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This paper is a presentation of an investigation into the suitability of locally
produced ultra-high-performance fiber-reinforced concrete (UHPFRC) for the
rehabilitation of deteriorated concrete bridge decks in Norway. Full-scale
production was conducted at a conventional ready-mix concrete plant using
mostly locally available materials from silos at the plant. Material properties
relevant for bridge deck rehabilitation were investigated, including compressive
strength, residual flexural strength, E-modulus, shrinkage, and resistance to
chloride ion penetration. These results were compared to earlier experiences at
laboratory scale. The findings indicate that full-scale production of UHPFRC with
locally available constituents is achievable using common facilities for ready-
mixed concrete, including mixing, transportation, and pumping in quantities
appropriate for industrialized bridge deck rehabilitation. The applied UHPFRC
mix design was found suitable for bridge rehabilitation, considering compressive
and flexural strength, shrinkage, and durability evaluated by resistance against
chloride migration. Up to approximately 3 vol% of micro steel fibers (225 kg/m?)
were stepwise added, achieving a castable and self-leveling UHPFRC mix. Self-
leveling mixes are not suitable for applications in slopes, which are common for
bridge decks. Adjustments to the mix design are necessary to achieve thixotropy.
Some additional material properties remain to be evaluated, such as the bond
between the old concrete substrate and the new UHPFRC layer. This is being
investigated in the next stage of the project.

bridge rehabilitation, UHPFRC, UHPC, local materials, full-scale production, material
properties

1 Introduction

Many countries, including Norway, are currently facing a severe backlog in the
maintenance of transportation networks (RIF Engineers, 2021). Insufficient durability of
reinforced concrete bridges is particularly related to rebar corrosion due to chlorides from
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the sea or deicing salting. Old reinforced concrete bridges often lack
membranes to prevent water intrusion. Retrofitting a membrane
is usually undesirable due to the increased dead-load and,
thus, the potential for exceeding the capacity of the structure.
Consequently, deicing salting can increase chloride content in the
decks, potentially causing reinforcement corrosion. Additionally,
many bridge decks cast before the 1990s are affected by alkali-silica
reactions (Jensen, 2004; Kongshaug et al., 2021). This is accelerated
by high humidity content in the concrete, due to the lack of
membranes.

A promising repair method is the application of an Ultra-
High-Performance Fiber-Reinforced Concrete (UHPFRC/UHPC)
overlay, both for reinforced concrete bridges (Graybeal et al.,
2020; Bertola et al., 2021b; Brithwiler, 2024) and steel-concrete
composite bridges (Brithwiler, 2023a). UHPFRC is a cementitious-
based material with superior mechanical properties and durability,
compared to conventional concrete (Russell and Graybeal, 2013).
This class of materials has been developed over the past 30 years
(Brithwiler, 2020), but has not yet reached widespread application.
UHPFRC is commonly composed of cement and other cementitious
binders, fine aggregates, a low amount of water (water-to-binder
(w/b) ratio around 0.2), chemical admixtures, and a high content
of micro steel fibers (often above 150 kg/m?®) (Russell and Graybeal,
2013; Graybeal et al., 2020; Brithwiler, 2024). This composition
gives a material with high compressive strength (above 120 MPa),
tensile strength above 5MPa with strain-hardening properties,
and low permeability (Graybeal et al., 2020; Brihwiler, 2024).
The low permeability, high ductility, and the crack distributing
effect of the fibers significantly reduce the ingress of moisture
and chloride.

The use of an overlay of UHPFRC for restoring old bridges has
been implemented in a few European countries and the U.S., both for
strengthening and repairing (Sritharan et al., 2018; Graybeal et al.,
2020; Bertola et al., 2021b; Fehling and Thiemicke, 2023; Vitek et al.,
2025). The Czech Republic has developed UHPFRC for 15 years
leading multiple bridge applications (Vitek et al, 2025). The
first application of UHPFRC for strengthening purposes on a
bridge in the Czech Republic was made in 2022, yielding positive
results. Before the full-scale application, several experiments were
conducted. These included bond tests, bending tests of slabs with
conventional concrete and UHPFRC, and technical tests to verify
the ability to cast slopes. In Germany, UHPFRC has been applied
to new roads bridges as a thin waterproofing layer, without need
for asphalt (Fehling and Thiemicke, 2023). In addition, bridge deck
rehabilitation has been conducted in Austria and the Netherlands
(Fehling and Thiemicke, 2023).

Due to substantial research work over 25 years, Switzerland
has the highest application rate worldwide, ranging above 400
applications of UHPFRC for bridge repair between 2004 and
2024 (Brithwiler, 2024). The reason for success is primarily that
UHPFRC solutions are found to be cost-effective compared
to traditional methods, as well as giving reduced material
consumption, shorter construction periods, and improved
durability leading to lower future maintenance costs (Brithwiler,
2024). In addition, the environmental impact has been found to
be lower (Hajiesmaeili et al., 2019; Bertola et al., 2021b; Brithwiler,
2024). The national Swiss UHPFRC Model Standard (Brithwiler,
2023b) has been developed for the use of UHPFRC to rehabilitate
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concrete structures, to facilitate further use of this material
exceeding that covered by the CEN standards for ready-
mixed concrete.

The U.S. has also been investigating UHPFRC technology for
bridges. The main application area has been field-cast connection
between prefabricated reinforced concrete elements (Graybeal et al.,
2020). However, there is a growing interest in using UHPFRC as a
repair material as well, and the U.S. Federal Highway Administration
(FHWA) has published the report Design and Construction of
UHPC-Based Bridge Preservation and Repair Solutions (Haber et al.,
2022). In the US, development of a non-proprietary UHPFRC
for bridge deck rehabilitation has been presented, using locally
available materials and non-patented products (Alvarez et al,
2024). Full-scale application of UHPFRC overlay was performed
on a two-lane road bridge (Alvarez et al., 2024). Several tests
were performed for quality assurance of the mix, including
slump flow, compressive strength, flexural strength and pull-
off test.

Some research has focused on improving material properties
of UHPFRC on laboratory scale. Research has been carried
out to develop low-shrinkage UHPCs for bridge deck overlay
using calcined bauxite aggregate to reduce the autogenous
shrinkage (Wei et al., 2023). Others have investigated the
behavior of reinforced concrete elements strengthened with
UHPFRC (Kadhim et al, 2023). Additionally, research has
explored the fresh properties of UHPFRC to better suit use in
bridge deck overlay, e.g., investigation into thixotropic properties
(Du et al., 2023).

Despite the substantial backlog on bridge rehabilitation in
Norway, the potential for using UHPFRC has been insufficiently
investigated so far. This paper is a report on results from the
first stage of a research project aimed at contributing to this
shortcoming. The focus in this paper is to evaluate the suitability of
UHPFRC made from local constituents in Norway, for applications
related to the rehabilitation of deteriorated concrete bridges, and
the potential for using standard facilities for ready-mixed concrete
(RMC) to produce, transport, and pump UHPFRC in quantities
appropriate for industrialized bridge rehabilitation. The term “Full-
scale production” refers in this paper to industrial production of
concrete at a conventional RMC plant, in quantities sufficient for
demonstrating all equipment needed for the complete process from
mixing to placing. The second and final phase of the project includes
a pilot on full-scale rehabilitation of a deteriorated bridge. This
project could represent a significant step toward full-scale industrial
application of UHPFRC in Norway.

