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Abstract Ultra High-Performance Fiber-Reinforced

Cementitious Composite (UHPFRC) is increasingly

popular for new structural designs thanks to its high

resistance both in tension and compression. When

UHPFRC is complemented with steel reinforcing bars

or prestressing tendons, the structure remains water-

proof and crack-free under service conditions, signif-

icantly improving the durability compared to

conventional reinforced-concrete designs. The Aigu-

illon Bridge is one of the first railway bridges entirely

made of UHPFRC. Built in 2021 in Switzerland, this

bridge has a single span of 6.6 m and a width of 5.4 m.

The bridge is designed for a narrow track and 2

walkways. Two prefabricated elements in UHPFRC

have been assembled on-site by a longitudinal cast-in-

place UHPFRC keying joint. This paper presents the

full-scale laboratory experiment to validate the keying

joint suitability for railway bridges. This experimental

investigation involves a static test on a transverse

beam composed of two precast elements and the

keying joint. Results show that the structure presents a

post-peak ductile behavior as well as an elastic

behavior under service loads. Digital-Image-Correla-

tion measurements provide details on the cracking

patterns of the interface between the keying joint and

the precast elements. As the maximum resistance

obtained during the experiment is in agreement with

the analytical-model predictions, the concept of the

keying joint is validated.

Keywords Ultra-High Performance Fibre
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1 Introduction

Reinforced concrete (RC) structures have been widely

built around the world since the beginning of the 20th

century. After years or decades, these structures often

have durability issues, like rebar corrosion or alkali-

aggregate reaction in concrete. These degradations can

significantly reduce structural performance. Interven-

tions to rehabilitate structures are thus of interest in

most developed countries. However, the rehabilitation
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of deteriorated structures typically has high interven-

tion costs and indirect user costs [1]. Traditional

retrofitting solutions using concrete and repair mortar

are not durable enough, meaning that novel rehabil-

itation strategies of RC structures are needed that are

effective, sustainable, and economic [2]. Another

solution lies in improving structural systems using

high-performance materials to simultaneously reduce

intervention costs and duration as well as improve

structural durability [3].

Among these new high-performance materials,

Ultra-High-Performance Fibre Reinforced Cementi-

tious Composite (UHPFRC) has been used in struc-

tures worldwide for twenty years [4, 5]. UHPFRC is

made of a mix of cement, fine hard particles (with a

maximum grain size of 1 mm), water, admixtures,

additives, and a large amount of short slender steel

fibers [6]. Steel fibers typically represent at least a 3-%

volume of the material [7].

The mechanical properties of UHPFRC are sum-

marized in [8, 9]. UHPFRC has significant mechanical

strength, both in tension (up to 16 MPa) and com-

pression (up to 150 MPa) (Fig. 1). The Young’s

modulus is around 45 GPa, and the material has a

strain-hardening behavior until 1–2% in tension. The

tensile strength can be significantly improved by

adding reinforcement bars (R-UHPFRC), similar to

RC structures [10]. Most of the research on

R-UHPFRC has focused on the ultimate resistance

[11–13], monotonic loading [14, 15] and under service

conditions [16]. UHPFRC is material with specific

properties and requires specific design codes and

execution processes. In Switzerland, the Technical

Leaflet on UHPFRC (SIA 2052) [17] was introduced

in 2016 to provide guidance on structural designs with

UHPFRC.

Due to its strain-hardening behavior, UHPFRC

typically remains free of discrete cracks under service

conditions [18]. To guarantee this property, it is

recommended in SIA 2052 to limit the maximum

tensile strain of UHPFRC elements to 1% under

service conditions, a criterion based on [19]. For

engineering applications, UHPFRC is thus considered

to be waterproof under service conditions, providing

robust protection against environmental actions (water

and chloride ion ingress) [20]. This waterproof

property of UHPFRC has been validated using in-situ

measurements of air permeability of UHPFRC layers

cast on existing RC bridges several years after

interventions in Switzerland [21] and for a new design

in UHPFRC in France [22]. Due to its mechanical

properties, UHPFRC structures have relatively slender

elements and show reduced maintenance. Therefore,

UHPFRC structures have shown significantly better

durability performance than traditional RC structures

for both new design [23] and structural strengthening

[24].

