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Podéště 1875/17, 708 33 Ostrava-Poruba, Czech Republic

* Correspondence: pavlina.mateckova@vsb.cz; Tel.: +42-776-781-340

Abstract: High-performance concrete (HPC) is subjected to wide attention in current research. Many
research tasks are focused on laboratory testing of concrete mechanical properties with specific raw
materials, where a mixture is prepared in a relatively small amount in ideal conditions. The wider
utilization of HPC is connected, among other things, with its utilization in the construction industry.
The paper presents two variants of HPC which were developed by modification of ordinary concrete
used by a precast company for pretensioned bridge beams. The presented variants were produced
in industrial conditions using common raw materials. Testing and comparison of basic mechanical
properties are complemented with specialized tests of the resistance to chloride penetration. Tentative
expenses for normal strength concrete (NSC) and HPC are compared. The research program was
accomplished with a loading test of model experimental pretensioned beams with a length of 7 m
made of ordinarily used concrete and one variant of HPC. The aim of the loading test was to determine
the load–deformation diagrams and verify the design code load capacity calculation method. Overall,
the article summarizes the possible benefits of using HPC compared to conventional concrete.

Keywords: high-performance concrete; mechanical properties; loading test; pretensioned beam

1. Introduction

High-performance concrete (HPC) is not a new player in the field of concrete construc-
tion. The beginning of the HPC era is connected with the development of superplasticizers
together with the use of mineral admixtures finer than cement in the 1970s and 1980s.
Though HPC is no longer a novelty [1], it is still an object of interest of many research
activities in a few fields.

Scientific work has been focused primarily on the design of suitable concrete mixtures.
For HPC, a low water to binder ratio is required. The concrete mixture has to contain a
well-compatible superplasticizer and an optimum composition of the binding system [2].

Replacement of part of the cement with mineral admixtures finer than cement helps,
among others, to reach significantly better consistency. As a mineral admixture, silica fume
is widely used, and another possibility is the utilization of metakaolin. The advantage
of metakaolin is the possibility for it to be one of the compounds of a ternary binder, as
it contains alumina ions, and together with calcium carbonate (ground limestone), it can
create a good base for a ternary binder. In addition, ternary binders with metakaolin are
considered as a very effective arrangement for the reduction in expansion caused by the
alkali–silica reaction [3].
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Considering the fact that HPCs are usually based on a high portion of cement, it is
also necessary to deal with impact on the environment (e-CO2 and e-Energy) [4,5] and
compare it with other materials from the point of view of sustainability [6].

The topics of life cycle analysis and environmental impact are closely connected
with the material durability and structural service life [7,8]. Concrete durability could
be assessed in a few aspects, including testing of carbonation, frost resistance or testing
of resistance to chloride penetration. HPC possesses increased durability thanks to its
compact microstructure [9,10]. High frost resistance [11], carbonation resistance [12,13] and
chloride resistance [14,15] were proved in a few research tasks. Research, which is referred
to in [16], indicates that the frost resistance of concretes with metakaolin is more favorable
than that of concretes with silica fume.

Parallel with the progress in technology, it is also important to amend design codes
and rules for construction [17,18]. Model code 2010 [19] reflects the utilization of HPC with
increasing validity for concrete up to the compressive strength of 140 MPa. From this point
of view, experimental tests of structural elements made of new types of concrete are very
valuable as a verification of load capacity calculation models given in design codes and
as a background for numerical modeling. Testing of load-bearing elements is demanding
with respect to production, manipulation, transport and the requirement of commonly
unavailable testing equipment, and that is why it is less frequentative.

Scientific papers in the field of HPC are usually focused narrowly on mechanical prop-
erties [20], compressive strength and microstructure [21], influence of high temperature [22]
or, on the other hand, on testing of structural elements [23–25].

