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Abstract

Many infrastructure buildings show deficits in their load-bearing capacity and

need to be strengthened in the short or medium term. However, the available

methods are usually not effective for the self-weight without temporary raising

or prestressing the structure. To resolve this problem, thermal prestressing of

slotted reinforcing bars is proposed here. The bars are embedded in a grouting

material tempered from the outside and thermally expanded according to the

temperature change. When the heat supply is stopped, the bond with the hard-

ened grouting material restricts the re-deformation of the bars during cooling.

This creates prestress that counteracts the bending moment from the self-

weight and relieves the tensile zone of the cross-section. Of course, it is impor-

tant to limit the heat input to the slots when tempering. Heating the entire

cross-section would reduce the effectiveness of the strengthening. The paper

shows the experimental and numerical development of an induction method

to thermally prestress subsequently added slotted reinforcement. The strength-

ening method is first implemented experimentally in reference tests with vary-

ing slot shapes. The results are then used to calibrate a numerical computation

that is used to investigate the influence of other boundary conditions on the

effectiveness of the strengthening measure. The optimum result is derived

therefrom and experimentally validated, taking into account practical con-

struction needs. The results show that the numerical optimization of the induc-

tion method increases the effectiveness of the strengthening by up to 100%.

Accordingly, the reinforcing bars must be installed in triangular, 10 cm wide

slots filled with high-strength concrete (HPC), which is tempered with the

highest available thermal output and up to 95�C. In order to counteract the

temperature increase in the concrete at the initial cross-section, which reduces
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the effectiveness, it must be cooled in parallel. It is advisable to place dry ice at

a distance of 6 cm from the edge of the slot over the largest possible width. For

practical realization of the strengthening with usually several bars added in

parallel, a minimum bar spacing of 40 cm must be maintained to ensure suffi-

cient cooling between the slots. Alternatively, the bars should be attached and

thermally prestressed in sequence.

KEYWORD S

computation of temperature fields, optimization, post-installed reinforcement,
strengthening, thermal induction, thermal prestress

1 | INTRODUCTION

In view of the aging of buildings and infrastructure,
strengthening of reinforced concrete structures is becom-
ing increasingly important.1 The demand is high, espe-
cially for infrastructure buildings such as bridges.2 It is
estimated that approx. 50% of the bridge structures in
Germany and approximately 40% in the US3 have calcu-
lated deficits in their load-bearing capacity and need to
be strengthened or replaced in the short or medium
term.4 Among the reasons for this are increased stresses
and design loads, changes in the regulations for design
and construction, as well as damage caused by environ-
mental influences such as corrosion of the reinforcing
bars.5,6

Strengthening offers ecological and economic advan-
tages compared to replacement.7 Available structural
resources can be used efficiently, reducing the total
amount of building materials and energy required as well
as CO2 emissions. In addition, the long execution times
for replacement structures often lead to heavy traffic con-
gestion.6,8 In addition to the already high planning and
execution costs, this causes further indirect costs, such as
macroeconomic effects as a result of impaired traffic net-
works and CO2 emissions due to congestion, longer traf-
fic routes, and traveling times and associated emitted
pollutants.6,8 Indirect costs cause the majority of the eco-
logical and economic impact of infrastructure construc-
tion measures and clearly outweigh the direct costs.9

To strengthen deficits in the flexural load-bearing
capacity, typical methods include enlarging the compres-
sion zone with additional concrete10 or strengthening the
tension zone with slotted reinforcement,11,12 bonded steel
plates,13–15 or CFRP fabrics.16–18 However, all these
methods are not effective for the imposed dead loads
without temporary lifting with additional supports or pre-
stressing of the structure.19,20 Since the dead load of rein-
forced concrete bridges, for example, accounts for around
70%–80% of the total load,21 the effectiveness of the

methods in the serviceability limit state (SLS)
remains low.

Reinforcement can be activated for the self-weight by
imprinting constrained internal forces in statically inde-
terminate systems as a result of targeted tempering.22–25

These internal forces, that is, bending moments from
linear temperature gradients, counteract the effects of
self-weight, temporarily reducing stresses in the initial
structure and allowing reinforcement to be applied in this
preloaded state. After stopping the heat supply and cool-
ing, the dead load is redistributed between the initial
cross-section and the reinforcement. Alternatively, and
especially in statically determinate systems, activation
can be achieved by targeted thermal prestressing of sub-
sequently added reinforcement; analogous to the conven-
tional post-tensioning method by subsequent bonding.
Figure 1 shows the strengthening principle at the exam-
ple of a single-span plate girder bridge, whose tension
zone is strengthened under dead load g by two slotted
reinforcement bars with the cross-sectional area As. The
bars are added to the bottom face in subsequently made
slots between the existing reinforcement (As0). The slots
are filled and immediately tempered from the outside to
thermally stretch the bars according to the temperature
change Δϑ by the strain εs and to match the strain of the
initial reinforcement εs0 induced by g. After the grout has
hardened, temperature induction stops. The bond
between the steel and the grout prevents the subse-
quently added bars from re-shaping and a compressive
force FPT is created as well as a bending moment due to
their distance from the barycenter of the cross-section.
This counteracts the stresses from the self-weight and
relieves the tensile zone of the existing cross-section.26

The added reinforcing bars are thus effective for the self-
weight.

