermo-mechanical
process in which heat is transferred between the individual components of the matrix. Due to
the different thermal expansions of the binder component and the aggregate, there is an uneven
deformation of the parts and a local effect of tensile forces in the concrete. These forces can
cause the concrete to crack.

Another significant influence on the damage of concrete exposed to high temperatures
is the temperature-humidity process, in which the bound water in the concrete is converted into
steam. Due to its low porosity, the structure of the UHPC matrix does not provide enough space
for the expansion of water vapor, and the extreme pressure of these water vapors thus results in
increased tensile stresses, flaking and damage to the material.

However, the reduction of cracks and the improvement of material parameters can be
achieved by adding a suitable amount of dispersed reinforcement (steel, glass, composite). The
application of various types of dispersed reinforcement in concrete is nowadays a common
matter, thanks to which it is possible to achieve a reduction in shrinkage and the elimination of
possible cracks. By adding the dispersed reinforcement to the matrix of high-performance
concrete, we also obtain significantly better material parameters, ductility and strengthening of
the material after the first crack. The most commonly used dispersed reinforcement in UHPC
are steel fibers with a length of about 6 to 12 mm. In this phase of the experiment, a mixture of
UHPC with a content of 1.5% by volume of steel fibers of 12 mm length was used.

This article is a supplement to the previous experiments described in [1] - it also
evaluates the results of numerical static modeling of the pull-out test on test cubes in the Atena
program and compares them with the results of experimental tests. The models include changes
in the properties of the UHPC test cube due to high temperature heating and subsequent cooling,
which were determined experimentally.

Dependence of material properties on temperature
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Fig. 1 Material properties — dependence on temperature.
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Numerical modeling

A numerical model of the tensile bond test arrangement was created and calculated in Atena
3D Engineering software. The UHPC test cube was modeled as two standard macroelements -
one with an edge length of 60 mm in which the reinforcement was anchored and the other with
an edge length of 90 mm with a hole for reinforcement to simulate the separation of a steel bar
(prestressing strand). The embedded steel strand was modeled as an element with the
designation Bar reinforcement with parameters identical to the test in the laboratory. In addition
to these elements, auxiliary macroelements were modeled, namely cubes at the free ends of the
steel bar. Displacement loads and monitors have been applied to these auxiliary macro elements
to monitor displacement and applied forces, as Atena does not allow monitors and loads to be
applied to the end point of the Bar Reinforcement item.

The 3D Nonlinear Cementitious 2 material model was selected from the Atena library
as the test cube material. With its help, material properties were generated based on the
experimentally determined cubic strength of UHPC after heating to the appropriate temperature
and cooling (Fig. 2). The experimentally determined modulus of elasticity of UHPC was
additionally added to the generated material models.
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Fig. 2 Numerical model of bond generated from material properties.

An item called Reinforcement with mean values of the bilinear tensile working diagram
was chosen as the material of the reinforcing bar. The bond of the reinforcing steel bar was
modeled by a material item called Reinforcement Bond, the parameters of which were
generated by the program based on the bar profile, experimentally determined cubic
compressive strength UHPC and professionally estimated quality of bond (the program offers
options: excellent, good or bad). Auxiliary cubes were modeled from Billinear Steel von Mises.

A displacement of 0.1 mm in each step was applied as a load at one free end of the
reinforcing bar (to the auxiliary macro element). At the same time, the displacement of this end
of the reinforcing bar was measured at the opposite end with a mounted monitor (similar to the
experiment). Another monitor was used to calculate the force that causes the displacement, and
thus an L-D diagram was created to compare the behavior of cubes exposed to extreme
temperatures and cubes at reference temperatures.
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The individual macroelements were crosslinked with linear "tetrahedra" finite elements
with an edge size of 10 mm.

70

w B (o] (o]
o o o (@)

Force [kN]

N
o

——— e e — ——— -
-—

- Model REF Model 200
~ Model 400 — — Model 600

8
\
\

o
<

0 0,05 0,1 0,15 0,2 0,25 03 0,35 04 045 05
Slip of the unloaded end [mm]

Fig. 3 Dependence of force on slip from numerical analysis.