The presented paper reflects the mentioned experiences in complex research which
starts with the development of an HPC mixture, continues with the description of the
microstructure and material mechanical properties and load capacity testing of the experi-
mental structural element, proves the increased resistance to environmental effects and
brings forth a possible application in load-bearing structures and the primary quantifica-
tion of expenses. A complex approach with emphasis on application in the construction
industry is the preference of the presented research.

Based on extensive and long-term parametrical laboratory testing, two variants of an
HPC mixture were designed using common raw materials. The subobjective was to prove
the mechanical properties of concrete developed in the laboratory in industrial conditions
with respect to the amount of mixture, fresh concrete transport and casting conditions.

The research program was complemented with the testing of the load capacity of a
pretensioned structural element. The aim of the loading test was the verification of the
calculation model for bending moment load capacity used in the current code for concrete
with compressive strength on the border or outreaching the limits of validity. A comparison
of the reserve in load capacities with the calculated value of the structural element made of
common concrete and HPC is presented.

Utilization of HPC is also connected with an expected improved durability. The
developed variants of HPC are intended to be used preferably in bridge beams which are
exposed to chloride aerosols due to traffic on or under the bridge, and that is why testing
of chloride resistance was given priority. New variants of HPC show, on the basis of the
performed test, higher resistance to chloride penetration, which is promising from the
perspective of durability.

Tentative expenses on used materials are compared not only for testing beams but
also on an example of a model bridge structure. Though this comparison cannot consider
all of the problematic life cycle cost quantification, it has a meaning for the basic notion of
the economy aspect of using HPC in the traditional cross-section of pretensioned beams.

2. Concrete Mixture and Material Properties of Concrete

The industrial partner of the presented research is a traditional producer of precast pre-
tensioned and post-tensioned bridge beams. The concrete composition has to be adapted to
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the volume of the mixture device, which is 1 m3, and fulfill the requirements of workability
and compaction of fresh concrete, together with a target of high early strength.

The current concrete mixture used for pretensioned elements is stated in Table 1 and,
in this paper, is identified as normal strength concrete (NSC) and listed as the reference
concrete. The concrete composition is based on ordinary Portland cement. High-quality
granite aggregates 4/8 and 8/16 from the quarry in Litice nad Orlici and sand 0/4 from
Lipa nad Orlici belong to local natural resources. The amount of plasticizer is 4.5 l per m3.
The water cement ratio of NSC is 0.4.

Table 1. Concrete mixture of normal strength concrete (NSC) and high-performance concrete (HPC).

Raw Material [kg] NSC
Max. Agg. 16 mm

HPC1
Max. Agg. 16 mm

HPC2
Max. Agg. 8 mm

Cement 42.5 450 575 650
Slag 0 40 60

Limestone 0 30 15
Metakaolin 0 80 75
Plasticizer 4.5 - -

Superplasticizer - 20 17
Water 180 165 165

Aggregates 0/4
(Lipa nad Orlici) 690 590 830

Aggregates 4/8
(Litice nad Orlici) 215 185 520

Aggregates 8/16
(Litice nad Orlici) 845 725 -

w/c 0.40 0.29 0.25

Based on long-term and extensive laboratory work on composition optimization [26,27],
the NSC concrete mixture was modified to develop an HPC mixture. In Table 1, the composi-
tion of two variants of the HPC mixture is shown, identified as HPC1 and HPC2. Concrete
mixture HPC1 preserves the utilization of the 8/16 aggregate, while in concrete mixture
HPC2, aggregate 8/16 is replaced with 0/4 and 4/8 aggregates. Utilization of HPC2 without
the 8/16 aggregate is profitable, especially for subtle elements with dense reinforcement.
Another advantage is only needing minimum vibration due to the fine-grained composition.