Since the 1st intervention in 2004 [25], more than

300 projects have involved structural UHPFRC in

Switzerland [26]. Despite this experience and struc-

tural codes, collaborations between academic and

design offices are sometimes required for specific

designs. This study presents the results of such

collaboration on understanding the behavior of a

transverse beam of a bridge project prior to its

construction.

Fig. 1 Tensile properties a plain UHPFRC and b reinforced UHPFRC
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Recent efforts in research aim to understand

specific properties of UHPFRC better. The fiber

orientation and distribution are of particular interest

as this property can significantly affect the structural

performance and permeability [19, 27]. These issues

are typically addressed by including reduction factors

on UHPFRC tensile strength [28, 29]. Another aspect

is the fatigue resistance of UHPFRC elements on

direct tensile tests of UHPFRC elements [30] and

R-UHPFRC beams [31, 32]. As these studies mostly

involved laboratory tests, several monitoring systems

and non-destructive tests have been used and validated

for UHPFRC elements. In the present study, the

behavior of a UHPFRC element involving a keying

joint is monitored based on the same instruments, such

as digital image correlation (DIC), extensometers, and

LVDT. The structural behavior of a UHPFRC beam

involving keying joints is of interests due to the

discontinuity of fiber within the structural element.

Recently, it has been shown that wet joints reduce the

flexural capacity of UHPFRC beams [33]. However, a

comprehensive study of the collapse mechanism of

UHPFRC beams with keying joints is missing.

This paper presents the experimental investigation

of a keying-joint behavior between 2 precast elements,

all made of UHPFRC. This laboratory experiment

involves a full-scale static test of a transverse beam on

one of the 1st railway bridges in UHPFRC. This study

includes investigations on several aspects of the beam

behavior: the force–displacement response, the crack-

ing patterns, and the collapse mechanism.

The manuscript is organized as follows. Section 2

presents the experimental setup and the analytical

models of the beam resistance. In Sect. 3, the results of

the experimental campaign are shown. Eventually, an

inverse analysis to obtain beam properties and steel-

reinforcement stresses during the experiment is per-

formed in Sect. 4.

2 Experimental investigations

2.1 Bridge presentation

The bridge was built in 2021 in a remote mountainous

area. The present laboratory experiment was con-

ducted as a suitability test to validate the design prior

to the construction.

The structure has a single span of 6.6 m and a width

of 5.4 m. The cross-section is a U-shape trough for

ballast and involves one track lane and two pedestrian

walkways on the sides. The deck thickness is 60 mm

and is supported by several transverse squared beams

with a depth of 180 mm spaced every 650 mm. The

service speed of trains in this area is limited to 45 km/

h, meaning that dynamic behavior is not critical and is

not considered in this study.

Due to the difficulty of accessing the bridge

location, the cross-section has been divided into three

elements (Fig. 2). The contractor has prefabricated the

2 halves of the trough, and the keying joint was cast

on-site. The transverse beams thus include 2 precast

elements and a keying joint. This design leads to

particular structural properties as the fibers are not

continuous at the interfaces between the precast

elements and the keying joint. Therefore, the tensile

strength of UHPFRC is expected to be significantly

lower at these interfaces. This study aims to investi-

gate the behavior of this transverse beam through a

full-scale experiment of a static test in the laboratory.

2.2 Test specimen

The manufacturer has prepared a transverse beamwith

the same cross-section as for the future bridge. The 2

precast elements were 1st prepared. Then, the keying

joint was cast, and the element was transported to the

laboratory 28 days later for the test. The beam length

is slightly larger than on the bridge to apply loads in

the laboratory with the same span as under the final

bridge condition.

The beam has a total length of 3 m (Fig. 3). The

cross-section includes the squared beam of 180 mm

and 650 mm of the deck to replicate the T-shape

behavior. Reinforcements of both precast elements

intersect within the keying joint. In each precast

element, this reinforcement involves 2 layers of 2

rebars with a diameter of 26 mm. These bars are bent

to follow the shape of the keying joint, ensuring their

anchorage. On the compressive side, each precast

element has four rebars with a diameter of 16 mm.