The adoption of industrial production and use of UHPFRC
faces several challenges. One is the lack of successful pilot
projects. Others include the absence of established standards
and the lack of expertise within the concrete industry. Up to
now, most production of UHPFRC in Norway has been on a
laboratory scale (Fidjestol et al,, 2012; Lande and Thorstensen,
2021). The present project is aimed at addressing the shortcomings
mentioned above by involving key industrial actors, thereby
contributing to the broader knowledge base and facilitating
the adoption of UHPFRC in bridge rehabilitation at a national
scale. This is partly based on the former research project
(Dr.Techn Olav Olsen, 2020).
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2 Preconditions for the use of
UHPFRC for bridge deck repair

UHPFRC has material properties appropriate for bridge deck
rehabilitation (Haber et al, 2022): e.g., low permeability and
high resistance towards degradation mechanisms, high mechanical
strength, high stiffness, and high bond strength towards substrates
made of ordinary concrete. The use of UHPFRC to repair bridge
decks is often performed by adding a thin layer of UHPFRC on the
bridge deck (Haber et al., 2022), after thorough preparation of the
substrate. In some cases, the overlay is solely intended to extend
the lifespan of the bridge by providing a new and protective layer
against chlorides and moisture; in other cases, the UHPFRC is also
used to enhance the bearing capacity of the bridge. A thickness of
20-40 mm of UHPFRC is sufficient to protect the existing structure
(Bertola et al., 2021b). For strengthening of the structural capacity,
ordinary reinforcement is used combined with the UHPFRC. In
such cases, at least 40 mm is required to ensure adequate cover
for the additional reinforcement. Damaged concrete and corroded
rebars in the original structure are removed before adding the
UHPFRC. The Swiss UHPFRC Model Standard (Brithwiler, 2023b)
specifies that the thickness should be over 25 mm for a protective
layer and above 40 mm for reinforced UHPFRC.

To ensure high strength and low permeability (and thus
the
UHPFRC mix for bridge deck repair should be specifically designed.

improved durability against degradation mechanisms),

Both high compressive strength and extended durability are
achieved through a high binder content, a low water-to-binder
ratio, and the use of fine aggregates (Richard and Cheyrezy, 1995).
The w/b-ratio of UHPFRC is normally in the range of 0.2-0.28
(Brithwiler, 2020; Haber et al., 2022) and D
1 mm (Brihwiler, 2020). Some have also used larger D

no larger than
of
4-5 mm for real-case applications (Alvarez et al., 2024; Vitek et al.,

max

max

2025). Additionally, optimizing the granular composition with
closely packed particles will further contribute to these properties
(Richard and Cheyrezy, 1995). Achieving high tensile strength
with strain-hardening behavior is also essential, as this enhances
ultimate capacity and stiffness while preventing crack formation
under service loads (Brithwiler, 2020). Ensuring strain-hardening
behavior provides the structure with protection against water and
chloride ingress (Brithwiler, 2020). This tensile behavior is mainly
obtained by high steel fiber content, but also compact matrix
and low w/b ratio (Bertola et al., 2021b). Straight high-strength
steel fibers with a length (lf) between 12-13 mm and a diameter
(dj) of around 0.2 mm are frequently used in UHPFRC (Larsen
and Thorstensen, 2020). To achieve significant strain-hardening
behavior and high tensile strength in the range of 8-14 MPa,
steel fibers with an aspect ratio (lf divided by df) above 65 and a
content of at least 3 vol% (235 kg/m3 ) should be used (Brithwiler,
2020). Ensuring the required workability with high fiber content
requires attention to the mix design (Briithwiler, 2020). Finally,
it is important for bridge deck overlay that the UHPFRC have
thixotropic consistency enabling casting with the necessary slope
(Haber et al., 2022; Abellan-Garcia et al., 2024).

Typical mass proportions of UHPFRC are as follows: 37%
cementitious materials (including cement, microsilica, and
sometimes other supplementary cementitious materials), 50%

fine aggregates, 4.5% water, 2% admixtures and 6.5% steel fibers
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(Haber etal., 2022). Table 1 shows an overview of material properties
for UHPFRC for rehabilitation of existing concrete structures,
according to Brithwiler (Brithwiler, 2020).

For real-scale applications, quality assurance is required. The
following is the argumentation for a suggested list of properties to
test for quality assurance. UHPFRC is a fiber-reinforced material
where fibers have a structural purpose. This is not covered by
the current CEN standard for structural concrete, Eurocode 2
(European Committee for Standardization, 2004). The Norwegian
Concrete Association has adopted regulations (publication number
38, NB38) for the use of fiber-reinforced concrete for structural
purposes (The Norwegian Concrete Association, 2024b), acting as
a national standard. The publication includes a list of tests to
be performed, mostly referring to European standards (EN) for
material testing. The Swiss UHPFRC Model Standard (Brithwiler,
2023b) also refers to several EN standards. However, additional
test procedures for tensile properties are specifically developed for
UHPEFRC. This includes both a direct tensile test and a tensile
bending test of 30 mm x 100 mm x 500 mm plates. NB38 utilizes
the same standard for tensile properties as the fib model code
(federation internationale du beton, 2013), EN 14651, measuring
the flexural tensile strength of fiber-reinforced concrete. Based
on the requirements for quality assurance in the Swiss UHPFRC
model standard with some adjustments following NB38 and other
requirements for Nordic conditions, a list on test procedures for
fresh and hardened state properties is proposed (Table 2) for the use
of UHPFRC in bridge rehabilitation. The table also provides relevant
test standards.

Fresh properties: The suggested list includes testing of
workability, density, and entrapped air. In addition to these basic
material tests, the Swiss UHPFRC Model Standard (Brihwiler,
2023b) includes a test on the suitability to be cast with a slope.
This test is to cast an inclined slab with dimensions 3 m x 1 m.
The suitability of the UHPFRC is verified by casting the UHPFRC
similarly to the intended application, i.e., the surface should have
similar roughness, and the inclination should be the same as for the
intended application. This test is included in our suggested list in
Table 2. Further included in the list, is a test of fiber homogeneity
gathered from NB 38
2024b). Three samples of 8 L fresh concrete are withdrawn from

(The Norwegian Concrete Association,

the concrete truck, one at the beginning of the pouring, one at
the middle, and one at the end. The steel fibers in each sample are
separated from the concrete, dried, and weighed. The fiber content
in each sample must range from 0.8 to 1.2 times the intended fiber
content, and the average of the three samples should be between
0.85 and 1.15 times the intended fiber content.

Hardened properties: In the hardened state, the suggested list
for testing includes the basic material properties of compressive
strength, elastic modulus, and tensile strength, all according to
EN standards. EN 14651 is proposed as a test method for tensile
strength, as this is referred to in both NB38 and the fib model
code. An additional property that should be tested for bridge deck
rehabilitation is bond properties between the new UHPFRC and
the old conventional concrete layer. This can be done by pull-
off test or direct tensile test (Vitek et al., 2025). Both tests are
applied on elements made from a layer of UHPFRC cast on a
substrate of conventional concrete. Failure should appear in the
conventional concrete layer (Vitek et al., 2025). According to the
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Swiss UHPFRC Model Standard (Brithwiler, 2023b) pull-off test
should be conducted following EN 1542:1999. This test is also the
one included in Table 2. UHPFRC generally exhibits high resistance
to degrading mechanisms compared to conventional concrete (e.g.,
chloride migration, carbonation, abrasion, and freeze-thaw) (Russell
and Graybeal, 2013; Fehling and Thiemicke, 2023). However, the
durability properties must be assessed in each individual case
before the full-scale application of locally made UHPFRC. In the
Swiss UHPFRC Model Standard (Brithwiler, 2023b) permeability
is evaluated by capillary absorption tests performed according to
EN 13057:2002. An alternative would be the NT BUILD 492 for
accelerated chloride migration, as this is a dominant degrading
mechanism for bridges in Norway. Freeze-thaw is also highly
relevant, and the dominant test method is according to SN-CEN/TS
12390-9:2016. All three are included in the suggested list in Table 2.
Norwegian version of the EN standards is given.

Some of these tests were conducted on the full-scale produced
UHPFRC in this stage of the ongoing project, while more tests will
be performed during the next.

