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Abstract

The extremely low permeability of UHPFRC, associated to their outstanding mechanical
properties makes them especially suitable to rejuvenate maritime signalization turrets or
lighthouses at sea. Those structures have a very severe environment and very limited access
due to tide and weather conditions. They require extremely efficient intervention methods.
Similarly to what is done on existing bridge decks or building slabs, UHPFRC provide in this
case a unique and robust solution with a vision to simplify and shorten the rehabilitation
process with long term durability. In this context, an existing turret, off the south Brittany
coast nearby Lorient (France), was reinforced with a 60 mm UHPFRC layer. The UHPFRC
was cast in place by a helicopter in a formwork around the existing masonry structure.

The UHPFRC mix was specifically tailored to this application with a tensile strain
hardening response, limited shrinkage, and an optimized rheology (self-leveling) for a fast
filling of the formwork to minimize the use of helicopter time.

Reésume

La trés faible perméabilit¢ des BFUP, associée a leurs propriétés mécaniques
exceptionnelles sont particulierement adaptées pour le rajeunissement de tourelles de
signalisation maritimes ou de phares en mer. Ces structures exposées a un environnement trés
agressif ont un acces trés limité sous l'influence des marées et de la météorologie. Elles
requierent des méthodes d'intervention trés efficaces. Comme pour les ponts existants ou les
dalles de batiments, les BFUP procurent dans ce cas une solution unique et robuste permettant
de simplifier et réduire la durée des réhabilitations, avec une perspective de durabilité a long
terme. Dans ce contexte, une tourelle existante en mer, sur la cote sud bretonne pres de
Lorient (France) a été renforcée par l'application de 60 mm de BFUP, coulés en place par
hélicoptere dans un coffrage autour de la structure existante en magonnerie. La formulation du
BFUP a été optimisée avec: un comportement écrouissant, un retrait limité, et une rhéologie
adaptée pour un remplissage rapide limitant le temps de présence de 1'hélicoptere.
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1. INTRODUCTION

Over le last 10 years, under the impulse of MCS/EPFL, the applications of thin layers of
Strain Hardening Ultra High Performance Fibre Reinforced Concretes (SH-UHPFRC), with
or without rebars, for cast on site rehabilitation works or reinforcement of structures has
demonstrated its advantages in terms of durability, cost efficiency and site duration [1-4]. The
main motivation of this strategy for road structures or buildings is to limit the costs and
annoyances induced by construction sites on users. Interventions have to be as fast and as
long lasting as possible. The same approach can be followed for maritime structures,
subjected to environmental classes XS 1, 2, 3 (exposure to sea water) for new [5] or existing
structures. In the latter case, the time available for the interventions is also very limited
(typically only a few days per year), not because of the users of the structure, but because of
the very limiting tide and weather conditions, as illustrated on Figure 1a). The vertical axis
represents the condition index according to the VSC system used in the conservation of
maritime structures, [6]. Classes 1 and 2 mean preventative maintenance. Class 3 means
severe disorders but no immediate risk of collapse. Class 4 indicates a high risk of sudden
collapse and needs immediate intervention. At time t;, reinforcement is required. At this stage
(condition 2), it can be realized within the next 2 years. At time t,, a major reinforcement is
immediately necessary but cannot be performed until time t;. This latency time with a high
risk of collapse is avoided with Strategy A, contrarily to Strategy B based on a less durable
method. In this perspective, the strategy used for the rehabilitation of road structures with SH-
UHPFRC appears to be also optimal for maritime structures at sea.

The global vision of this approach is the conservation of lighthouses at sea. In a first step,
signalisation turrets are used as a prototype. The Turret "Le Cabon", in the harbour of Lorient
(France), Figure 1b) needed strengthening. This paper describes the methodology and the
rehabilitation works performed in 2013 to strengthen it with a 60 mm UHPFRC shell cast in-
place in a formwork by helicopter (first time on-site application of UHPFRC at sea).
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Figure 1: a) Strategy of conservation for maritime structures, b) Turret "Le Cabon"
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2. TURRET "LE CABON"

The Turret "Le Cabon" is located in the Lorient harbour bay, Brittany, France (3° 21' 40"
W —47° 42' 08.2" N) at the entrance of the so called "little sea of Gavres", between Gavres
and Port Louis, Figure 2.
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Figure 2: geographical location of the Turret Le Cabon, Lorient, Brittany, France, adapted
from "Geoportail" maps [7]

It is a very common type of turret made out of a coarse concrete masonry (base diameter =
3.25 m, height = 4.55 m). Its age is around 70 years. The access time of the turret for
rehabilitation works is very limited due to tide and weather conditions. The day of casting
(June 26, 2013), the total sea level height difference between low and high tide was 4.7 m,
comparable to the height of the Turret. At low tide the rock subgrade platform is accessible
and can be used to circulate around the turret. At high tide it is totally submerged and half of
the turret too, all this within 6 hours.