The main challenge is to limit the heat input to the
slots. An increase in temperature in the initial cross-
section reduces the temperature difference to the slot and
thus the effectiveness of thermal prestressing.26
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Simultaneous lateral cooling of the initial cross-section
can counteract the heat transfer. The position and inten-
sity of the cooling must be such that the initial cross-
section is effectively cooled without significantly reducing
the temperature development in the slot. The tempera-
ture distribution in the cross-section when the grout has
sufficiently hardened to transfer the bond stresses from
thermal prestressing is decisive for the effectiveness of
the strengthening. From then, the thermal stretching is
permanently imprinted and further temperature changes
no longer have any influence on the pre-strain. Thus,
rapid hardening grouts and high heating rates are to be
combined at best. The grout must be suitable for temper-
ing without pre-storage time.27,28

The proposed method offers a significant advantage
over conventional strengthening techniques by directly
activating the added reinforcement for the self-weight,
increasing its efficiency in the serviceability limit state.
The prestressing can close existing cracks in the concrete
and reduce deflection. However, compared to conven-
tional reinforcement additions without thermal prestres-
sing, this approach is more complex in execution and
requires precise planning as well as careful control of the
heating process on the construction site. Then, it provides
an innovative and efficient solution for enhancing the per-
formance and durability of reinforced concrete structures.

The paper shows the experimental and numerical
development as well as optimization of an induction
method for thermal prestressing of subsequently added
reinforcement. The influence of different slot shapes on
the temperature evolution of the added bars and the
grout as well as the heat propagation to the initial cross-
section is investigated experimentally on unloaded speci-
mens (Sections 2 and 3). The most advantageous shape is
selected and mapped in a numerical model for further
investigations. In this model, the impact of simultaneous
cooling of the initial cross-section and different thermal
and geometric boundary conditions on the effectiveness
of the strengthening measure is investigated (Section 4).
The results are used to derive the optimum induction
method in terms of cooling and heating geometry, con-
sidering practical construction aspects, and validated in a
final experiment (Section 5).

2 | EXPERIMENTAL
INVESTIGATIONS ON THE SHAPE
OF SLOTS

2.1 | Test campaign

In the tests, the influence of the slot shape on the tempera-
ture evolution in the added bar and the heat propagation
to the initial cross-section is investigated. For this purpose,
the strengthening method is implemented on unloaded
specimens with varying slot shapes, then the temperature
development in the specimen is measured. The aim is to
gain a temperature difference between the added rein-
forcement and the concrete of 60�C, which corresponds to
a thermal pre-strain εs = 0.6‰ at αT = 10�5 (1/K) (coeffi-
cient of thermal expansion for steel and concrete). This is
required on average for standard reinforced concrete
structures with about 70% dead load contribution so that
εs = εs0 applies.26 Assuming an initial temperature of
20�C, the slot must therefore be heated to 80�C.

The specimens consist of normal strength concrete of
class C30/37. A high-strength concrete (HPC) based on
the binder Nanodur Compound 5941 is used to fill the
slots in accordance with the requirements defined in
Section 1.29–31 Preliminary work shows that for this HPC,
a rapid heat treatment without pre-storage makes the
bond strength evolve fast,8,28 without relevant damage
due to secondary ettringite formation.32 Approximately
65% of the maximum bond strength is reached in just
4 h.28 In addition, the long-term deformations from creep
and shrinkage in HPC, which lead to a reduction in the
applied prestressing force,28 are low and are even further
reduced by the heat treatment.28,33 Table 1 shows the
compositions of the concretes used.

The test campaign is summarized in Table 2. In series
1 on the influence of the slot shape, the reinforcement is
installed competitively on specimens with rectangular,
triangular, and semicircular slots. The temperature of the
slots is controlled from the outside using a heating mat
(target temperature 80�C). Accompanying cooling of the
initial cross-section is initially omitted.

For the most effective slot shape, a cooling concept
is developed from a numerical model, and the slot

FIGURE 1 Strengthening principle

with subsequently slotted and thermally

prestressed reinforcement.
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dimensions are optimized (Section 4). The numeri-
cally optimized solution is implemented in a further
experiment for validation in series 2. Due to reduced
effectiveness, as found in series 1, the target tempera-
ture of the heating mat is increased to 95�C here.
Everything else remains unchanged between the two
series.