UHPFRC properties are the same between precast

elements and the keying joint (Table 1). Four

UHPFRC properties are defined: The Young modulus

E, the compressive strength fU;c, the elastic limit stress

fU;te and the tensile resistance fU;tu. Both elements
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Fig. 2 Bridge presentation. a Model of the bridge with the keying joint in green and precast elements in blue; b first precast element at

the contractor’s shop; c installation of the UHPFRC trough; d bottom view of the trough after the installation

Fig. 3 Test-specimen characteristics

Table 1 Material

properties (nominal values

according to the selected

sort of UHPFRC)

Element EU [MPa] fU;c [MPa] fU;te[MPa] fU;tu[MPa]

UHPFRC (UB)

Precast elements 45,000 180 10 12

Keying joint 45,000 180 10 12

Steel reinforcement (B500B)

Material Es [MPa] fy[MPa]

Steel 205,000 550
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(precast and poured) are made with the same premix,

and they are expected to reach UHPFRC Type UB, the

highest quality according to the technical leaflet [17].

All properties are taken as median values in order to

have model predictions as close as possible to the

observed behavior during the experiment. Two steel

properties are defined: the Young’s modulus Es and

the yield strength fy.

2.3 Analytical model of beam bending resistance

In this section, the analytical model of the beam

bending resistance is presented. This model is taken

from the technical leaflet for R-UHPFRC [17]. This

model involves the hypothesis of a plastic behavior of

the materials. Three cross-sections are analyzed

(Fig. 4). Section A is at the midspan of the beam and

involves reinforcement of both precast elements.

Section B lies in the precast element. Section C is at

the interface between the keying joint and the precast

element. Due to the fiber discontinuity at this interface,

the tensile strength of UHPFRC is not considered in

the resistance model of this cross-section. These

flexural-behavior models must be validated for this

particular beam design, and it is one of the goals of this

experimental study.

For each cross-section, the maximum force based

on the analytical model is obtained (Table 2). Sec-

tion C has the smallest value of maximal theoretical

force (Qmax;th ¼ 204kN), while the maximal forces are

Fig. 4 Analytical resistance models of beam cross-sections
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significantly larger within the keying joint (Section A)

and the precast element (Section B). This result means

that the weakest section of the beam is at the interfaces

between the precast element and the keying joint as no

tensile strength of UHPFRC is obtained due to the

absence of fibers at the interfaces of the joint.

3 Experimental results

3.1 Test setup and instrumentation

The measurement system set up for the tests is shown

in Fig. 5. The beam deformation measurements were

made using a Digital Image Correlation (DIC), thanks

to 2 Manta 20MPix cameras. The measurement was

done on an area of 1.490.24 m on the central area of

the beam, including the keying joints on both sides,

and measurements have a precision of at least

0.01 mm. Two LVDTs were installed under the

actuators to measure the beam vertical displacement.

Finally, 5 extensometers were installed. The first 3 are

placed on top of the beam between the supports to have

the maximum deformation. The 2 remaining sensors

are installed above the joints on both sides to monitor

the crack opening at the vertical level of the first layer

of rebars.

Two hydraulic jacks (capacity of 1000 kN each) are

used to apply a displacement on both sides of the

beam. The experiment is controlled by an imposed

linearly increasing or decreasing displacement with a

speed of 0.02 mm/s. First, 5 loading–unloading cycles

are performed between service and self-weight load

levels of the actual transverse beam of the bridge

trough to observe the beam behavior under service

conditions. Then, the imposed displacement is

increased until the beam exhibits significant deforma-

tion and either rebar yielding or debonding with large

macrocracks. At this point, it can be assumed that the

beam has collapsed (Fig. 5).

3.2 Force–displacement response

The force–displacement curves of both tests are shown

in Fig. 6. Since hydraulic jacks are controlled by an

imposed displacement, the force measured by each

actuator is slightly variable for the same displacement

due to the variability of material properties in the

beam, and the potential small asymmetry in the force

introduction positions. The average maximum force

obtained between the 2 actuators is 218 kN. The beam

has an elastic behavior up to 100 kN (Sect. 4.2),

followed by a hardening behavior until the maximum

force is reached, while the softening response is

characterized by a rapid decrease of the resisting force.

The structure nonetheless shows an important capacity

of deformation in the post-peak domain.

The maximum force recorded during the experi-

ment agrees with the estimation of the analytical

model ðQmax;th ¼ 204 kNÞ, with a difference of 6.8%.

The analytical model is thus validated. This maximum

force is significantly larger than the design service

loading (by 360%) and design ultimate resistance (by

160%), showing that the design was conservative.

Results of this experimental campaign have confirmed

the expected ductile structural behavior.