3. MATERIALS AND METHODS

3.1 UHPFRC

The general requirements for concretes at sea are described in details in [8]. With their
very dense and impervious microstructure, UHPFRC fulfill these without difficulties.
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The additional requirements to the UHPFRC for this site were the following:

- Minimization of autogenous shrinkage, to limit eigenstresses and leave most of the
tensile hardening potential of the material to resist residual swelling reactions (after
70 years age of the Turret) that were suspected such as AAR, Sulfate attack.

- Self-compacting (class SF2 according to EN 206-9), i.e. slump flow between 660 and
750 mm and workability to be maintained over 2 to 3 hours (transport from plant to
helicopter landing site: up to 1 hour).

- Strain hardening response under tension, target value of the deformation at peak stress

€u: on average between 1 and 2%o for specimens cut out of square plates (700/700/60
mm) cast horizontally. Tensile strength f, > 10 MPa on average.

The material NaG3 SR FM 3.25 % was developed by LAFARGE for this site. It has 3.25
% vol. straight smooth steel fibres (length 13 mm, diameter 0.185 mm) and a water/cement
ratio between 0.21 and 0.23. It has no accelerator and uses a superplasticizer optimized to
offer a workability range of 2 to 3 hours. A shrinkage reducing admixture is also used to
mitigate to a very large extend the autogenous shrinkage and minimize eigenstresses.

3.2 Fabrication and processing of the UHPFRC

The steel formwork was designed to support the high pressure of the very liquid UHPFRC

over a height of 4.6 m (fully hydrostatic pressure with Pyuprrc=26 kN/m’) and remain
watertight to avoid fresh UHPFRC leakages. It was firmly attached by dowels to a concrete
footing anchored at the base of the turret.

The casting took place on June 26, 2103. The formwork was installed on the turret the day
before. The UHPFRC was produced at the Keryado Lafarge concrete production plant in a
concrete mixer of 2 m’ capacity. Batches of 1.25 m’ UHPFRC were selected to optimize
processing. The UHPFRC matrix (premix + water + admixtures) was mixed for 10 to 13
minutes before fibre addition. Total mixing time was 13 to 17 minutes for each batch. Two
batches were realized consecutively and fed into a concrete truck.

After a first control of the workability at the concrete plant, the fresh UHPFRC was
transported by truck to Gavres (37 km, 1 h on average). From there it took 4 to 5 minutes for
the helicopter to load it into a skip, deliver 300 litres UHPFRC (750 kg) to the Turret, and
come back. Total 4.2 m®> UHPFRC were used with 2 truck rotations and 18 helicopter runs.
Total time for UHPFRC delivery to the Turret was around 2 hours. Seven days curing were
guaranteed before the formwork was removed. No compaction was applied on the UHPFRC.
The free surface of the fresh UHPFRC on the top capping of the turret was covered with a
plastic foil held in place by gravel for 7 days.

3.3  Workability

The UHPFRC workability was determined first at the plant, before the departure of the
concrete truck, then on the helicopter landing site at the time of truck arrival.
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It was also determined before loading the skip attached to the helicopter, for several
helicopter runs. Table 1 summarizes the results obtained [9]. The measured values of slump
flow were initially lower than the requirements (SF2), most probably because of the relatively
high fresh UHPFRC temperature (30°C). However, after 5 minutes fast stirring by the
concrete truck at the helicopter landing site, a satisfactory workability could be reached. The
material was homogenous with no fibre segregation and the workability was maintained over

more than two hours, which is perfect for this type of application.

Table 1: workability test results

At concrete plant (before truck departure)

Truck N° | Batch n° Air temp. UHPFRC Slump flow T500 Time
[°C] temperature [mm] [s]
[°C]
1 1 19 26.5 575 5 10 h 40
1+2 18.5 30 610 4.5 11h15
At truck arrival on helicopter landing site or later
Truck N°/ | Helicopter | Air temp. UHPFRC Slump T500 Time
(Batches) | Run (over [°C] temperature flow [s]
9 [*C] [mm]
1/(1+2) 1 20 30 590 n.a. 12h 15
n.a. n.a. 660 6 12 h 45
At truck arrival on helicopter landing site or later
Truck N°/ | Helicopter | Air temp. UHPFRC Slump T500 Time
(Batches) | Run (over [°C] temperature flow [s]
9) °C] [mm]
2 /(3+4) 1 22 32 670 4 13 h 27
3.4 Mechanical properties of the UHPFRC

The compressive strength fy. of the UHPFRC was determined at 28 days on: (1) 6
cylinders diameter 70 mm, height 140 mm, and (2) 3 cylinders diameter 113 mm, height 226
mm, all cast on the site and cured at 20 + 2 °C. The results are shown in Table 2.