3 Materials and methods
3.1 Materials

The UHPFRC used in this project was produced at an RMC
plant in the Southern part of Norway. The mix design was developed
for the same RMC plant in the former industrial research project
New applications of UHPC (Dr.Techn Olav Olsen, 2020), now reused
with some minor adjustments. All major constituents were available
from the standard concrete production at the RMC plant: cement,
silica fume, natural sand, shrinkage-reducing admixture (SRA),
and retarder. Additionally, the following constituents were added:
superplasticizer (SP) especially developed for UHPFRC, limestone
filler, and micro steel fibers. UHPFRC is usually made with a
maximum particle size of 1 mm (Brithwiler, 2020). Larger maximum
particle size has been used in some studies (Spiesz and Hunger,
2017; Alvarez et al.,, 2024; Ouyang et al., 2024; Shi et al., 2024;
Vitek et al., 2025). It was also successfully used for UHPC in
the former industrial research project (Dr.Techn Olav Olsen, 2020),
which the present project is closely related to. Information obtained
from the technical data sheets for the constituents used in the
production of UHPERC is presented in Table 3.

The UHPC mix composition logged from the quality system of
the full-scale production facility is shown in Table 4. The water-to-
binder (w/b) ratio was 0.22, where the binders included cement and
microsilica (k-value = 1). The fiber content was varied to test fresh-
state consistency, using 0 vol%, approximately 2 vol% (152 kg/m®)
and 3 vol% (225 kg/m3). A series of specimens were cast without
steel fibers for testing accelerated chloride migration, where the
presence of steel fibers would compromise measurements.

Properties measured on the specimens produced in the present
project with industrial full-scale mixing were compared to values
obtained in a former project where a similar UHPFRC was produced
in the lab. The mix designs of the lab-scale produced UHPFRC
are presented in Table 5. The results were also compared to a
previous full-scale production of UHPFRC at the same RMC
plant (Lande et al, 2024). The mix design from this full-scale
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TABLE 1 Overview of material properties for UHPFRC for rehabilitation
of existing concrete structures (Bruhwiler, 2020).

Material property

Value ‘

Compressive strength 150-200 MPa

Tensile strength 8-14 MPa with strain-hardening

behavior

Elastic modulus 45-50 GPa

Shrinkage and creep Similar to other cement-based materials

Resistance to degrading mechanisms | Very high compared to conventional

concrete

production is also included in Table 4. The mix designs are highly
comparable, though some small variations occur: Some constituents
have different origins, and admixtures SRA and retarder were not
applied in the lab mixing.

3.2 UHPC production

A total of 2 cubic meters were mixed in the RMC plant, using a
4 m? twin-shaft paddle mixer. Limestone filler was added manually
during mixing, which was time-consuming. Finally, the UHPC was
poured into a truck for transportation. A short transportation was
performed internally at the production site. A combined pumper
and mixer truck (PuMi) was used to transport the UHPC, to
sequentially mix the fibers in the UHPC, and finally to deliver the
UHPERC through pumping. The steel fibers were added to the mix
in two steps: first about 2 vol% (152 kg/m?) before the flow spread
was measured, then increased to about 3 vol% (225 kg/m3 ) before
the flow spread was measured again.

The ambient weather was sunny with temperatures around
20°C. UHPFRC generally requires a longer mixing time
than regular concrete, often quantified to a multiplication
factor of 7-8 (Lande et al., 2024). Due to the manual addition of
limestone filler and several sequences of adding steel fibers, the
mixing time was extended further. This resulted in the temperature
increase in the UHPFRC. The temperature was logged several times
throughout the process, and it was noted that the fresh properties
degraded towards less flowability and more stickiness.

As a last step, the UHPFRC was cast through pumping. Around
60% of the ready-mixed concrete delivered in Norway is placed by
pumping (Mortensvik and Thorstensen, 2025). Hence, regarding the
industrial focus of this project, it was decided to test the ability
of the UHPFRC to be placed by pumping in equipment used for
traditional concrete. The pump part of the PuMi was used for this
purpose. Clogging of the pipeline and hoses is a frequent bottleneck
when pumping concrete, which is both time- and cost-consuming
(Mortensvik and Thorstensen, 2025). The skilled PuMi operator
evaluated the UHPFRC as being too stiff and sticky for pumping,
after the long processing time of fiber addition and measuring.
More water and SP were added until an adequate consistency was
obtained, as evaluated by the operator. Figure 1 shows the flow chart
of the production process.
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TABLE 2 Relevant tests for quality assurance for bridge rehabilitation with UHPFRC for Nordic conditions.

Standard

Test Number of Test age

specimens test (CEVS)!
[mm] specimens

Fresh state

Workability

NS-EN 12350-8:2019
Slump-flow test
(European Committee for
Standardization, 2019b)

N/A N/A N/A

Density

NS-EN 12350-6:2019
Density

(European Committee for
Standardization, 2019a)

N/A N/A N/A

Entrapped air

NS-EN 12350-7:2019

Air content - Pressure
methods

(European Committee for
Standardization, 2019f)

N/A N/A N/A

Fiber homogeneity

Publication NB 38
(The Norwegian Concrete
Association, 2024b)

N/A N/A N/A

Thixotropy

Swiss UHPFRC Model
Standard (Briihwiler,
2023b)

3,000 x 1,000 slope N/A N/A

Hardened state

Compressive strength

NS-EN 12390-3
Compressive strength of
test

specimens

(European Committee
for Standardization,
2019¢)

100 cubes (100 x 200 3 28
cylinders)

Elastic modulus

NS-EN 12390-13
Determination of secant
modulus of elasticity in
compression

(European Committee for
Standardization, 2021)

100 x 200 cylinders 3 28

Tensile strength

NS-EN 14651 Measuring
the flexural tensile
strength

(European Committee for
Standardization, 2005)

150 x 150 x 600 6 28
beam

Bond strength

NS-EN 1542:1999
Measurement of bond
strength

by pull-off

(European Committee for
Standardization, 1999)

N/A Case specific >7
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TABLE 2 (Continued) Relevant tests for quality assurance for bridge rehabilitation with UHPFRC in for Nordic conditions.

Standard Test

specimens
[mm]

Number of
test
specimens

Test age
(days)

Dimension stability

Publication NB 15
(The Norwegian Concrete

Shrinkage

Association, 2024a) or
NS-EN 12390-16
Determination of the
shrinkage of concrete
(European Committee for
Standardization, 2019¢)

100 x 100 x 500 3 -
beam (NB15)

NS-EN 12390-17:2019
Determination of creep

of concrete in

compression (European
Committee for Standardization,
2019d)

Creep

Cylinders or prisms

Durability

NS-EN 13057:2002
Determination of

Resistance of capillary
absorption
resistance
of capillary absorption
(European
Committee for Standardization,
2002)

100 x 30

NT BUILD 492 Chloride
migration

coefficient from
non-steady-state
migration

Chloride resistance

experiments
(Nordtest method, 1999)

100 x 200 cylinders 4 28

SN-CEN/TS
12390-9:2016
Freeze-thaw
resistance — Scaling
(European Committee

Freeze-thaw

for Standardization,
2016)

150 Cubes

3.3 Material property testing

An overview of the tests conducted in this part of the research
project is shown in Table 6, including the number of specimens
tested in parallel, curing, and test age. All tests are in accordance
with the suggested list for quality assurance (QA) (Table2).
However, the complete QA is not performed in this stage of
the project. The remaining will be performed as part of the
ongoing final stage of the project, which will include a full-scale
bridge deck repair.

Fresh properties of the RMC production were tested
to NS-EN 12350-8:2019
(European Committee for Standardization, 2019b), for each of the

through slump flow according

three levels of fiber content 0, 2, and 3 vol% (Figure 2). The slump
flow was performed by filling a cone with a height of 300 mm and a

Frontiers in Built Environment

diameter of 100 mm at the top and 200 mm at the base. The result
is the average diameters of the largest flow spread (d,) and the flow
spread perpendicular to d, (d,).