3.3 Elastic domain

In this chapter, the beam structural behavior under

service loading is studied. Five loading–unloading

cycles have been performed between the self-weight

load level (F ¼ 20 kN) and the live-load level for the

serviceability limit state (F ¼ 60 kN) related to the

actual bridge trough, which corresponds to the stress in

the transverse beam when heavy train axles cross the

bridge. The force–displacement responses, measured

with the LVDT sensors, show a hysterical behavior of

the beam during these loading cycles (Fig. 7a). This

result is confirmed by the measurements of the force–

deformation responses of the extensometers (Fig. 7b).

The slope of force–displacement responses differs

between extensometers due to their location on the

beam (Fig. 5).

For all the measurements, the behavior of the beam

is observed to be elastic. This result validates that the

structural behavior of the beam is adapted to the

service conditions. The structural design is thus

appropriate. In the following sections, an in-depth

analysis of the failure mode is performed.

Table 2 Maximum force obtained using the analytical model

for each cross-section

Maximal theoretical

force

Section A Section B Section C

Qmax;th[kN] 470 310 204
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3.4 Keying-joint behavior

3.4.1 Cracking patterns

In this Section, the cracking patterns are analyzed

using DICmeasurements. These measurements enable

the evaluation of the deformation of the entire beam

over a given area. These measurements are made only

on one side of the beam. As rebars had to be placed

asymmetrically in the keying joint to avoid conflicting

rebars (Fig. 3), asymmetrical cracking patterns have

been observed between the two sides of the beam.

Figure 8 presents results obtained with the DIC for

several force–displacement points, using the force

results of Actuator S (Fig. 6). In these graphs, the color

differences show the gradient of deformation. At the

service load conditions (Fig. 8a), a small crack is

detected by the DIC at the interface between the joint

and the precast elements (between green and yellow

areas). Although small deformations are observed

Fig. 5 Experimental setup. a Scheme of the experiment; b Photograph of the test set up. c Locations of the extensometers

Fig. 6 a Force–

displacement response.

b zoom in the response near

the peak force
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until F ¼ 200 kN (Fig. 8b), no crack with a width

larger than 0.02 mm is observed on the beam. At the

maximum force (Fig. 8c), the 1st crack appears

directly on the joint location with a maximum opening

of 2 mm. Then, this crack continues to develop when

increasing the imposed displacement on the beam.

Next, a second crack starts on the opposite joint

(Fig. 8d). A 3rd large crack eventually develops in the

main section (Fig. 8d, e). This cracking pattern

validates the hypothesis that the interfaces between

the keying joint and the precast elements are the

weakest section of the beam, and thus determine the

ultimate resistance of the structural element.

A more comprehensive study of the 1st crack

development is presented in Fig. 9. Under service

condition ðF ¼ 60 kNÞ, the crack is not visible by
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Fig. 8 Cracking patterns observed with the digital image correlation (DIC) system. The First cracks appear exactly at the interface of

the keying joint with precast elements
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naked eyes, but is detected by the DIC and highlighted

by a change of color on the keying-joint interface. The

crack becomes more and more visible on DIC results

until F ¼ 200 kN, showing an increase of the crack

opening with the increase of the loading. At the peak

(F ¼ 220 kN), the crack with an opening of 2.5 mm is

visible with naked eyes and identified by the DIC.

Then, this crack continues to develop and open when

increasing the imposed displacement of the beam.

The development of this macrocrack coincides with

the maximum force on the beam, showing that it

governs the global behavior of the beam. Additionally,

the opening of this crack leads to a significant increase

in the displacement measured during the 4-point

bending due to the rotation of the cantilever precast

elements.

3.4.2 Crack opening

In this section, a detailed analysis of the crack opening

at the interface between the keying joint and the

precast elements is made based on the DIC measure-

ments. The crack is measured at the top area of DIC

measurements that correspond to the vertical position

of the top layer of steel reinforcement in the beam

(Fig. 3).

Two inflection points are observed in the crack

opening measurements over time using the DIC. The

first inflection point approximatively corresponds to

the maximum force, while the second inflection point

coincides with a significant drop of the force

(Fig. 10a). These results confirm that the force is

governed by the development of the crack at the

interface of the keying joint and precast element.

When comparing the vertical displacement of the

beam and the crack opening (Fig. 10b), both responses

over time are similar. This result shows that the

displacement of the beam is mainly governed in the

post-peak domain by the crack at both interfaces.