Both variants of HPC were designed with ternary binders using slag and limestone.
The ordinarily used plasticizer was replaced with a superplasticizer, based on polycarboxal
ethers, due to the low water–cement ratio, which is, respectively, 0.29 and 0.25. Low water–
cement and water–binder ratios cause deterioration of workability, and the mixture shows
a sticky consistency if only Portland cement is used. Replacing part of the cement with
mineral admixtures finer than cement helps to achieve a better consistency. In the presented
HPC mixture, metakaolin was used as a mineral admixture. The consistency of all analyzed
concretes was classified as superfluid on the basis of the cone slump test, where the slump
was over 210 mm. The result of the optimization is a mixture with high early strength as
an effect of the ternary binder. Based on previous research, it is supposed that the designed
HPC possesses high frost resistance with a minimum risk of the alkali–silica reaction [3,16].

The main advantage of HPC is its dense microstructure, which is a premise for the
high strength and high durability. The dense microstructure is a consequence of the very
low water to binder ratio. The microstructures of common concrete and HPC are compared
in Figure 1.

In Table 2, the test results of the basic mechanical properties of NSC and HPC variants
are shown. Laboratory testing was carried out according to valid codes [28–30]. The
split tensile strength of HPC was tested on cube specimens both in directions parallel (six
specimens) and perpendicular to the filling (three specimens). The mixed mode fracture
resistance together with the tensile strength of the analyzed types of concrete is discussed
in [31,32].
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Figure 1. Concrete microstructure: common concrete with water–cement ratio w/c = 0.55 (a), and high-performance
concrete, variant 1 with w/c = 0.29 (b).

In Figure 2, comparisons of the cylinder compressive strength of NSC and variants
of HPC are presented. The increment in cylinder compressive strength is, respectively,
45% and 52%. The value of the cylinder/cube compressive strength ratio is 0.76 for NSC
and 0.93 for both variants of HPC. Values of the cylinder/cube compressive strength ratio
correspond to the expected values, which are, for NSC, 0.8–0.85 and, for HPC, 0.9–1.0.
The increment in the static modulus of elasticity of HPC is 16%, and 18% for the second
variant. Values of the modulus of elasticity are slightly lower but roughly correspond
to the values expected according to the design code [17] both for NSC and HPC. Values
of the split tensile strength are compared in Figure 3. The cube compressive strength of
HPC variants in 24 h is compared in Figure 3, and it reaches 50% and 60% of the cube
compressive strength in 28 days.

Figure 2. Comparison of cylinder compressive strength (a) and cylinder/cube compressive strength ratio (b).
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Table 2. Tested material characteristics.

NSC HPC1 HPC2

Number of
Specimens

Mean
Value

Standard
Deviation

Mean
Value

Standard
Deviation

Mean
Value

Standard
Deviation

Cube Compressive
Strength [MPa] 3 85.8 3.4 101.0 3.3 106.2 3.3

Cylinder Compressive
Strength [MPa] 6 65.5 5.7 94.1 5.9 99.1 5.9

Static Modulus of
Elasticity [GPa] 3 35.0 1.0 42.1 3.8 41.2 4.3

Split Tensile Strength
[MPa] 6+3 5.9 0.3 5.9 0.4 6.4 0.3

Figure 3. Comparison of spit tensile strength (a) and cube compressive strength in 24 h (b).

3. Durability of Concrete

Resistance to chloride penetration is characterized with a diffusion coefficient Dc
and an aging factor m. AASHTO TP-95 tests [33] were carried out (Figure 4), where a
surface electrical resistance was measured for six time points for the determination of the
diffusion coefficient, which changes with the maturing of concrete, as a function of time.
The reference aging factor m was derived based on those values. A higher aging factor
represents an increasing resistance to chloride penetration over time, which may be related
to a higher persistence of the concrete structure to aggressive substances. The reference
diffusion coefficient based on the NT-BUILD 443 method [34] was also evaluated. Results
of the tests are stated in Tables 3–5.

Table 3. Diffusion coefficient and aging factor—NSC.