2.2 | Experimental setup and execution

The test setup with the geometric dimensions and the
measurement equipment used is shown in Figure 2.
The specimens have the dimensions b/l/h = 60/50/20 cm
and are thermally insulated on all sides by a 10 cm thick
polystyrene insulation (λ = 0.04 W/mK). The top and

TABLE 1 Concrete compositions for normal concrete (initial cross-section) and HPC (slot).

Component

Normal concrete C30/37 HPC based on Nanodur compound 5941

Type Mass [kg/m3] Type Mass [kg/m3]

Sand 0/2 711.0 0/2 426.0

Basalt - - 1/3 882.0

Gravel 2/8 356.0 - -

Gravel 8/16 711.0 - -

Binder CEM 1 42.5 R 340.0 Nanodur compound 5941 1042.0

Water 204.0 159.8

Superplasticizer - - Master Glenium ACE 430 12.3

Shrinkage reducer - - Eclipse floor 8.0

Hardening accelerator - - Master X-seed 100 12.3

TABLE 2 Test campaign.

Test series Slot shape Target temperature heating mat [�C] Lateral cooling Number of samples

(1) “Influence slot shape” Rectangle 80 - 1

Triangle 1

Semicircle 1

(2) “Optimized structure” Triangle 95 According to Section 4 1

Ø

Ø

FIGURE 2 Principle design of the

stand for the slot shapes (a) rectangular,

(b) triangular, and (c) semi-circular

along with the measurement equipment

without (series 1) and with cooling

(series 2).
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bottom of the samples are open, allowing direct heat
exchange with the environment.

As purely thermal tests are concerned, the specimens
are initially unreinforced. The reinforcement is added in
the form of a Ø16 bar with the area As in a
(a) rectangular, (b) semicircular and (c) triangular slot
(Figure 2, top). All slots are 5 cm wide (b0) and 5 cm deep
(h0) regardless of shape. The reinforcement is placed at
the center of the slot (b0/2, h0/2). The slots are filled with
the HPC according to Table 1 and tempered with a sili-
cone heating mat with the same dimensions as the slot
surface. The heating mat has a two-point controller and a
temperature sensor to keep the specified target tempera-
ture constant, cf.34 A heat-resistant Hostaphan film
(t= 0.05mm) is placed between the heating mat and the
liquid concrete to protect the mat.27 The mat is heated to
a target temperature of 80�C in series 1. In series 2, the
target temperature is increased to 95�C and the experi-
mental setup is enhanced to include laterally offset cool-
ing on the upper side of the initial cross-section with dry
ice (�78�C). The clear distance of the cooling to the heat-
ing mat n and the cooling width, which is clearly defined
by the distance c between the center of the slot and the
outer edge of the cooled area (see Figure 2 bottom left) as
well as n and b, are determined according to the numeri-
cal optimizations in Section 4.

Due to symmetry of the cross-section, the instrumen-
tation is only arranged on one half (series 1 and 2). The
temperature evolution on the added bar is recorded selec-
tively at l/2 with a thermocouple (T1) and quasi-
continuously over the length of the bar with a glass fiber
(DFOS).35–37 The DFOS is decoupled from the mechani-
cal strains of the bar through installation in a capillary
and therefore only records thermal strains, from which
the temperature change to the initial state can be derived.
The distance between the discrete measuring points
(equivalent to the gauge length) on the fiber is 2.6mm.
The accuracy of the strain measurement using DFOS is
approximately 0.03‰ and of the temperature measure-
ments ±0.4�C.38 The measurements of all thermocouples
and DFOS are carried out in a frequency f= 1/10Hz.

The temperature evolution in the concrete is recorded
at three points in the middle of the sample (l/2) via ther-
mocouples (T2 �T4). The placement of the thermocou-
ples is adapted to the slit geometry (Figure 2, top). The
exact position of the thermocouples in the cross-section is
defined by the distances in the y and z directions in rela-
tion to the barycenter of the added reinforcement. For all
slot shapes T2 is placed at the height of the added bar
(z= 0 cm) and 0.5 cm from the edge of the slot. The dis-
tance in the y-direction to the reinforcement layer is
therefore 3 cm for the rectangular and semicircular
shapes and 1.75 cm for the triangular shape. The

positions of T3 and von T4 are independent of the slot
shape at y= 3 cm, z= 3 cm or y= 0 cm, z= 3 cm.

Moreover, the temperature evolution is recorded with
two DFOS running arc-like close to the thermocouples.
The first (lateral) sensor runs in two layers parallel to the
cross-section surface, the upper one at a distance of
0.5 cm from the surface, the lower one at the level of the
bottom of the slot. In between the DFOS is bent with
radii of 1 and 2 cm, depending on the shape of the slot. It
runs parallel to the side face of the slot at a distance of
0.5 cm. The lower DFOS runs vertically towards T3 and
T4. Between the thermocouples, the DFOS is again bent
with a radius of 1 cm and runs horizontally. In order to be
able to assign a unique position in the cross-section
to each measuring point on the fiber, the start and end
points of the bent length are identified with the so-called
hot-spot method.27,34 This means, the points are heated
locally with a hot needle before concreting and thus made
visible during the ongoing measurement and their position
is saved. Using the known bending radii, the exact position
can be calculated for each measuring point based on the
marked points.27 As the DFOS only records temperature-
related strain changes in relation to an initial state, the
sensors are calibrated with the absolute measured values
of the thermocouples at the start of the measurement.