Figure 11 presents a comparison of the force-crack

opening and force–displacement responses close to the

maximum force. Both the DIC and extensometer (S5,

Fig. 5) are used to record the crack openings on both

interfaces between the keying joint and precast

elements. These measurements are shown with respect

to the force at the actuator on the corresponding side.

Measurements of the crack opening show a sharp

inflection of slope almost at the maximum force, while

the transition is smoother in the force–displacement

curve. This result shows that the crack suddenly opens

and stops the force increase.

The crack opening is also measured during the

loading–unloading cycles of service conditions

(Fig. 12) by the DIC. The crack at the interface

between the keying joint and precast element on top of

the beam has an opening between 0.1 (self-weight) and

0.2 mm (service loading). The crack opening follows

the loading–unloading cycles and does not increase

between cycles. This result shows that the crack

developed during the first loading and then remained

stable under service conditions.

3.5 Collapse mechanism

Once the test is performed, the collapse mechanism of

the beam is studied (Fig. 13). In the 1st and 2nd

photographs (Fig. 13a, b), the collapse mechanism

largely in the post-peak domain at the end of the test is

observed. Two plastic hinges have been created on the

interface between the keying joint and the precast

elements, showing that these interfaces are the

weakest points on the beam. These hinges lead to a

Fig. 9 Keying-joint cracking with respect to the force–displacement response. The crack starts to develop at the maximum force
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confinement of the UHPFRC in the keying joint. In the

third photograph (Fig. 13c), it can be seen that the

reinforcing bars did not reach yielding. The rupture

thus occurred by pulling out of the reinforcement bars.

This rupture mechanism does not affect the ductil-

ity of the structural behavior (Fig. 6). Due to the high

compressive and tensile strengths, splitting fracture of

UHPFRC did not occur, leading to the significant

ductility of the failure mode. This result is in

agreement with [34] that have shown that the high

Fibre content of UHPFRC (3 volume-%) significantly
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improves the bond strength and allows to anchor

rebars in thin UHPFRC layers.

4 Inverse analysis of beam properties

4.1 Observed beam rigidity

In this section, an inverse analysis is performed to

obtain beam properties. The first analysis involves

determining the beam rigidity based on its observed

deformation in the elastic domain. In a 4-point

bending test, the rigidity of the beam is obtained using

Eq. 1 with respect to the difference of stress (DPÞ and
displacement (Dd) and geometric characteristics: the

length of the beam (l ¼ 2400 mm), the distance

between the force and the support (a ¼ 1000 mm)

and the beam inertia (I ¼ 3:54E8 mm4). The results of

the loading–unloading cycles (Fig. 7) are taken for the

inverse analysis (DP ¼ 40 kN; Dd ffi 1:67mmÞ.

EI ¼ 1

6

DP
Dd

a 3 � l � a� 4 � a2
� �

ð1Þ

The calculated rigidity is equal to

1:28 � 1013Nmm2. Using Young’s modulus of

UHPFRC (Table 1) and the hypothesis on an

uncracked section, the theoretical stiffness of the

beam is equal to 1:59 � 1013Nmm2, meaning that the

theoretical stiffness is 20% higher than the observed

value. This result confirms the hardening behavior of

the UHPFRC in the tensile side of the beam.

UHPFRC beam is assumed to have a reduced

stiffness in the tensile side as the UHPFRC has a

Young’s modulus value that is 67% smaller in the

hardening domain (Fig. 14). By minimizing the dif-

ference between calculated and observed beam stiff-

ness, the height of the UHPFRC-hardening area is

estimated to x ¼ 30 mm with an average UHPFRC

deformation of 0.1%. The UHPFRC is hardening until

the first rebar layer (Fig. 3).

Fig. 13 Beam collapse mechanism after the test. a Plastic hinges formation with a UHPFRC confinement; b Bursting of the embedding

UHPFRC c pullout of rebars without yielding

Fig. 14 Model of the beam stiffness
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4.2 Evaluation of the ductility of structural

behavior

Another goal of the test is to observe the post-peak

behavior of the structure to ensure that the collapse

mechanism shows significant deformation capacity. A

deformation-based measure of ductility has been

introduced for concrete beams [35, 36]. The ductility

of the structure lE is calculated using Eq. 2, where del
is the elastic deformation, dU is the deformation at the

maximum force,Mel is the bending moment at the end

of the elastic domain andMU is the maximal bending-

moment capacity of the structure.

lE ¼ dU
del

�MU

Mel

ð2Þ

Considering the non-linear behavior of UHPFRC, the

end of the linearity of the force–deformation curve is

defined by a difference of 10% between the apparent

secant beam rigidity Ei (Eq. 3) and its moving average

over 20 periods, following recommendations in

[16, 37].