Time [Days] 7 14 28 56 91 161

Diffusion
Coefficient [m2/s] 1.3 × 10−11 9.6 × 10−12 8.79 × 10−12 6.01 × 10−12 5.93 × 10−12 5.89 × 10−12

Aging Factor m (AASHTO TP-95) [–] 0.2884
Diffusion Coefficient (Nord 443) [m2/s] 10.1 × 10−12
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Table 4. Diffusion coefficient and aging factor—HPC1.

Time [Days] 7 14 28 56 91 161

Diffusion
Coefficient [m2/s] 4.66 × 10−12 3.88 × 10−12 2.59 × 10−12 1.97 × 10−12 1.62 × 10−12 1.24 × 10−12

Aging Factor m (AASHTO TP-95) [–] 0.4197
Diffusion Coefficient (Nord 443) [m2/s] 3.46 × 10−12

Table 5. Diffusion coefficient and aging factor—HPC2.

Time [Days] 7 14 28 56 91 161

Diffusion
coefficient [m2/s] 3.62 × 10−12 2.93 × 10−12 2.54 × 10−12 2.04 × 10−12 1.73 × 10−12 1.51 × 10−12

Aging Factor m (AASHTO TP-95) [–] 0.2777
Diffusion Coefficient (Nord 443) [m2/s] 3.72 × 10−12

Figure 4. Specimens in chloride solution prepared for NT BUILD 443 test (a) and diffusion coefficient testing based on
AASHTO TP-95 (b).

In Figure 5, the diffusion coefficient and aging factor of the analyzed concretes are
compared. The diffusion coefficient is about 3 times lower both for HPC1 and HPC2 than
for NSC according to Nord 443. The aging factors of NSC and HPC2 are almost the same,
and the aging factor of HPC1 is considerably more favorable than the NSC value. A more
detailed description of the testing and discussion of results can be found in [35–37].

Figure 5. Comparison of aging factor (a) and diffusion coefficient (b)—NSC and HPC.
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4. Experiments of Pretensioned Concrete Beams
4.1. Description and Production of Experimental Beams

The background for the experimental beam design was the portfolio of bridge beams
of the industrial partner, which is composed mainly of slab beams and T-shaped beams.
It was also necessary to take into consideration the disposition of Centre of Building
Experiments at VSB-TUO (CBE), especially the load and space capacity of the testing
device, where the limit specimen width is 900 mm and the limit span is 10 m. It was
decided to use a modified slab beam, which roughly corresponds to the real structural
element, rather than a T-shaped beam, whose cross-section would have to be modified
due to the space and loading capacity of the CBE device. Variant HPC2 was selected for
experimental beam production.

The criterion for the design of cross-sectional dimensions was the same flexural
stiffness of the experimental beam’s cross-section both for NSC and HPC2. Slab beams
were designed with the width of 900 mm and the height of 560 mm for the beam made of
NSC, and 520 mm for the beam made of HPC2, Figure 6. The height of experimental beams
corresponds to the expected height of a real slab bridge beam. The length of the beams was
7.0 m, and the span was 6.5 m. The length was limited by the crane load capacity in CBE.

Figure 6. Dimensions of experimental beams’ cross-section, and layout of pretensioned reinforcement: cross-section of NSC
beam (a), and cross-section of HPC2 beam (b).

The pretensioned reinforcement with a diameter of 15.7 mm and a strength of 1860
MPa was designed in three rows with a similar layout in both NSC and HPC cross-sections,
Figure 6. The upper layer of the pretensioned reinforcement was designed to reduce
the negative deformation. Together with the bottom pretensioned reinforcement, which
is partially provided with separation, it eliminates tensile stress on the element’s upper
surface. Initial stress was 1400 MPa in all pretensioned reinforcements. Stress after releasing
was calculated with a value of 1312 MPa and stress after long-term changes was 1129 MPa
in the bottom layer of the pretensioned reinforcement.

There was also non-pretensioned reinforcement designed with a yield stress of 500 MPa.
Four-legged stirrups with a profile of 8 mm and a distance in the longitudinal direction of
150 mm were designed to bear the shear force and to ensure accessories for manipulation.
Stirrups were complemented with longitudinal reinforcement, with a profile of 16 mm.