Figure 3 shows the test procedure with the main steps.
In the first step (Figure 3a), the thermocouples and DFOS
are fixed at the appropriate positions in the cross-section
(see Figure 2) using wires (Ø 1.5 mm) stretched between
the formwork panels. The slots are created during the con-
creting of the specimen using polystyrene void formers,
which are fixed in position during concreting and secured
against floating. In the second step (Figure 3b), the form-
work is filled with the normal strength concrete according
to Table 1. The void former is removed after hardening.
The reinforcement is then added together with the appro-
priate measuring equipment on the bar. In the next step,
the slot is filled with the HPC and tempered with a sili-
cone heating mat for approximately 5 h (Figure 3c). The
results in28 show that the HPC is sufficiently hardened
after this tempering time and is able to transfer the bond
stresses from thermal prestressing.

3 | EXPERIMENTAL RESULTS
AND DISCUSSION

3.1 | Evolution of temperature in the
specimen with respect to the shape of
the slot

The temperature evolution in the specimen, recorded
with thermocouples (T1–T4), is shown in Figure 4 as a

SCHWARZ ET AL. 5
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function of the slot shape. The solid lines show the
results for the triangular shape, the dashed lines for the
rectangular one and the dotted lines for the semicircular
one. The added bar (T1), shown in orange, heats up the
most in the triangular shape at the end of the investi-
gated time period (t= 5 h) (66�C), followed by the semi-
circular (60�C) and the rectangular (56�C). The
temperature increase in the initial cross-section (T2–T4)
is also highest for the triangular slot shape (discussion in

Section 3.3). The temperature increase is on a similar
level for rectangular and semicircular shapes. All curves
show a positive gradient at the end of the measuring
time. The steady state has therefore not yet been reached.

Figure 5 shows the evolution of the temperature dif-
ference Δϑ between the added reinforcement (T1) and
the initial cross-section with time at the level of the bar,
0.5mm to the side of the slot edge (T2), derived from the
temperature measurements in Figure 4. Δϑ rises sharply
at the beginning of the test, regardless of the slot shape,
and then stabilizes on an approximately constant level
after about 30min. For the triangular shape, Δϑ, aver-
aged over the period t>30min, is highest (�18�C), fol-
lowed by the semicircular (�16�C) and the rectangular
shape (�11�C).

FIGURE 3 Steps of test execution:

attaching measuring equipment (a),

placing the bars (b), and grouting the

voids and applying the heating mat (c).

FIGURE 4 Measured temperature evolution in the slot and the

initial cross-section as a function of the slot shape, recorded using

thermocouples.

FIGURE 5 Temporal evolution of the temperature difference

between slot and concrete (measuring point T2) as a function of the

slot shape, derived from the temperature measurements in

Figure 4.
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3.2 | Temperature distribution over the
cross-section

The temperature distribution recorded by DFOS in the
specimen with a triangular slot is shown for the times
t = [0, 1, 3, 5] h in Figure 6. At the beginning of the test
(t = 0 h), the entire cross-section has an almost constant
temperature of 20�C. After 1 h, the added bar has heated
up to 58�C. In the initial cross-section, the temperature
has only risen slightly to approximately 30–35�C directly
around the slot. After t = [3, 5] h, the rod has heated up
further to [64, 66]�C. As the tempering time increases,
the temperature rise in the initial cross-section also
increases. The heat propagation is mainly concentrated
on the side of the slot. Here the concrete has a tempera-
ture of approximately 40–45�C. Even after t = 5 h, the
region below the slot experiences only a slight increase in
temperature. While the temperature immediately below
the slot rises to approximately 40�C, the deeper layers
remain at approximately 25–30�C.

3.3 | Effect of the slot's shape on the
achievable temperature of the bar

The shape of the slot influences both the temperature
evolution of the added bar and the heat transfer to the
concrete. The maximum bar temperatures ϑs,max

reached in the tests after t= 5 h are summarized for the
different slot shapes in Table 3. ϑs,max is 56�C for the

rectangular shape, 60�C for the semicircular shape and
66�C for the triangular shape. The tempered surface A of
the slot is 250 cm2 regardless of the shape. Accordingly,
the same heating mat is used in all tests. All other bound-
ary conditions are also identical, which is why the tem-
perature differences can be purely attributed to the slot
shape.