Figure 3 shows an illustration of the strength-based properties
tested. Compressive strength was measured according to NS-EN
12390-3 (European Committee for Standardization, 2019e), using
100 mm cubes and on 100 x 200 mm cylinders (Figures 3a,b).
Cylinders were tested to investigate the correlation between tests
performed on cubes and cylinders. This correlation is well known
for standard concrete, but not correspondingly known for locally
produced UHPFRC. 100 mm cubes were tested at 1, 7, 14, and
28 days after casting. Three test specimens were tested for each
test age. E-modulus was tested according to NS-EN 12390-13 on
100 x 200 mm cylinders (European Committee for Standardization,
2021). Three test specimens were tested 28 days after casting,
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TABLE 3 Materials.

10.3389/fbuil.2025.1570920

Material Characteristic

Silica fume Silica fume EN 13263-1:2009, SiO, > 85%, density of 2,200 kg/m?

Cement Portland cement EN 197-1 FA CEM II/A-V 52.5 N, density: 2,970 kg/m3

Filler Limestone filler for concrete production, density: 2,720 kg/m*

Superplasticizer (SP) Specially composed for UHPC production, 40% active content, density: 1,080 kg/m*

Shrinkage-reducing admixture (SRA)

Shrinkage-reducing admixture for concrete, density 922 kg/m*

E-modulus: 210 GPa. Bags of 20 kg

Retarder Retarder for normal concrete, density 1,040 kg/m?
Aggregate Natural local sand 0-8 mm, density: 2,656 kg/m’
Steel fibers (sf) Imported micro steel fiber, wire fiber, fiber length (p): 12.5 mm, fiber diameter (d;): 0.175 mm, tensile strength: min. 2800 N/mm?,

TABLE 4 UHPFRC mix composition in kg/m? for RMC production.

UHPC-RMC UHPC-RMC UHPC-RMC Previous UHPC-RMC
0 vol% 2 vol% 3 vol% 2 vol%

Cement 743 728 719 762
Silica fume 147 144 143 151
Limestone filler 165 161 159 170
Sand 1,104 1,082 1,069 1,297
SP 20 20 20 17
SRA 7.2 7.2 7.2 -
Retarder 3.8 3.7 37 3.8
Total water 196 193 192 202
Steel fibers 0 152 225 158
w/b-ratio 0.22 0.22 0.22 0.22

according to the recommendations in Table 2. These results from the
full-scale test were also compared to results from the lab-scale tests.

Flexural tensile strength was tested using NS-EN 14651 for fiber-
reinforced concrete (European Committee for Standardization,
2005). Six notched UHPFRC beams with about 3 vol% of steel fibers
from the RMC production and three from the lab-scale production
were tested. The beams were tested in three-point bending with a
span length of 500 mm (Figure 3c). The dimensions of the beams
were 150 mm x 150 mm x 600 mm. A 25mm notch was cut
centrally in the lower edge of the beam, giving the height 125 mm
of the beam over the notch (hsp). The specimens were rotated 90°
around the longitudinal axis before the notch was cut, to obtain
smooth surfaces for application of load and to prevent the effect
of fiber segregation. The force was applied at a constant rate of
0.6 mm/min. The test procedure requires force and crack mouth
opening displacements (CMODs) to be registered during the test. A

Frontiers in Built Environment

Digital Image Correlation (DIC) system was applied to identify
CMOD values. This was done through a virtual extensometer
crossing the notch tip in the DIC software (Vic3D). The flexural
tensile strength was calculated corresponding to CMODs of
0.05mm, 0.5mm, 1.5mm, 2.5mm, and 3.5 mm. CMOD equal
to 0.05 mm was used to determine the flexural strength at the limit
of proportionality (LOP) (f ;). The remaining CMODs were used
to calculate the residual tensile strengths: fy;, fr,, fr; and fp,. The
flexural strength (fg;) for the various CMODs was calculated using
the formula in NS-EN 14651 (Equation 1):

3F]

= — 1
® bk, W

where F; is the load corresponding to the different CMOD:s (j = 1,
2, 3, and 4) (Newton), [ is the span length (mm), b is the width, and
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TABLE 5 UHPC recipe in kg/m3 for production at laboratory facilities.

10.3389/fbuil.2025.1570920

UHPC-lab UHPC-lab UHPC-lab

1 vol% 2 vol% 3 vol%
Cement CEM 1525 N 797 789 781
Silica fume 157 156 154
Limestone filler 169 168 166
Sand 1,035 1,025 1,015
SP 13.1 13.0 12.8
Total water 210 208 206
Steel fibers 79 157 234
w/b-ratio 0.22 0.22 0.22
Slump flow* 900 mm 815 mm 680 mm

#Average of two batches.

Added to mixer: i
Cement, silica fume, sand, admixture, Manually added:
water Limestone filler

| UHPC mixing |

| Loaded on concrete truck

Fresh properties (0 vol.% sf)

Casting (0 vol.% sf)

| 2 vol.% sf added on the concrete truck

Fresh properties (2 vol.% sf)

Transported to lab, demolded and

Ceally Bl cured in water

[ 1]

| 3 vol.% sfadded on the concrete truck

Fresh properties (3 vol.% sf)

L

| Adjustment of slump by water and SP l

| UHPC pumping i—

Fresh properties (3 vol.% sf) ]

1]

Casting (3 vol.% sf) I—

FIGURE 1
Flow chart of UHPFRC production.

hy, is the depth of the notched beam (mm). Flexural strength for
maximum load was also calculated.

The test procedure in Annex A
15 (NBI15) by the Norwegian
(The Norwegian Concrete Association, 2024a) was used to evaluate

of  Publication

Concrete  Association

the shrinkage. The test measures total shrinkage, i.e., the sum of
drying and autogenous shrinkage. Figure 4 shows the test rig. The
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test specimens were 100 mm x 100 mm x 500 mm beams with cast-
in-place steel pegs at both ends. The test specimens were stored in
laboratory conditions (20°C and 50%-60% RH) with a minimum of
25 mm between the test beams. The procedure was to first zero a dial
gauge towards a reference steel rod. After zeroing the dial gauge, the
length of the UHPFRC specimens was measured, followed by a re-
measurement of the steel rod to control that the measurement was
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TABLE 6 Test program.

10.3389/fbuil.2025.1570920

Total specimens Nr. of specimens Test age
tested per test

UHPC-RMC 3 vol% Compressive strength 12 3 20°C 1,7,14,28
cube
Compressive strength 3 3 20°C 28
cylinder
Residual flexural tensile 6 6 20°C >28
strength
Shrinkage 3 3 20°C 1,7, 14, 28, 56, 91, 270
E-modulus 3 3 20°C 28

UHPC-RMC 2 vol% Compressive strength 3 3 20°C 28
cube

UHPC-RMC 0 vol% Chloride migration 4 4 20°C >28
resistance, cylinder

Previous UHPC-RMC 2 Compressive strength 5 5 20°C 28

vol% cube

UHPC 3 vol% Compressive strength 12 12 20°C >28
cube
E-modulus 3 3 20°C >28
Residual flexural tensile 3 3 20°C >28
strength

UHPC 2 vol% Compressive strength 12 12 20°C 528
cube
E-modulus 3 3 20°C >28
Residual flexural tensile 3 3 20°C >28
strength

UHPC 1 vol% Compressive strength 12 12 20°C 228
cube
E-modulus 3 3 20°C >28
Residual flexural tensile 3 3 20°C >28
strength

valid. Atleast three repeated measurements were performed for each
specimen before recording the average value. Measurements were
first conducted after 24 h and subsequently used as the reference for
corresponding measurements conducted 7 days, 14 days, 28 days,
56 days, 91, and 270 days after casting. The shrinkage was calculated
in %o of the reference length (24 h). Average values from three beams
were used to represent the shrinkage. Long-term measurements will
be conducted after 360 days.