Table 2: compressive strength test results

Cylinders fuc [MPa]
Average Standard
[mm/mm] deviation
70/140 135.0 6.8
113/226 136.8 4.2
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As no special requirements were set to the compressive strength for this application, those
values are satisfactory, in the lower range of typical values for this type of specimens.

The tensile response of the UHPFRC was evaluated indirectly by means of the inverse
analysis with a Non Linear Finite Element code (MLS) of 4PT bending tests results. Two test
series were used for comparison:

e Series A: 4 prisms 600/150/62 mm (span: 420 mm) cut out of large plates
(700/700/62 mm) cast during preliminary material tests in Septembre 2012, and
kept at 20°C, 95 % RH before testing at 28 days.

e Series B: 2 prisms 70/70/280 mm (span: 210 mm), cast in steel forms on the site
and kept at 20°C, 95 % RH before testing at 28 days.

Figure 3a) shows the results of test series A (specimens 4475-12 and 13) with the model
(best fit for highest/calc 14 and lowest/calc 13 observed flexural responses on a series of 4
specimens). Figure 3b) and c) show the tensile laws obtained by the inverse analysis of
bending test results 4475-12 and 4475-13. The FEM software used was MLS [10].

The bases of the model (Smeared Crack Model with bulk energy dissipation) and
verifications of mesh size objectivity are described in details in [11-12]. The elastic modulus
of 50 GPa was determined from the analysis of the 4 PT being tests results. The tensile laws
are shown in stress vs strain Figure 3b), resp. crack opening axes Figure 3c).
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Figure 3: a) 4 PT bending tests results series A and fitted models, b) and ¢) fitted tensile
laws
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Bending tests - Series B

Figure 4 shows the results of test series B (specimens 4660-6 and 9) with the predictions of

the models calibrated from test series A. The correspondence is excellent. This means that the
materials used on the site have a similar tensile response as those used for the preliminary
tests. One can further notice that, as expected from orientation effects of fibres, the response
observed on the 70/70/280 prisms cast in forms is close to the highest bending response
observed from the 600/150/60 prisms cut out of larger plates (model Calc 14). Table 3 gives
the Modulus of rupture (MOR) for the two test series. From test series A and B and from the
inverse analyses, one can assume that the tensile hardening response of the UHPFRC cast on
the Turret will be on average between the two boundaries defined by models Calc 13 and 14,
summarized in Table 4. This fully satisfies the requirements.
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60 - . . . "
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50 5 XGRS Table 3: MOR from bending tests
~ \\ Test series MOR [MPa]
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Mid-span deflection [mm]

Figure 4: 4 PT bending tests series B and models

Table 4: Tensile properties of the models determined by inverse analysis

Model End elastic range | Tensile strength | End hardening | End softening
fute [MPa] fur [MPa] &y [%o] w, [mm]

Calc 13 8.5 10 1.0 6.5

Calc 14 9.5 12 2.3 6.5
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4. APPLICATION ON THE TURRET

Figure 5 illustrates the conditions on the site during application of the UHPFRC with the
helicopter. The sea was not particularly rough at the date of casting (swell less than 1 m).

Formwork

Figure 5: a) installation of the formwork, b) delivery of the skip with UHPFRC, ¢) pouring
of the UHPFRC into the formwork
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S. CONCLUSIONS AND OUTLOOK

- SH-UHPFRC cast in place was applied for the first time for the reinforcement of a
maritime structure.

- The UHPFRC recipe was specially tailored for this cast-in place application with a
high degree of restraint, with a targeted tensile strain hardening response, limited
autogenous shrinkage, and a self-compacting, fluid character with a workability range
of up to 3 hours that were achieved as planned.

- Very fluid UHPFRC impose very high requirements to the tightness, resistance and
deformability of formworks (hydrostatic pressure).

- The inverse analysis of bending test results on UHPFRC specimens cast during the site
confirmed their strain hardening response according to the requirements (between 1
and 2 %o on average — without favorable fibre orientation).

- The application of the UHPFRC on the Turret by a helicopter was fast and efficient.

- This successful application opens the way to the cast in place reinforcement of
heritage lighthouses at sea, in most difficult conditions of access.
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