The liquid HPC in the slot has a thermal conductivity
coefficient λ = 4.3 W/(m K), while the hardened normal
strength concrete of the initial cross-section has a
λ = 1.65 W/(m K).27 The latter therefore insulates the
slot. The heat induced at the top of the slot spreads quite
quickly in the more conductive, liquid HPC and is accu-
mulated at the contact surface U to the concrete. The
temperature ϑs,max in the slot increases. A low U thus
causes an increase in temperature in the slot. This also
applies to a low slot volume V to be heated with the same
temperature-controlled surface A and therefore a low
ratio V/A. Both V/A and U are lowest for the triangular
shape (Table 3), which is why this shape is best suited for
tempering subsequently added reinforcing bars.

Another advantage of the triangular shape is that the
heat is concentrated at the tip due to the triangular shape
and the concrete, which is a poor conductor of heat. The
heat therefore dissipates mainly in the area near the sur-
face via the sides of the triangle (Figure 6). In this case,
cooling from the top represents a promising approach to
counteract this. This is examined in the following sec-
tions, first numerically (Section 4) and then experimen-
tally (Section 5).

(a) (b)

(d)(c)

FIGURE 6 Temperature

distribution in the specimen with

triangular-shaped slot at different times,

measured with DFOS.

SCHWARZ ET AL. 7

 17517648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.70125 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [19/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 | NUMERICAL
INVESTIGATIONS OF THE
INDUCTION METHOD

4.1 | Numerical adaption

To investigate broader thermal and geometric boundary
conditions as part of a parametric study, the test setup with
a triangular slot is mapped digitally. The model captures
the temperature distribution in the cross-section as well as
the resulting thermal strains. These are used to derive the
effective prestress of the added reinforcement, which serves
as an evaluation criterion in subsequent investigations. The
strain calculation is carried out by coupling a numerical
temperature field simulation (2D) and an iterative cross-
section calculation with a lamella model (1D).

The calculation of the transient temperature distribu-
tion ϑ t, xð Þ in the cross-section Ω along its boundaries Γ
is performed using the two-dimensional equation of heat
conduction according to39:

cpρ∂ tϑ t, xð Þ�r� λrϑ t, xð Þð Þ¼ 0,x �Ω, t>0,

ϑ 0, xð Þ¼ ϑ0,x �Ω, t¼ 0,
ð1Þ

where the initial material temperature ϑ0, the heat capac-
ity cp, the density ρ and the thermal conductivity λ are
given as thermal material parameters. The solution space
Ω in Figure 7, with the boundaries Γ¼S5

i¼1Γi, consists of
the initial cross-section Ω1 as normal-strength concrete,
the slot Ω2 as HPC, and the added reinforcement Ω3. The
symmetry of the overall cross-section allows the tempera-
ture calculation to be limited to just one half of the cross-
section, which significantly reduces calculation times.

The boundary conditions for (Equation 1) are derived
according to

λrϑ¼ _q, x �Γ1, t>0, ð2Þ

λrϑ¼ σ2 ϑ�ϑ2,∞ð Þ, x �Γ2, t>0, ð3Þ

�λrϑ¼ σ3 ϑ�ϑ3,∞ð Þ, x �Γ3, t>0, ð4Þ

TABLE 3 Influence of the slot shape on the maximum reached bar temperature.

Slot shape
Max. bar temperature
ϑs,max [�C]

Tempered surface
A [cm2]

Slot volume
V [cm3]

Ratio V/A
[cm3/cm2]

Contact area
U [cm]

Rectangle 56 250 1250 5.0 15.0

Semicircular 60 250 803.4 3.3 12.9

Triangle 66 250 625 2.5 11.2

FIGURE 7 Sketch of the solution

space of the heat equation and the

discretization for numerical

computation.
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λrϑ¼ 0,x �Γ4[Γ5, t>0: ð5Þ

The heating mat is modeled by a heat flux _q applied
from the outside over the slot width. According to Four-
ier's law, see ref. [40], the energy supply through the heat
flux at the boundary Γ1 is described by means of a Neu-
mann boundary condition (Equation 2). The temporal
evolution of _q was recorded in the experiment with a
heat-flux sensor (Hukseflux FHF04SC, h= 0.4mm)
according to the setup in ref. [21] and is applied for the
numerical calculation. In the experiment, the area
between the slot and the cooling, here marked as Γ2, is
directly exposed to the air. The resulting convective heat
transfer between the concrete and the ambient air is trea-
ted as a mixed boundary condition, taking into account
the ambient air temperature ϑ2,∞ and the heat transfer
coefficient σ2 (Equation 3). The cooling with dry ice at
the edge Γ3 can also be mathematically expressed by a
mixed boundary condition (Equation 4), where ϑ3,∞ rep-
resents the temperature of the dry ice and σ3 the associ-
ated transfer coefficient. Ideally, neither energy input nor
energy output occurs at the thermally insulated boundary
Γ4, so that this can be mathematically defined as a Neu-
mann boundary condition (Equation 5). Similarly, it is
assumed that _q¼ 0 applies to the heat flux at the bound-
ary Γ5, so that this is modeled as a Neumann boundary
condition, too (Equation 5). All numerical values for the
parameters ϑ2,∞, ϑ3,∞, σ2, σ3ð Þ are listed in Table 4.