Experimental beams were designed with approximately the same load capacity and
cracking moment. Bending moment load capacities, cracking moments and appropriate
loading forces together with testing peak load force are compared in Table 6. Load capacities
were calculated according to the design code [17], based on the limit strain method, using
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the software IDEA statica [38]. Mean values of compressive and tensile strengths based
on the test results were considered. Probabilistic assessment of the time-dependent load
capacity is discussed in [39]. Cracking moment was calculated using the value of the
pretensioned force in the appropriate time with respect to long-term changes. The designed
shear reinforcement allows presupposing the bending failure of experimental beams.

Table 6. Load capacity of specimen beams.

NSC HPC2
Load Capacity Crack Capacity Load Capacity Crack Capacity

Calculation—bending moment capacity [kNm] 1643 781 1581 779
Calculation—ultimate load [kN] 970 480 935 479

Experiment—peak load [kN] 1148 586 1062 546

Experimental beams were produced in the manufacturing plant of the industrial
partner, Figure 7. Together with the experimental beams, specimens for laboratory testing
were also concreted. Results of laboratory testing are listed in Chapter 2–Chapter 3 of
this paper.

Figure 7. Prepared pretensioned and non-pretensioned reinforcements of experimental beams (a),
and casting of concrete (b).

4.2. Testing of Experimental Beams

Experimental beams were exposed to a three-point loading test, Figure 8. Three beams
were tested, one made of NSC and two made of HPC2. The testing frame equipped with
a system of hydraulic cylinders allowed achieving a loading force up to 2000 kN. The
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loading force was recorded with a hydraulic electronic control system, and the deflection
in the mid-span was measured with a precision of 0.01 mm. Initial negative deformation
due to pretension was not measured. The concentrated load of the hydraulic cylinder was
spread to the width of the experimental beam with the steel welded element, Figure 8.
Experimental beams were supported with cylinder bearings to draw the supports close to
the hinge support. The application of the load was controlled with deformation, and the
loading step was 5 mm. After applying the load in one step, there was a 5–10 min time
delay for the deformation setting.

Figure 8. Three-point loading test in Centre of Building Experiments (a), and spreading of concentrated force with steel
element (b).

The tested peak load of the NSC experimental beam was 1148 kN and there is about
18% reserve when compared with the calculated value of the load capacity. The load x mid-
span deflection diagram (LD diagram) is shown in Figure 9. Yielding of the reinforcement
is apparent in the diagram, the rupture of pretensioned reinforcement was reached and
there was also significant damage of the concrete in the compressed part of the cross-
section, where also buckling of the compressed non-pretensioned reinforcement emerged,
Figure 10. The first visible cracks, with a width of 0.05/0.1 mm, appeared for a loading
force of about 586 kN. This value is also distinct in the diagram, and with this value of the
loading, the linear part of the LD function finishes. The calculated value of the cracking
force is lower.

The tested peak load of HPC experimental beams was 1080 kN and 1043 kN. There
is about 14% reserve when comparing the mean value of the tested load capacity and the
calculated load capacity. The load x mid-span deflection diagram is shown in Figure 9.
Yielding of the reinforcement is apparent in the diagram, and rupture of the pretensioned
reinforcement was not reached. There was significant damage of the concrete in the
compressed part of the cross-section, and in the final stage of testing, the compressed part
of the cross-section was detached, Figure 11. Buckling of the compressed non-pretensioned
reinforcement emerged. The first visible crack, with a width of 0.05/0.1 mm, appeared
for the loading force of about 546 kN. This value is also distinct in the diagram, and,
approximately, for this value of the loading force, the linear part of the loading function
finishes. The calculated value of the cracking force is 480 kN.