Experimental part

Cubic strength and modulus of elasticity at reference temperatures (approx. 20 °C) and at
elevated temperatures of 200, 400 and 600 °C were experimentally determined as input
parameters for numerical modeling. The temperature was derived automatically in an electric
furnace with a loading rate of 1 °C / min. At the given temperature, the furnace was tempered
for 1 h. The cooling of the furnace was not controlled. The cooled samples were further tested
to determine the individual material parameters. Using the determined cubic strength at a given
temperature, other material properties required for numerical analysis (cylindrical compressive
strength, tensile strength) were then generated using the Atena program. The modulus of
elasticity generated by the Atena program was subsequently modified on the basis of
experimental measurements of the modulus of elasticity on real samples at higher temperatures.

Results and discussion

A number of calculations were performed for individual thermal stresses, which were calibrated
in terms of material properties and boundary conditions. Graphs of the dependence of the force
on slip are presented here for individual temperatures. The numerical analysis shows that when
the UHPC is heated to a temperature of up to 200 °C, there is almost no change in bond with
the steel reinforcement. Significant changes in the bond of UHPC with reinforcing steel are
reflected in the heating of concrete to 400 and 600 °C, which reduces both cubic compressive
strength and static modulus of elasticity. These facts will be significantly reflected during the
extraction test. The resulting tests of steel bar pull-out tests from a UHPC test cube at a reference
temperature (approx. 20 °C) and at temperatures of 200, 400 and 600 °C are shown in the graph
in Fig. 4.
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Fig. 4 Comparison of numerical model and experiment results: for a reference sample, for a sample exposed to
200 °C, for a sample exposed to 400 °C and for a sample exposed to 600 °C.

Conclusion

The numerical analysis of the UHPC cube steel bar pull test shows that the bond of the UHPC
with the steel bar is almost identical at a reference temperature of 20 °C and at an elevated
temperature of up to 200 °C. Only when heated to 400 and 600 °C does the bond model soften
depending on the increasing temperature. The reduction in bond correlates with the reduction
in the material parameters of the UHPC matrix.

The comparison of the results of the numerical analysis and the results of the experiment
shows the agreement of the numerical modeling and the experimental behavior of all samples
heated to the respective temperatures. Based on the numerical models of UHPC bond with steel
used in the numerical analysis, it can be said that after exposure of UHPC to a temperature up
to 200 °C, the material properties and bond of UHPC with steel practically do not change. The
reduction in the values of material properties and load-bearing capacity in the bond of UHPC
with steel will only be reflected when the UHPC is heated to temperatures of approx. 400 °C,
600 °C and higher. While upon heating the UHPC to 400 °C and subsequent cooling, the cubic
strength decreases by about 10% of the values compared to the cubic strength at the reference
temperature and 200 °C, the modulus of elasticity decreases by more than 50%. The UHPC
sample heated to 600 °C and subsequently cooled showed a decrease in cubic strength of 30 to
35%, but a decrease in the value of the modulus of elasticity of up to about 70%. The decreases
in the bond values of UHPC with steel show a similarity rather with the modulus of elasticity,
where there is a decrease of 70 to 90% between the bond values for 200 °C and 400 °C. For a
temperature of 600 °C, the decrease in bond values is then 90 to 95%. Thus, the largest decrease
in shear stress in bond occurs between temperatures of 200 °C and 400 °C, at a temperature
higher than 400 °C, the further decrease of values depending on the increasing temperature is
already milder.

Thus, it can be stated that the behavior of UHPC in bond with steel at normal
temperatures can be considered for the analysis of the structure until the structure is heated or
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exposed to temperatures up to 200 °C. For structures made of UHPC reinforced with
prestressing reinforcement exposed to temperatures higher than 200 °C, the decrease of bond
values must be included in the static design or this fact must be solved by other measures. These
partial results are the basis for more demanding simulations of structural elements and
structures stressed by elevated temperature, for which the experimental test is complicated or
impossible.
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