The solution of the partial differential equation (1)
with the boundary conditions (Equations 2–5) is deter-
mined numerically by means of the MATLAB PDE Tool-
box.41 To discretize the cross-section into finite elements

(FE), a grid with ne ¼ 28,832 triangular elements and
nk ¼ 58,117 nodes is used (Figure 7), cf. ref. [40]. The tri-
angular slot shape and the round reinforcement bar are
approximated by elements with an edge length of 1mm.
The element size increases to a maximum of 2mm at the
non-tempered cross-sectional boundaries. According to
refs. [26,27] the material-specific parameters of density ρ,
thermal conductivity λ and specific heat capacity cp are
assigned to each element regarding the three materials
used (Ω1–Ω3) (Table 4).

The finite element discretization results in the system
of ordinary differential equations according to
Equation (6)40 with C�ℝnk�nk the thermal damping
matrix, K �ℝnk�nk the thermal stiffness matrix, the input
vector b�ℝnk�1, and the vector f �ℝnk�1, which summa-
rizes the further influences of the boundary conditions
from Equations (3)–(5).

C _ϑ tð ÞþKϑ tð Þ¼b _qþ f , t>0,

ϑ¼ϑ0, t¼ 0:
ð6Þ

In the time domain, Equation (6) is solved by an
implicit solution algorithm over the time interval
t� 0, τð Þ. The result is the transient temperature distribu-
tion ϑ tð Þ in the cross-section half over nk nodes.

With αT the resulting thermal strains in the cross-
section are calculated from the temperature changes cal-
culated at each node. For this, the calculated temperature
values of the nodes irregularly spread over the cross-
section (see Figure 7) are first transferred by linear inter-
polation between the elements to a regular temperature
grid with a spacing of 1 cm in the x- and y-directions. Due
to the symmetrical temperature distribution in the
x direction and under the assumption of the Bernoulli
hypothesis, a lamella model is used for calculation on the
cross-section, cf.42 The interpolated temperature changes
are transferred into a mean temperature change for each
row, from which the associated thermal strain
(ε¼Δϑ �αT) is calculated. The resulting strain distribu-
tion, which is non-linear over the height of the initial
cross-section, is decomposed into a constant (εc1,0) and a
linear variable portion (εc1,lin zð Þ) according to refs.
[26,43,44] The total strain of the initial cross-section is
εc1 zð Þ¼ εc1,0þ εc1,lin zð Þ. A constant thermal strain εs is
assumed for the added reinforcement, corresponding to a
temperature change at its barycenter. According to the
experimental setup in Figure 2, Figure 8 (left) color-codes
the numerically calculated and subsequently interpolated
temperature distributions on the cross-section without
cooling for the times t= [1–3] h. Warm regions are
highlighted in red, cold ones in blue. The comparison
with the temperature development measured at various
points in the experiment (Figure 6) shows an average

TABLE 4 Material parameters for the numerical temperature

field simulation.

Parameter Value Unit Range

ρ 2000 kg/m3 Ω1

ρ 2440 kg/m3 Ω2

ρ 7895 kg/m3 Ω3

λ 1.0 W/(K m) Ω1

λ 4.0 W/(K m) Ω2

λ 50 W/(K m) Ω3

cp 1000 J/(kg K) Ω1

cp 1300 J/(kg K) Ω2

cp 500 J/(kg K) Ω3

ϑ2,∞ 20 �C Γ2

ϑ3,∞ �78 �C Γ3

σ2 10 W/(K m2) Γ2

σ3 70 W/(K m2) Γ3

SCHWARZ ET AL. 9
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deviation of 1.9�C or approximately 4%. The resulting,
linearized thermal strains in the initial cross-section and
the added reinforcement due to the temperature distribu-
tion are shown in Figure 8 (right). εs,PT results from the
strain difference between the added reinforcement (εs)
and the concrete in the corresponding lamella at the level
of the reinforcement (εc1 z¼ 17:5 cmð Þ). After 1 h, εs is
0.34‰. The corresponding thermal strain of the concrete
εc1 z¼ 17:5 cmð Þ due to heat propagation reduces the
effective strain εs,PT to 0.29‰. With the tempering time,
the temperature at the added bar rises and thus also εs.
Due to its mass, the concrete reacts with delay to the heat
supply and thus, its strain increases slower, too. There-
fore, εs,PT increases to 0.36‰ or 0.38‰. In fact, the target
strain of 0.6‰ defined in Section 2 for which εs,PT = εs0,
is never reached. The effectiveness of the strengthening
(εs,PT/εs0) is 48%–63%. Further optimization of the induc-
tion method is thus necessary.