LD diagrams are very similar both for experimental HPC2 beams and the NSC beam.
In the initial phase of loading, the LD function is linear. The first visible cracks appeared in
the same loading step for the loading force of about 550 kN. As it had been supposed, the
first cracks initiated in the mid-span of the tested beam from the bottom surface roughly
perpendicular to the lower edge. Under further loading, there was a gradual development
of cracks at nearly regular distances from the mid-span to the support area. When reaching
the load of approximately 800 kN, the width of the crack increased up to 0.3 mm and the
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cracks progressed gradually to the upper surface of the beams. The decrease in bending
rigidity is significant also in the load x displacement diagram.

Figure 9. Load–deformation diagram testing of NSC beam compared with testing of HPC beams.

Figure 10. Failure of NSC beam: crack pattern (a), and rupture of pretensioned reinforcement (b).

A subsequent meaningful decrease in bending rigidity is in the load step of approxi-
mately 1000 kN, and the width of some cracks exceeds 1 mm. The increment of the loading
force became smaller with the applied deformation. When the peak load was reached, the
experimental beams did not collapse to downfall and the beams were gradually unloaded.
In the final stage of loading, when testing the NSC beam, the rupture of the pretensioned
reinforcement was reached and significant damage of concrete in the compressed part
appeared together with buckling of the non-pretensioned reinforcement. In the final stage
of testing of the HPC beam, the rupture of the pretensioned reinforcement was not reached;
however, when applying the deformation with a nearly zero increment of force, the dam-
aged area under the load-applying steel element was connected with a progressive crack,
and this led to the detachment of the compressed upper part of the cross-section.
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Figure 11. Failure of HPC beam: crack pattern (a), and rupture of the compressed part of the cross-section (b).

The load capacity was reached in bending as expected with the yielding of the preten-
sioned reinforcement. The reserve in the calculated load capacity is 18% for NSC and 14%
for HPC. The reserve in the calculated crack load is 22% for NSC and 14% for HPC.

5. Tentative Price and Expenses
5.1. Tentative Price of Materials

The incorporation of precast load-bearing elements made of HPC in the portfolio
of an industrial company is strongly connected with economical aspects. In Figure 12, a
graphical comparison of tentative initial expenses on 1 m3 of concrete based on the price of
raw materials is shown, according to data provided from the producer. Both variants of
HPC are about 1.8 times more expensive than NSC, which corresponds to data from the
professional literature, where the price of HPC is about 1.5–2.0 times more expensive than
NSC. Prices of reinforcement in parametrical calculations are 0.9 E/m for pretensioned
reinforcement, and 0.8 E/kg for non-pretensioned reinforcement.

Figure 12. Comparison of tentative raw material price of NSC and variants of HPC.

5.2. Comparison of Testing Slab Beams

In Table 7, the initial expenses for testing slab beams are compared. Consumption of
pretensioned and non-pretensioned reinforcements is nearly the same for both types of
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testing beams. The reduction in concrete consumption is small when retaining the same
load and crack capacity. The increase in initial expenses for 1 kN of tested load capacity is
40% for the HPC testing beam compared with the NSC beam. It has to be emphasized that
the comparison of expenses is only a basic rough assessment of prices of used materials.

Table 7. Tentative expenses of testing beams.

NSC Testing Beam HPC Testing Beam

Amount Price [E] Amount Price [E]

Concrete 3.53 m3 283 3.28 m3 479

Pretensioned
reinforcement 144 m 130 144 m 130

Non-pretensioned reinforcement 190 kg 152 185 kg 148

Total price 565 757

Expenses for 1 kN of tested load
capacity 0.50 0.7

5.3. Study of T- and I-Shaped Beams

A deeper study of HPC utilization was conducted on a model road bridge made of six
beams with a clear width of 9.5 m, Figure 13. The span of the parametric bridge is 15 m,
20 m, 25 m and 30 m. Utilization of the higher compressive strength of HPC enables an
increase in the initial prestressing force. In each variant of the used material and span,
it is possible to design a few variants of beams. In this study, beams with a minimum
height/cross-sectional area are mentioned. In Table 8, heights and cross-sectional areas of
T- and I-shaped bridge beams, designed for a parametrical bridge, are stated. The decrease
in the cross-sectional area of T beams made of HPC is about 12% compared with NSC. In a
slightly optimized variant of the bridge beam with an enlarged bottom flange, the I-shaped
beam, the decrease in the cross-sectional area is about 30% compared with the T-shaped
NSC beam. In Figure 14, cross-sections of bridge beams for a span of 30 m are compared
together with the number of pretensioned strands.