EIi ¼
1

6

Pi

di
a 3 � l � a� 4 � a2
� �

ð3Þ

In the present study, the elastic limit is calculated

using the force–displacement responses (Fig. 6), and

the ductility coefficient is then evaluated for each

actuator force. The evaluation of the ductility is then

taken as the average value (Table 3). Compared to a

R-UHPFRC beam made of a single element, the

ductility of the beam in the present study is lower, but

values are in the same order of magnitudes. This result

confirms that the beam presented in this study has an

important capacity of deformation even if the fibers

are not continuous through the element. This result

confirms the validity of the flexural-behavior model

presented in Sect. 2.3.

4.3 Stress in rebars

The second inverse analysis involves determining the

stress level in the rebars. Two methods are used to

infer the rebar stress based on deformation measure-

ments using DIC and extensometers.

The stress is first calculated based on the deforma-

tion measured by the DIC at the location of the rebar

on the uncracked area. Then, the rebar stress is inferred

from this deformation using Hooke’s law. A similar

procedure is then used to infer the stress in the

reinforcement bar based on the extensometer mea-

surements at the rebar location. The extensometer

located on the uncracked area is used (E4, Fig. 5).

Although these deformation measurements are made

on the UHPFRC surface, it is assumed that the

deformation of the steel is similar as the cover of

rebars is only 15 mm. Nonetheless, these stress

estimations are only valid when the beam exhibits an

elastic behavior.

The 2 estimations of the rebar stress are compared

in Fig. 15. Both stress estimations are similar. In the

loading–unloading cycles, these estimations corre-

spond to the steel level expected in the elastic domain

(150 MPa). When increasing the force to the maxi-

mum value, the maximum measured stress is close to

550 MPa, which is slightly higher than the nominal

yielding stress of steel (500 MPa) and a stress level

expected under this loading condition. As both

methods provide similar results and are in agreement

with the analytical models, the proposed approach to

assess steel stresses in the rebar with indirect mea-

surements of the DIC and extensometers is validated.

5 Conclusions

This paper presents a full-scale experimental investi-

gation of a keying joint between precast elements all

made of UHPFRC. A 4-point bending test was

performed until the collapse of the beam. Measure-

ments were collected using LVDTs, extensometers,

and DIC. The following conclusions can be drawn

based on the experimental investigation:

• Results of this laboratory campaign have con-

firmed the expected structural behavior of this

particular beam design and show that the design

was highly conservative.

Table 3 Comparison of ductility evaluation between the pre-

sent study and conventional RC beams and a R-UHPFRC beam

made of a single element

Ductility capacity

evaluation

Present

study

R-UHPFRC beam

[16]

lE 6.9 10

   86 Page 12 of 14 Materials and Structures           (2022) 55:86 



• The keying joint made of UHPFRC has exhibited a

significant ductility in the hardening domain and

an important capacity of deformation in the

softening domain even if the collapse mechanism

was linked to the bond-slip of rebars within the

joint.

• Under service conditions, the structure has an

elastic structural behavior even if cracks at the

interface of the precast elements and the poured

UHPFRC are detected by the DIC.

• The study of the cracking patterns shows that the

cracks develop at the interface between the keying

joint and the precast elements. The crack opening

suddenly increases when the load condition is near

the peak.

Future works consist in the modeling of the

structural behavior using finite-element models to

better predict the keying-joint behavior and crack

development.
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21. Denarié E, Brühwiler E (2015) Cast-on site UHPFRC for

improvement of existing structures–achievements over the

last 10 years in practice and research. RILEM Publication

SARL, Marne-la-Vallée

22. Toutlemonde F, ROENELLE P, Hajar Z, et al (2013) Long-

term material performance checked on world’s oldest

UHPFRC road bridges at Bourg-Lès-Valence. RILEM

Publication SARL, Marne-la-Vallée, pp 265–274
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