4.2 | Parameter study on the impact of
thermal and geometric boundary
conditions on the thermally generated pre-
strain

In the framework of a parameter study, the developed
numerical model is used to optimize the induction
method with regard to εs,PT: The test setup shown in
Figure 2 with a triangular slot is extended by a laterally
offset cooling system on the upper side of the concrete
using dry ice. The position and width of the cooling are

variable. The thermal prestress results from the
imprinted strains at the time when the HPC has hard-
ened sufficiently to transmit the force. The investigations
in Ref. [28] show that the condition for the HPC used is
usually met after approximately 2 h. Accordingly, the
strain εs,PT (2 h) is evaluated and optimized in the course
of the parameter study.

The influence of the distance n between the heating
mat and the dry ice when cooling the cross-section up to
the edge (c = 30 cm) is shown in Figure 9 (left). For
n = 0 cm—cooling starts right from the heating mat—
εs,PT is 0.45‰. As n increases, so εs,PT does. The maxi-
mum occurs for n¼ nopt ¼ 6 cm (εs,PT = 0.60‰). Beyond
that, εs,PT decreases again.

The influence of c (distance between the outer edge of
the cooling and the center of the sample) on εs,PT at
n¼ nopt according to Figure 9 (left) is shown in Figure 9
(right). c= 8.5 cm (nopt + b0/2) corresponds to no cooling.
With c, εs,PT rises, too.

The cooling of the initial cross-section effectively
counteracts heating and leads to a significant increase of
εs,PT. The target strain of 0.60‰ is now reached.
Compared to the case without cooling (Figure 8), this
corresponds to an increase in effectiveness of about 66%.

Besides the cooling, the slot dimensions are also opti-
mized numerically. Figure 10 shows the influence of the
slot width b0 (left) and the slot depth h0 (right) on εs,PT in
an otherwise unchanged test setup and the optimized
cooling geometry according to Figure 9. Throughout, the
slot is tempered over its entire width. As shown in
Figure 10 (left) the tempered surface initially increases
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with b0, too. The maximum occurs at b0 = b0opt = 10 cm
(εs,PT = 0.69‰). Beyond that, εs,PT decreases again. The
influence of the slot depth h0 at b0opt on εs,PT is shown in
Figure 10 (right). With decreasing h0, εs,PT increases. The

reason is that the slot volume V decreases while the tem-
pered surface remains the same, which according to
Section 3.3 leads to an increasing bar temperature and
thus to an increase of εs,PT.

FIGURE 9 Influence of the cooling distance on the calculated prestress of the added reinforcing bar (left) and influence of the cooling

width at an optimal cooling distance (right).

FIGURE 10 Influences of the slot width on the calculated thermal pre-strain of the added reinforcing bar (left) and of the slot depth at

an optimized slot width (right).
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4.3 | Induction method for thermal pre-
stressing of subsequently added
reinforcement

The results of the experimentally and numerically
developed induction method are summarized in
Figure 11. The highest effectiveness of the strengthen-
ing measure results from bars in triangular slots with
a width of 10 cm and a minimum depth. To ensure
sufficient concrete cover of the bars, the slot depth for
usual diameters (between 10 and 20 mm) is set to
5 cm. The slots should be exposed to a temperature of
95�C induced over their entire width at the component
surface.

The lateral cooling of the concrete surface with dry
ice reduces the temperature increase in the surrounding
concrete and thus increases the effectiveness of the
strengthening. The cooling is to be carried out at a dis-
tance of n = 6 cm from the slot and as wide as possible.
In order to achieve 100% effectiveness of the strengthen-
ing (εs,PT = 0.6‰) with the selected boundary conditions
(nopt, b0opt, and h0) according to Section 4.2, c>20 cm
must apply. In practice, a structure is usually strength-
ened by slotting several reinforcement bars next to each
other.

To ensure that the required cooling width is main-
tained for each bar, the required bar spacing is set to
2 � c = 40 cm (Figure 11a). Accordingly, it is recom-
mended to maximize the bar spacings by preferring big-
ger diameters and at the same time to maintain the
statically and constructively required bar spacings by
adding the bars one after the other (Figure 11b). In the
first step, for example, every second slot is created and a
bar is placed in it. Cooling follows between the slots,
maintaining the minimum width. After the cross-section
has cooled completely, a further bar can be added
between the already created slots in a second step, and
the induction can be repeated.