The chloride penetration resistance was evaluated using the
Nordtest method NT BUILD 492 chloride migration coefficient from
non-steady-state migration experiments (Nordtest method, 1999).
This accelerated test method is commonly applied for UHPFRC
to assess chloride resistance (Li et al.,, 2020). Cylindrical UHPC
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test specimens (d 100 mm and t = 50 mm) without steel

fibers were sawn centrically from cylindrical specimens 100 mm x
200 mm. The test utilizes electric potential to accelerate the chloride
migration, using the initial current to manage the exposure time.
The inclusion of electric conductive fibers in the specimen might
corrupt the procedure. Following the standard, each specimen was
preconditioned. Subsequently, each specimen was placed in a rubber
sleeve and submerged in a catholyte (NaCl solution) in one end
and an anolyte (NaOH solution) in the other (Figure 5). The theory
is that chloride ions from the catholyte solution migrate into the
UHPC specimen, accelerated by the applied electric potential. After
exposure, each specimen was split in half to access the cross-
sections. Each cross-section was sprayed with silver nitrate to

frontiersin.org


https://doi.org/10.3389/fbuil.2025.1570920
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org

Lande et al.

FIGURE 2
Slump flow at the RMC plant.

detect the chloride penetration depth. This depth was measured
every 10 mm along the surface (Figure 5). The non-steady-state
migration coefficient (D, x 10> m?/s) was calculated using the
following formula (Equation 2):

(xd ~0.02387 %) @)

where T is the average of the initial and final temperature in the

0.0239(273 + T)L
(U-2)t

nssm

anolyte solution (°C), L is the thickness of the test specimen (mm),
U is the applied voltage (V), t is the test duration (hours), and x,; is
the average penetration depth (mm). The resistance against chloride
migration was compared to three classes of conventional concrete,
C20/25, C30/37, and C45/55. Four samples of each concrete type
were tested.

4 Results and discussion
4.1 Material properties

The inclusion of steel fibers effectively prevents and delays the
initiation of microcracks in the concrete matrix (Zhang et al.,
2023). This leads to improved crack control and crack distribution,
resistance to crack growth, and enhanced ductility and strength
properties. UHPFRC, however, differs in several aspects from
conventional steel-fiber-reinforced concrete. This includes a denser,
high-strength matrix, the use of micro steel fibers, and a higher
fiber content. Considering the higher number of micro steel fibers
compared to standard steel fibers at the same volume proportion,
UHPFRC can give further improvements in mechanical and
durability properties. In the following, the effect of steel fibers on
UHPEFRC for bridge deck rehabilitation is presented and discussed,
comparing specimens cast during full-scale RMC production and
those produced at laboratory scale.

4.1.1 Fresh properties
A large slump flow of 900 mm was achieved for the initial UHPC
without steel fibers included in the mix (Figure 6). This was reduced
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to 740 mm with the addition of around 2 vol% (152 kg/m?) steel
fibers. At approximately 3 vol% (225 kg/m?), the UHPFRC became
very viscous - not applicable for pumping. Hence, the mix was
adjusted with SP and water to obtain fresh properties applicable for
pumping. The mix remained viscous but was considered satisfactory
for pumping. An overview of the slump flow is provided in
Figure 6, showing the decrease in flowability as the fiber content was
increased. The decrease in flowability as a function of an increase
in steel fiber content is found in several papers (Yu et al., 2014;
Wu et al.,, 2016; Le Hoang and Fehling, 2017; Meng and Khayat,
2018; Yang et al., 2021). This trend has also been observed for other
types of concrete containing micro steel fibers (Wang et al., 2025).
In a review paper where (Zhou et al., 2021) refer to 184 scientific
papers, three mechanisms are identified as main contributors to the
loss of workability following a higher fiber content for UHPFRC.
One is that the increased surface area of the elongated fiber shapes
binds more water. It is commonly known that any surface physically
binds a thin layer of water—often quantified to the thickness of two to
three molecules. Given the micro dimensions of the fibers used for
UHPFRC, the number of fibers and the accumulated surface area are
consequently high. This surface area also increases the requirement
for cement paste, which is given as a second explanation in the
review paper. All particle surfaces should be covered with paste, and
a surplus volume of paste is needed to “lift” each particle from the
others to reduce the internal friction in the mix. Thus, when adding
more and more fibers sequentially without compensating with more
paste, the internal friction between particles increases, resulting in a
reduced slump flow. A third explanation stated in the review paper
is the risk of mutual fiber winding associated with the dispersion
and distribution of fibers. Interlocking between fibers and aggregate
particles further increases the risk of reduced workability. The
elongated fibers have the potential to be packed nearly as dense as
the less elongated aggregate particles. However, if stacked randomly,
the fibers might interfere with aggregate particles, preventing dense
packing and increasing internal friction. Balancing high fiber
content with correspondingly high workability is recommended
to secure dense packing. When, in this investigation, the fiber
content was increased without compensating for the need for more
cement paste, the above-mentioned explanatory mechanisms from
the review paper act as good explanations for the loss of workability
following the increase of fiber content. Wang et al. found that the
workability of geopolymer concrete decreased with an increasing
content of micro steel fibers (Wang et al., 2025). For this type
of concrete, the reduction in workability is explained by the steel
fibers having an elongated shape, poor filling ability, and increased
surface area compared to the aggregates, which leads to poorer
particle packing. Furthermore, increased internal friction due to
interlocking between fibers and aggregate particles also contributes
to reduced slump flow. Similarly (Zhang et al., 2024), observed
increased viscosity for geopolymer concrete containing 2 vol% of
micro steel fibers, caused by reduced packing of particles and
higher friction between the steel fibers. Sun et al. studied Polyvinyl
alcohol (PVA) fibers in modified cement-based materials finding
that higher content of fibers reduced the slump flow and increased
thixotropy of the mix (Sun et al., 2024). However, concrete with
PVA fibers is affected by additional mechanisms that reduce the
slump flow (Sun et al., 2024).
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FIGURE 4
Measurement of total shrinkage, test rig and test specimen.

Relatively large aggregate particles (D,,,, 8 mm) were used in
this UHPFRC mix, which may have contributed to the reduced
slump flow caused by the increasing fiber content. It was found that
the spread flow was reduced from 900 mm to 550 mm, as the fiber
content increased from 0 vol% to around 3 vol% (225 kg/m?), as
shown in Figure 6. Normally, aggregates witha D,,,, under 1 mm are
used in UHPFRC (Briihwiler, 2020), allowing the fibers to distribute
more freely. Le Hoang and Fehling used a fine-grained UHPFRC
(D105 0.5 mm) and found that an increase in steel fiber content from
0 vol% to 1.5 vol% and 3 vol% reduced the slump flow (Le Hoang
and Fehling, 2017). However, the reduction was considerably lower
(17% reduction at 3 vol%) compared to the findings in this study
with D, 8 mm (39% reduction at 3 vol%).

The final aspect of the fresh properties, according to the
suggested list for QA in Table 2, regards the casting process of
UHPEFRC. Bridge decks are commonly cast with a surface slope.
To attain this, the fresh UHPFRC must have thixotropic properties
(Haber et al., 2022; Abellan-Garcia et al., 2024). In this case, we
achieved a castable and self-leveling mix when energy was added to
the UHPFRC. The rheological properties can be adjusted to achieve
a thixotropic behavior, e.g., with viscosity-modifying admixtures.

4.1.2 Strength-based properties

Figure 7 shows the compressive strength of the UHPFRC
produced at the RMC plant, both as time series and for different
test series. Cubes containing around 3 vol% (225 kg/m?) of steel
fibers were tested at 1, 7, 14, and 28 days of curing in water
at 20°C. A compressive strength of 42 MPa was obtained after
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1 day of curing, and 147 MPa after 14 days. The 28-day reference
strength was found to be 170 MPa. This is well above the advised
level of 120 MPa stated by (Graybeal et al., 2020), and satisfies
the requirement of 150-200 MPa advised by Brithwiler (Briithwiler,
2020), for UHPFRC to enhance existing structures (Table 1). These
results demonstrate that it is possible to produce large quantities
of UHPFRC using ordinary industrial equipment for conventional
ready-mixed concrete, based on a common fraction of natural
sand—and that the resulting material satisfies requirements for
strength given by authoritative sources suitable e.g., for repair of

bridges. Also, the restriction of D,,,, < 1 mm normally used for

max
UHPFRC, can be bypassed to achieve satisfactory compressive
strength if the aggregate has sufficient strength. This might also
both favor the economy and help reduce technical challenges like
shrinkage.