Figure 13. Section of model road bridge.

In Table 9, a comparison of raw material expenses for T- and I-shaped parametrical
bridge beams made of HPC and NSC is presented. A considerable part of the price is repre-
sented by the pretensioned and non-pretensioned reinforcements, and this affects the final
expenses balance, which is a 25% increase in expenses for the HPC T-shaped beam and only
a 5% increase for the HPC I-shaped beam compared with T beam made of NSC; however,
this variant is inconsiderably more laborious due to the more complicated formwork.
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Table 8. Height of T beams designed for the study bridge.

T Beam—NSC T Beam—HPC I Beam—HPC

Span [m] Height
[mm] Area [m2]

Height
[mm] Area [m2]

Height
[mm] Area [m2]

15 900 0.509 750 0.449
20 1150 0.629 950 0.529 850 0.431
25 1400 0.709 1200 0.629
30 1650 0.809 1450 0.729 1350 0.583

Figure 14. Cross-section of bridge beams with layout of pretensioned reinforcement, bridge span 30.

Table 9. Tentative expenses for parametrical bridge beams.

NSC—T Beam HPC—T Beam HPC—I Beam

Span [m] Amount Expenses [E] Amount Expenses [E] Amount Expenses [E]

20

Concrete [m3] 13.2 1056 11.1 1622 9.1 1322

Pretens. st. [m] 702 632 936 843 820 738

Non-preten. st. [kg] 974 779 780 624 694 555

Total 2467 3089 2615

30

Concrete [m3] 25.1 2006 22.6 3300 18.1 2639

Pretens. st. [m] 1636 1472 1840 1656 1636 1472

Non-preten. st. [kg] 2147 1717 1843 1475 1653 1323

Total 5195 6431 5434

It has to be emphasized that the comparison of expenses is only a tentative rough
assessment of the prices of the used material without taking into consideration costs
concerning the used technology, build-in reinforcement and labor, e.g., due to the more
complicated formwork of I-shaped beams. On the other hand, the decrease in structural
elements’ weight brings forth savings in transport expenses.

6. Discussion

Extensive material research focused on new compositions of HPC is carried out world-
wide, with the aim to increase the strength characteristics together with improvements
in other utility properties. The limiting factor of this research is, among other things, the
context of laboratory small specimen testing and the industrial conditions of production.

Within the presented research, it was proved that within the optimization of the
ordinary concrete composition, it is possible to achieve a compressive strength of about
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100 MPa under the industrial conditions of the research partner. HPC was designed
with a ternary binder with an increased cement portion, utilization of metakaolin and a
superplasticizer and a change in the aggregate size ratio. The subject of different laboratory
and industrial conditions is also discussed in [40], where the testing of precast bridge
segments is described.

Based on previous testing, the second variant of HPC was preferred. In [41], long-term
testing of the fracture energy and toughness of concrete with a lower water–cement ratio is
described. A significant decrease in the fracture parameters of specimens made of concrete
with an aggregate size of 22 mm was observed after one year, whilst the decrease in concrete
with an aggregate size of 16 mm was smaller and no decrease in the fracture parameters
was observed in concrete with an aggregate size of 8 mm. Strength characteristics stayed
unaffected. The explanation is probably in the autogenous shrinkage of the cement paste
and microcracks that arose on the aggregate’s surface. The interfacial transition zone, which
is developed especially around the higher-size aggregate, promotes this microcracking.