5 | EXPERIMENTAL
IMPLEMENTATION OF THE
OPTIMIZED INDUCTION METHOD

5.1 | Validation of the numerical
solution by experiment

The numerically optimized induction method according to
Section 4.3 is implemented in an experiment for valida-
tion. The basic test setup and the measurement technology
used correspond to Figure 2 with cooling. The slot width
b0 remains unchanged at 5 cm due to the available heating
technology. The other boundary conditions (slot shape, h0,
n, c) correspond to Section 4.3. To ensure comparability of
experiment and numerics, b0 is also adapted in the model.

Figure 12 compares the temperature curves measured
in the experiment with the thermocouples T1, T2, and T4

with the numerically calculated curves at the same loca-
tion. The calculated curves approximate the measured
temperatures at the design-relevant time after t= 2 h with
a maximum deviation of 2.5�C.

In the experiment, the temperature evolution in the
test object is only measured at selected points. In order to
determine the overall temperature distribution and calcu-
late the resulting thermal strain according to Section 4.1,
interpolation is performed between the measuring points.
The principle is shown in Figure 13 (top left). The tem-
perature evolution in the initial cross-section is known
from the lateral DFOS measurements in two layers across
the width. The DFOS measurements below the slot show
that after about an hour, an approximately linear temper-
ature distribution with 20�C at the lower edge has been
established over the height of the specimen and that this
remains unchanged over the entire duration of the test.
Accordingly, a linear approach is chosen to interpolate
between the two DFOS layers and the lower cross-
sectional edge (assumed to have 20�C). The temperature
distribution in the slot is also determined by interpolation

° °°°° FIGURE 11 Setup of the optimized

induction method with big bar

diameters and slot spacings (a) and

added bars in slots produced one after

the other (b).
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between the known temperatures at the sides of the slot,
at the extended member, and at the tempered edge.

Figure 13 (left and center) shows the resulting tem-
perature distributions in the specimen at times t = [1–3]
h. At t = 1 h, the region directly below the cooling
exhibits a temperature of about �40�C, while the added
bar has heated up to about 50�C. The effective range of
the dry ice cooling decreases with increasing tempering
time. The temperature in the slot and the initial
cross-section rises, and the cold region becomes smaller
and shifts sideways away from the slot. The vertical
DFOS measurements under the slot serve as a plausibility
check for the interpolated temperatures. The comparison
of the calculated and measured temperatures shows a
maximum deviation of 5�C.

The temperature distributions in the initial cross-
section are converted into linear strains (εc1,0 and εc1,lin)
according to Section 4.1 (Figure 13, right). The strain of
the added reinforcement εs is obtained directly from the
temperature change measured there. εs,PT(1 h) is 0.40‰.
With increasing tempering time, εs,PT increases to 0.50‰
(2 h) or 0.49‰ (3 h). The numerical calculation for the
test setup yields εs,PT(2 h)= 0.49‰. The deviation
between the numerical calculation and the experiment is
therefore only 2%.

FIGURE 13 Linearly interpolated temperature distribution in the specimen, based on the temperature measured in the experiment

using DFOS at different times (left) and the resulting strain distributions in the added bar and initial cross-section.

FIGURE 12 Comparison of the calculated temperature

evolution in the specimen at three points with the measured

temperature evolution for the test setup shown.
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6 | CONCLUSIONS

The paper shows the experimental and numerical
development of an induction method to strengthen
reinforced concrete structures using thermally pre-
stressed additional reinforcement. The main factors
influencing the effectiveness of the strengthening are
investigated by means of experimental tests and by
coupling numerical temperature field simulation with
a stress calculation at the cross-section level. The opti-
mized induction method is derived from the results,
taking into account practical construction aspects and
validated in a further experiment. The main find-
ings are:

• A triangular slot shape is best suited for thermal pre-
stressing of the reinforcement bars inserted into it. In
the tests, a higher bar temperature was achieved com-
pared to a rectangular and a semicircular shapes, with
otherwise the same boundary conditions. In addition,
the interface to the initial cross-section, through which
the heat dissipates into the concrete, is smaller than
with the other shapes. This results in a greater temper-
ature difference between the added reinforcement and
the concrete and thus a higher effectiveness of the
reinforcement.

• The effectiveness of the reinforcement is significantly
increased by optimizing the induction method. It is
recommended to add bars in a triangular slot with a
width of 10 cm and a depth of 5 cm. The initial cross-
section should also be cooled with dry ice. The cooling
should be performed at a distance of 6 cm from the slot
with the largest possible cooling width.

• In practice, the strengthening is achieved by slotting
several reinforcement bars next to each other. It is
recommended to add a few bars with big diameter
in order to increase the slot spacing and thus also
the possible cooling width. On the one hand, this
increases the effectiveness of the strengthening and,
on the other hand, reduces the amount of work
involved, since fewer slots have to be made. Alterna-
tively, the bars can also be added one after the
other with a smaller spacing and thermally
prestressed.

• To validate the numerically optimized induction
method, it is implemented in an experiment. The com-
parison of the results shows that the deviation between
the numerical values and the experiment is <2%.
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