Another evaluation was to determine the ratio between
compressive strength measured on cubes vs cylinders. The
conversion factor was determined at 0.87, well corresponding
to the value 0.84-0.86 that is stated in Eurocode 2 for standard
high-strength concrete (C80/95 and C90/105).

A third evaluation was to investigate whether the results
achieved in the full-scale production are reproducible on lab-
scale. This is important knowledge, as the utilization of industrial
equipment requires a stop in ordinary production—which is both
expensive and disturbing to normal industrial production. Remains
of UHPFRC might also require extra cleaning procedures—further
increasing the negative consequences for normal production.

The results on compressive strength from the full-scale
production at the RMC plant (Figure 8) are compared to those
obtained at laboratory facilities with the mix design in Table 5,
as well as those from a previous full-scale test made at the same
RMC plant (Table 4) presented in (Lande et al., 2024). As shown
in Figure 8, the results from both full-scale productions are nearly
identical (for about 2 vol%). Although the mix design was not exactly
the same (Tables 4 and 5), it involved the same w/b ratio, steel fiber

content, D, of aggregate, and similar binder content. This indicates

max
that repeatability is good even with the variations occurring in
industrial production systems, e.g., in constituents stemming from
natural ores. Similar results were obtained when comparing samples
produced at lab facilities to those produced at the RMC plant for the
same fiber content. Variations are limited to 10%. These results are

consistent with previous results (Lande et al., 2024).
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FIGURE 6
Slump flow for UHPFRC produced at RMC-plant and lab-scale.

Fibers have been found to increase the compressive strength
of different types of concrete (Sun et al., 2024; Zhang et al., 2024;
Wang et al,, 2025). The series made from the RMC production
demonstrates an increase of 17% in compressive strength when
the fiber content is increased from 2 vol% (152 kg/rn3 ) to 3 vol%
(225 kg/m3). The impact—and whether at all there is an impact—of
fibers on compressive strength, is highly disputed in the literature
(Larsen and Thorstensen, 2020). The impact on compressive
strength from adding steel fibers varies from a considerable increase
(Wuetal., 2016; Ibrahim et al., 2017) to a negligible effect (Le Hoang
and Fehling, 2017). Regarding the span in fiber content from 2 to
3 vol%, the impact on compressive strength typically seems to be
evaluated as lower than 10% in most papers (Meng and Khayat,
2016; Wu et al.,, 2016; Pourbaba et al., 2018). We consider two

Frontiers in Built Environment

12

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

@ Cube 3vol.%
@ Cylinder 3vol.%
0 Cube 2vol.%

Compressive strength [MPa]

FIGURE 7
Average compressive strength of UHPFRC produced at RMC-plant.
Error bars show standard deviation.

possible sources for the deviations between the results from the
RMC production and those found in the literature: One is the limited
number of test specimens. Concrete is a highly anisotropic material,
known for its high span in test result values. Only three specimens
were tested for RMC production, which may have included random
variations, causing a higher average value than what is representative
of the population. The second reason might be that the large amount
of micro steel fibers was not homogeneously distributed. Evenly
distribution of microfibers in the mix of fine particle materials is
challenging, as discussed above in the section concerning the size
of D, ... The small portion of UHPFRC taken for the three cubes
may have originated from a partition of the 2 m® mix having a high
concentration of fibers. This increases the risk that the small number
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FIGURE 8

Average compressive strength of UHPFRC at 28 days produced at
RMC-plant compared to similar mix at lab-scale and previous
full-scale production of UHPFRC at RMC-plant. Error bars show
standard deviation.

of test specimens is not representative of the total population. While
the impact was found to be 17% on the RMC-produced mix, it was
only 6% on the lab-scale mix - where the number of parallel tests
was 12. Thus, the results from the lab-scale mix might be more
representative of the impact of fibers on compressive strength than
those from the RMC mix. This is also in harmony with the results
from a majority of the literature, as discussed above.

The observed increase in compressive strength can be explained
by the ability of the steel fibers to bridge cracks delaying the
formation and propagation of microcracks (Yoo et al., 2014;
Ibrahim et al,, 2017). Addition of steel fiber content above 3
vol% has been found not to cause a corresponding increase
in compressive strength. It might even cause an adverse effect
(Yoo et al,, 2014; Meng and Khayat, 2018). This can be explained
by fiber agglomerations causing entrapped air (Meng and Khayat,
2018; Larsen and Thorstensen, 2020) and inhomogeneous fiber
distribution (Yoo et al., 2014). Yang et al. found that an increase in
steel fiber content entailed large-sized pores and internal defects,
which in turn negatively impacted the mechanical properties
of UHPFRC (Yang et al, 2021). Fiber agglomeration has been
documented when high volumes (3 vol%) of steel fibers are
added (Le Hoang and Fehling, 2017; Meng and Khayat, 2018).
Even in fine-grained UHPFRC mixes with 3 vol% of steel
fibers, fiber agglomerations have been documented (Le Hoang
and Fehling, 2017). For coarser-grained concrete types containing
micro steel fibers, fiber agglomeration resulting in non-uniformed
dispersion of fibers was observed for 2 vol% fiber content, causing
reduced strength (Zhang et al., 2024).

Figure 9 shows the effect of steel fiber content on the elastic
modulus of lab-scaled produced UHPFRC. At 3 vol% the UHPFRC
produced at RMC plant is compared to specimens cast in the lab. It
is indicated that the steel fiber content leads to a small increase in the
E-modulus. However, the increase was negligible (limited to 2.4%).
This aligns with the results by (Le Hoang and Fehling, 2017), who
found only a minor effect. Some have concluded that fiber content
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FIGURE 9
Average elastic modulus UHPFRC produced at RMC-plant compared
to similar mix at lab-scale.

increases elastic modulus, varying from less than 5% to around 12%
(Hassan et al., 2012; Yoo et al., 2013; Yang et al., 2021).

Figure 10 shows (a) the load-CMOD and (b) load-deflection
curves for the three-point bending tests for six UHPFRC beams with
about 3 vol% (225 kg/m®) of steel fibers, produced at the RMC plant.
A similar behavior was obtained for all six beams.

The load-deflection behavior of steel-fiber-reinforced concrete
can be divided into two stages (Zhang et al., 2023): 1) a linear elastic
stage and 2) an inelastic stage. In stage 1, the matrix carries most
of the load, while the contribution from the steel fibers is small. In
stage 2, the steel fibers become activated and carry most of the load
as cracks are formed. The second stage can be divided into three
phases: transition, deflection hardening, and post-peak. During the
transition phase an evident drop in load is typically observed in
steel fiber-reinforced concrete, indicating the transfer of the tensile
stresses from concrete to the steel fibers due to the formation of a
crack. This drop was less evident for UHPFRC beams (Figure 10b)
due to the high content of steel fibers leading to the formation
of multiple microcracks. In the deflection phase, the deflection
increases with increased load until the maximum load is reached.
In this phase, several tightly spaced microcracks are formed. These
microcracks were observed for all UHPFRC beams using the
DIC system. After the maximum load was reached, the post-peak
stage began, representing the development of the microcracks into
macrocracks, leading to a decrease in load-carrying capacity. This is
in line with the description by (Zhang et al., 2023). In this region,
the steel fibers are pulled out of the matrix. Due to the high content
of steel fibers, the beams were not fully split into two parts at the end
of the test.