The HPC concrete mixture brings forth the change in microstructure, the increase
in compactness and, consequently, increased durability. The case of bridge structure
degradation due to exposure to chloride aerosols is the key factor for material durability
and structural life span. Within the tests of the chloride diffusion coefficient, it was proved
that the resistance to chloride penetration is about three times higher for both variants of
HPC than for NSC.

When designing a new concrete mixture, it is valuable to complement laboratory
testing of small specimens with the loading test of structural elements. The three preten-
sioned elements which were tested within the presented research showed very similar
behavior. The positive influence of pretension resulted in a higher cracking load and slow
crack development. Failure due to the pretensioned reinforcement yielding enabled high
deformability, which was in the final stage of loading in 1/30 of the span. The calculated
value of the load-bearing capacity and the value based on testing correspond well both
for experimental beams made of NSC and HPC2. The disadvantage of HPC with the
compressive strength on the border or outreaching the limits of validity of the current
design code is the higher danger of brittle failure. Testing of the load capacity indicates
that the ultimate bending moment calculation model reflected the danger of brittle failure
in the value of the concrete ultimate limit strain and particular coefficients for the decrease
in the compressed cross-sectional area [17,19]. The similar course of the loading test and
failure mode allows assuming analogical computational methods both for NSC and HPC
beams. An analogical discussion of HPC column design is presented in [42].

Conditions for wider utilization of HPC and UHPC in the precast industry are con-
cisely and objectively discussed in [43]. Locally mixed and produced HPC/UHPC mixtures
and optimized structural members are mainly cost-effective for buildings and bridges.

When taking into consideration the price of pretensioned and non-pretensioned
reinforcements, the increase in the structural element total price is 40% for HPC in the
case of experimental slab beams. However, in a deeper study of a parametrical bridge,
it was quantified that HPC T-shaped beams are about 25% more expensive than NSC T
beams and in a slightly optimized variation of HPC I-shaped beams, the increase in price
is only 5%. Though all complex and hardly quantified relevant expenses are not taken
into consideration, the information about the price of used materials is meaningful for
primary comparison.

The decrease in the structural element‘s height could be decisive in the case of replac-
ing an insufficient existing structure [8] and also from the perspective of the design value
of the water level.

Nevertheless, the expenses should be inspected not only with respect to the manufac-
turing cost but also in the context of the whole life span, which is, in the case of bridges,
100 years. Convincing quantification of all relevant expenses, together with environmen-
tal impact, i.e., life cycle analysis, is the objective of many research tasks [44,45]. Their
application in the case of bridge beams is the object of future research.
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7. Conclusions

Complex research of HPC was presented which comprises the design of concrete
mixtures, testing of mechanical properties of concrete cast in industrial conditions, testing
of load capacity of pretensioned experimental beams made of commonly used and newly
developed concrete, testing of durability and a tentative primary comparison of expenses.

In the paper, two variants of HPC were presented. Under industrial conditions, a
progressive and perspective compressive strength of HPC of about 100 MPa was achieved.

Testing of pretensioned experimental beams indicates the conveniency of the calcu-
lation model of the ultimate bending moment capacity for structural elements made of
concrete with compressive strength on the border or outreaching the limits of validity of
the current design code.

An increase in resistance to chloride penetration of the new HPC variant compared to
ordinarily used concrete was proved with AASTO and NORD laboratory testing.

The designed HPC is 1.8 times more expensive than NSC. Nevertheless, the incon-
siderable item of the price is the cost of the reinforcement. The tentative raw comparison
on parametrical bridge beams indicates that when taking into consideration the total cost,
the increase in expenses of HPC bridge beams is acceptable at 25%, which is balanced
with increased durability. In the slightly optimized but more laborious variant of the
cross-section, the increase in expenses is only 5%.

Application of HPC in the construction industry leads to its further development and,
in a wider context, to the construction of economical and sustainable structures with an
increased life span.
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