The stages of the load-CMOD curves for fiber-reinforced
concrete can be divided into three (Zhang et al., 2023): 1) linear
elastic stage, 2) hardening stage, and 3) post-softening phase. During
the elastic stage, the CMOD increases with the load. The strength is
related to the concrete matrix. During stages 2 and 3, the strength is
related to the steel fibers. Stages 2 and 3 represent the initiation and
propagation of microcracks in the hardening stage and propagation
of microcracks into macrocracks in the softening stage, similarly
as for the load-deflection curve. The UHFPRC beams in this study
undergo these three stages. The elastic stage is denoted by the
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Three-point bending test results for UHPFRC produced at RMC-plant with 3 vol% of steel fibers, (a) load-CMOD relation, and (b) load-deflection.
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limit of proportionality (LOP) in EN 14651 and is measured at a
CMOD of 0.05 mm. At CMOD 0.05 mm the average load for all
six beams was about 40 kN. After the elastic stage, the load and
CMOD increase to a maximum load between 80 and 100 kN in the
hardening stage. Following the maximum load, the load decreases
in the softening stage as the cracks widen into macrocracks. The
variations in maximum load and behavior are within a normal
span for fiber-reinforced concrete. High scatter is common, as the
strength is related to the orientation and distribution of the fibers,
which again is a result of the casting and compaction process. The
resulting capacity is a function of fiber orientation and distribution
across the notch.

Based on the load-CMOD curves, residual flexural tensile
strength values were calculated from Equation 1. This serves as
a basis for structural design calculations of steel fiber-reinforced
concrete, according to the fib model code and the new Eurocode 2
Annex L. In the fib model code 2020 UHPFRC is included (di Prisco,
2023). It is discussed whether this test method is suitable for
UHPFRC (Lopez et al., 2016), as the opening does not appear in this
material as one single crack. Rather, several cracks emerge around
the notch. The notch influences the behavior of the beam by forcing
cracks to initiate and propagate at a specific point on the beam
(Walraven, 2009), not at the weakest point (Lopez et al., 2016). This
might increase the results compared to un-notched beams, as it
makes the deflection hardening phase due to multiple cracking less
pronounced (Walraven, 2009). This behavior can also be seen in
Figure 10b. The Swiss UHPFRC Model Standard (Brithwiler, 2023b)
includes specified calculation methods for composite structures of
standard reinforced concrete and UHPFRC. In this design code,
the procedure from EN 14651 is not followed. Rather, a four-
point bending test of a thin plate (500 mm x 100 mm x 30 mm)
and a uniaxial tension test are required for quality assurance
of the mix. However, this procedure is also argued. Using thin
elements affects the orientation of the fibers (Bertola et al., 2021b).
The fibers close to the formwork will be forced more parallel to
the formwork, a mechanism often referred to as the wall effect
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FIGURE 11

Residual flexural tensile strength for UHPFRC produced at RMC-plant
with 3 vol% of steel fibers compared to lab-scale produced
specimens. Error bars show standard deviation.

(Islam et al., 2022). Thus, for thinner elements, fiber alignment is
higher than at larger dimensions. However, the thinner elements
might be a good representation for bridge deck repair. Uniaxial
tensile testing is preferable to describe the tensile properties of
fiber-reinforced concrete but is often challenging to perform in
industrial cases (Walraven, 2009).

Figure 11 shows the results of the residual flexural tensile
strength for the UHPFRC produced at the RMC plant compared
to those made in the laboratory. Both had approximately 3 vol% of
steel fibers. Similar results are obtained for both series, including
corresponding standard deviations. This corresponds with previous
research on comparing lab to full-scale production (Lande et al.,
2024). The flexural tensile strength is mainly related to steel fibers.
Hence, distribution and orientation are important factors.

According to NB38, characteristic residual strengths fp ;) and
frsk shall be determined. The characteristic values of fp;, and
frsi for the full-scale produced UHPFRC were determined to be
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24 MPa and 18, respectively. The results for fy;, corresponded
well to those obtained by Vitek et al. (2025) using the same
standard and similar content of steel fibers. The characteristic
residual strength fp,, is used to determine the strength class.
The highest strength class in Eurocode 2 Annex L is 8 MPa, while
in the fib model code 2020, it is 14 MPa (Di Prisco, 2023). The
characteristic strength of the full-scale production was determined
to be 24 MPa, far above the range of both the fib model code
and Eurocode 2 Annex L. The ratio fps/fp; is used to determine
the ductility class (federation internationale du beton, 2013;
The Norwegian Concrete Association, 2024b). For the full-scale
production, the ductility class fy3/fg,; was determined to be 0.73.
This gives class “b” (0.7 < fyi3/fp < 0.9) (federation internationale
du beton, 2013; The Norwegian Concrete Association, 2024b).

Figure 12 shows the maximum flexural strength calculated using
Equation 1 and the maximum load for different fiber contents (1, 2,
and 3 vol%). 3 vol% is calculated for both full-scale and laboratory-
scale and shows equal results. The results show that the steel fibers
have a considerable impact on the flexural strength properties,
correlating flexural strength positively to fiber content. These results
are in line with previous studies on the flexural strength of UHPFRC
(Yoo et al., 2014; Abbas et al., 2015; Yoo et al., 2017; Meng and
Khayat, 2018; Li et al., 2023). Some found an increase in flexural
strength up to 4 vol% (Yoo et al.,, 2014) and even 6 vol% of steel
fibers (Abbas et al., 2015). The increase in flexural strength is
explained by the probability of more steel fibers crossing each crack,
resulting in an increased bonding area between the UHPC matrix
and the steel fibers (Yoo et al., 2017). Due to the higher bond
area, increased forces are required to pull out the fibers (Yoo et al.,
2017). Others have found an adverse effect when more than 3
vol% is added (Meng and Khayat, 2018). Others find the border
when more than 4 vol% are added (Li et al., 2023). The negative
effect is due to the agglomeration of fibers, resulting in uneven
distribution and entrapped air. For real-scale applications are at
least 3 vol% of micro steel fibers commonly applied (Bertola et al.,
2021a; Bertola et al., 2021b; El Jisr et al., 2024; Vitek et al., 2025),
however, even fiber content above 9 vol% have been applied using
a fine-grained UHPFRC with D,,,, 0.5 mm (Bertola et al., 2021b).
Although the cost and environmental impact per cubic meter of
UHPEFRC is highly influenced by the content of steel fibers (Stengel
and Schief3], 2014; Lande and Thorstensen, 2023), high contents are
of high importance for performance. For bridge deck rehabilitation
above 3 vol% is recommended (Brithwiler, 2020; Haber et al., 2022).
The reason is to achieve strain-hardening behavior, to improve
ultimate capacity and stiffness, to prevent crack formation under
service loads, to protect against water and chloride ingress, and to
reduce the anisotropic fiber orientation (Brithwiler, 2020).

4.1.3 Shrinkage

Shrinkage is an important property regarding UHPFRC for
bridge deck rehabilitation. When a thin layer of fresh UHPFRC is
cast on top of a substrate of old concrete, any shrinkage might cause
the overlay to crack. Tensile forces due to shrinkage will lead to
microcracks in the concrete (Wu et al., 2019), opening for the ingress
of degrading agents like chloride, thus compromising the ability of
the UHPFRC to improve the durability of the bridge. Even if the high
fiber content successfully distributes cracks to a size where chloride
penetration is not a problem, shrinkage might be detrimental. The
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FIGURE 12
Average maximum flexural tensile strength for six UHPFRC produced

at RMC-plant and three specimens at lab-scale for each vol% of steel
fibers. Error bars show standard deviation.

shrinkage of the UHPFRC layer will cause movement relative to the
substrate, thus reducing the bonding strength. This might corrupt
the structural integrity of the repair.

Autogenous shrinkage in concrete is mainly caused by the
volume reduction during the cement hydration while drying
shrinkage is caused by external drying. Both happen in the matrix
and are caused by the forces induced by the water meniscus in partly
filled micropores. UHPC is known for having high autogenous
shrinkage (Xie et al, 2018; Wu et al.,, 2019; Wei et al., 2023),
explained by the high content of matrix and low w/b-ratio (Wei et al.,
2023), as well as lack of the coarse aggregate which is not exposed
to shrinkage. To counteract the shrinkage, an SRA admixture
was applied according to the values given in Table 4. Steel fibers
also contribute to decreasing autogenous and drying shrinkage
(Wu et al., 2019; Zhang et al., 2023).

The total shrinkage was measured on three parallel specimens,
with values presented in Figure 13. The values obtained are similar to
conventional concrete (Mortensvik and Thorstensen, 2024). For this
level of shrinkage, it is possible to limit the crack growth to levels that
do not compromise durability. However, even this shrinkage might
challenge bond strength. The potential reduction in bond strength in
full-scale applications will be evaluated during the next step of this
research project.

4.1.4 Durability properties

Chloride-induced reinforcement corrosion is a major degrading
process on bridges in Norway (Kvamstad et al., 2024), caused both by
the marine environment and the use of de-icing salt during winter.
UHPFRC is known from the literature for its ability to resist chloride
migration.

In Figure 14, chloride ingress results from the RMC-
mixed UHPC are shown in comparison to three classes of

conventional concrete. The D, -factor expresses the chloride

nssm
ion diffusion coefficient in an accelerated test according to the

NT BUILD 492. A low D, -value indicates high resistance

nssm
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FIGURE 13
Total shrinkage of UHPFRC produced at RMC-plant with SRA. Average

results of three prisms. Error bars show standard deviation.

towards chloride migration, consequently indicating high durability
in a chloride-rich environment. The UHPFRC in this study
achieved D,, value of 0.3 x 107> m?/s. This is considerably
higher resistance than the conventional concrete types C20/25,
C30/37, and C45/55, which exhibited values of 17.2, 7.1
and 6.2 x 1072 m?/s, respectively. The concrete used for the
construction of bridges in Norway is close to the Eurocode 2 class
C45/55 (The Norwegian Public Roads Administration, 2015). The
conventional concrete types were produced according to industrial
mix designs and tested at the laboratory using the same test setup.
The results, shown in Figure 14, indicate that the ability of the RMC-
produced UHPFRC with D
is at least 10 times that of the concrete normally used for bridges.

max = 8 MM to resist chloride migration
In an earlier project (Thorstensen et al., 2016) using the simulation
software Life365 and the D, ,-factor to model the durability of
concrete in chloride-rich environments, UHPFRC was evaluated
to have durability of more than 300 years-making this degradation
process irrelevant. According to (Li et al., 2020), the chloride ion
diffusion coefficient of UHPFRC ranges from 0.2 x 107 to 4.1 x
107"* m?/s. The UHPFRC in this study performs within this range
(3.1 10" m?/s). The values obtained in this study were also similar
to those of Lliso-Ferrando et al. (2023), using a similar test setup.
According to Taffese and Espinosa-Leal (2022), UHPFRC can
be classified in the category Extremely high resistance (D,,,, <2.5)
based on the D, value. Ordinary high-quality concrete classes
C45/55 and C30/37 exhibit High resistance (D 5-10) and
C20/25 Low resistance (D >15). Hence, the results indicate
that UHPFRC has superior durability compared to conventional

nssm

nssm

nssm

concrete. The high resistance towards chloride migration and other
degrading mechanisms can be attributed to the dense matrix
of UHPFRC (Russell and Graybeal, 2013).

Another aspect of durability that is not considered using
accelerated tests such as the NT BUILD 492 method is the risk that
cracking may open for the ingress of degrading agents. The steel
fibers that are part of the UHPFRC prevent crack growth, improving
the resistance of real structures far better than a conventional
reinforced concrete layer. As found during the three-point bending
tests (Section 4.1.2), the steel fibers restrain both the initiation
and growth of cracks in the UHPFRC matrix. This is not only
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FIGURE 14

Dpssm (NON-steady-state migration coefficient) for chloride resistance
of UHPFRC produced at RMC-plant compared to three types of
normal concrete. Four cylinders were used. Error bars show standard
deviation.

contributing to strength but also improves durability. Applying a
high enough content of steel fibers results in a strain-hardening
layer in structures that can resist cracking, contributing to high
durability (Bertola et al., 2021b). Zhang et al. (2023) also reported
that steel fibers improve the chloride resistance of concrete and that
the resistance increases with steel fiber content.

4.2 Full-scale production

An important part of this project was to investigate the
potential for utilizing ordinary facilities for ready-mixed concrete to
produce, transport, and pour UHPFRC in quantities appropriate for
industrialized bridge rehabilitation.

It has been observed that planetary mixers are generally more
effective for mixing UHPFRC compared to twin-shaft mixers.
However, the available equipment dictates the choice of mixer, and
in this case, a twin-shaft mixer was used.

Sand and cement were weighed from the silos and dosed into
the twin-shaft mixer (Figure 15a) together with water and SP. As
limestone filler was not a common constituent at this RMC plant,
it had to be manually transported in bags up the stairs to the top
of the mixer, where it was added to the mixing procedure. Due to
the narrow staircase and lack of storage space on top, the mixing
procedure became long-lasting. Consequently, the temperature in
the mix increased. After this procedure, the mix was loaded onto
a truck and driven around the plant area for some minutes. The final
step of this evaluation was whether the fresh UHPFRC might be
delivered by means of ordinary pumping equipment. A combined
mixer and pump truck (PuMi) was used (Figure 15b), operated by
skilled staff.

The second non-standard constituent in the UHPFRC mix was
the micro steel fibers. Batches of these fibers were sequentially added
and mixed in the truck, to evaluate the impact of increasing levels of
fibers on the fresh properties of the UHPFRC. Adding high amounts
of micro fibers directly from bags into the truck is not favorable, due
to the risk of balling. Rather, a vibrating device should feed the fibers
into the drum. This is also well known for larger fibers, even if the
problem seems inversely proportional to the size of the fibers.
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FIGURE 15

UHPFRC production at RMC-plant, (a) RMC-plant, (b) pumping, (c) UHPC without steel fibers, and (d) UHPC with steel fibers.

The ambient temperature was above 20°C and sunny. The
procedure of adding, mixing, and sampling UHPFRC at different
levels of fiber content lasted for about 3 hours. Combined with the
temperature in the mix rising to a maximum of 32°C, it was believed
to have caused water to evaporate from the mix. Combined with the
high material temperature, the hydration process might have been
accelerated and negatively influenced workability further.

The freshly made material was considered well-suitable
for pumping (Figure 15c), but not after the 3-h session of
adding fibers (Figure 15d). Prior to pumping, water was added
to compensate for the evaporation. No scientific measurement
was used in this process, except the considerations of the skilled
staff—which included the certified pump operator and the technical
director of the RMC producer.

Following this procedure, the pumping process turned out
successful. Both bleeding in the poured material and clogging of the
pumping equipment were avoided. Clogging of pipes and hoses was
amajor concern, due to both the risk of hose explosion and the work
related to resolving the flow.

Cleansing of all equipment including the production facility and
PuMi was also a concern, as fresh and hardening UHPFRC is known
to be sticky and hard to handle—especially after the inclusion of
fibers. However, this turned out to be not problematic.

5 Conclusion

Based on the work presented, the following conclusions
are suggested:

Frontiers in Built Environment

o The literature offers an array of examples where UHPFRC
has been used to renovate bridges, also being commercially
successful. Most examples are from a few geographically
restricted regions, utilizing proprietary UHPFRC materials.
Recommendations are given on material properties in fresh
and hardened states, overlay thickness, and cover in different
situations. Recommendations regarding materials utilizing
aggregates with D,, . limited to 1 mm are found.

o The present investigation evaluated the production of UHPFRC
suitable for bridge rehabilitation based on local constituents,

including natural sand with a D,,,, of 8 mm. The final product

max
was found suitable regarding tested mechanical and durability
properties. Fresh properties can be altered following case-
specific requirements.
o Common industrial facilities for the production,
transportation, and pumping of ready-mixed concrete were
found to be suitable to produce UHPFRC with aggregate with
D,,.. of 8 mm. Special concern needs to be taken for addition
of constituents that are not common at the facilities—like
limestone powder and steel fibers in this case. A vibrating device

should be used for the implementation of micro steel fibers.
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