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Abstract: The structure presented in this paper is intended to be used as a prototype reservoir for
collecting water coming from the cooling tower of a geothermal plant, and is primarily designed to
compare the performance of different materials (traditional reinforced concrete and Ultra-High-Per-
formance Fiber-Reinforced Concrete (UHPFRC)) as well to assess the performance of different struc-
tural solutions (wall with constant thickness versus wall provided with stiffening buttresses). In the
absence of specific code provisions, given the novelty of the UHPFRC used, the main properties
used for the design were determined through a dedicated experimental campaign (tensile/flexural
properties and shrinkage). The main focus of the design was on the Serviceability Limit States, more
specifically the requirements regarding water tightness. Given the rather simple structural layout,
especially in the compartments where no stiffening buttresses are present, linear elastic analysis
was used to determine the internal actions. The nonlinear behavior ensuing from the peculiar tensile
constitutive response of the material was taken into account locally, in order to determine the stress
level, the depth of the compression zone and the crack width. The performance was finally com-
pared with the reference compartment (made with ordinary reinforced concrete), through on-site
observations and measurements.

Keywords: durability; UHPFRC; water-retaining structures; aggressive environment

1. Introduction

Reinforced concrete structures under Extremely Aggressive Exposure (EAE) are
known to suffer from durability and time-dependent problems, which require continuous
repair actions that are critical regarding the economic impact and service disruption prob-
lems (especially in the case of strategic infrastructures, including harbors, highways or
facilities for the production of energy) [1]. Typical pathologies in reinforced concrete
structures under EAE conditions consist of excessive corrosion of the steel reinforcement,
accompanied by cracking and spalling of the concrete cover. Corrosion is typically initi-
ated by altering the pH environment of the concrete, particularly in the vicinity of the steel
reinforcement (concrete cover) or by localized chloride attack to the reinforcement. This
mechanism may occur, e.g., in concrete structures that are in contact with extremely ag-
gressive waters (industrial chemical water, marine or deicing salts environments). Fol-
lowing the prescriptions to design a structure with a specific service life under extremely
aggressive exposure conditions, designers are obligated to focus on the quality of the con-
crete cover to ensure its ability to protect the reinforcement from corrosion, at least prior
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to reaching the design target service life. Furthermore, reinforced concrete structures in
industrial applications are also severely prone to corrosion and erosion due to the harsh
environment created by the chemical treatment and processing methods. Among the ag-
gressive exposure conditions, the XA3 exposure class (highly aggressive chemical envi-
ronment) has been reported in many industrial and chemical applications as well as in
one of the case studies selected as the topic of the present paper: the basins for a cooling
tower in geothermal power plants owned and run by Enel Green Power in different sites
in Tuscany (Italy), which have suffered from cracking, loss of waterproofing layers, as
well as abrasion and erosion of the concrete due to the exposure to the geothermal water,
actually containing different types of aggressive chemicals, including chloride and sulfate
ions [2]. Since these degradation mechanisms required quick maintenance works in order
to maintain the plants in operation, repairing of the degraded concrete layers, sealing of
the joints between the bed and walls, adding non corroded construction elements and re-
applying the bituminous coating have been conducted at the deteriorated parts of the ar-
tefacts to extend their service life. However, some parts could not be retrofitted due to
limited maintenance time.

Currently available design codes and related standards specify, depending on the
exposure class and required service life, the structural design criteria, such as the crack-
width limits, as well as detail the criteria, including minimum cover thickness, and mate-
rial criteria, including type of cement and w/c content, to meet the durability requirements
specifically limiting the ingress of chemical aggressive and to provide a design service life
of 50 to 100 years. As a matter of fact, the aforementioned deterioration scenarios may also
appear in the early stages of the structure’s operational life, likely due to the inherent
characteristics of ordinary reinforced concrete materials and/or lack of experience during
the construction. Therefore, the use of advanced alternative materials and of the corre-
sponding construction and design methodologies need to be implemented in the design
and construction of structures and infrastructures, with specific focus on extremely ag-
gressive environments.

Currently, in both industry and academia, there is significant driving momentum in
the development and application of advanced cement-based materials in the construction
and retrofitting of structures and infrastructures, to provide them with enhanced durabil-
ity and hence extended service life and overall improved environmental and economic
sustainability. In this respect, Ultra-High-Performance Concrete (UHPC) or Ultra-High-
Performance Fiber-Reinforced Concrete (UHPFRC), with its highly compact matrix and
ability to control and distribute the induced damage into multiple and narrow cracks,
representing its most resilient features, is the material to be implemented for applications
demanding superior durability in real structural service conditions, which, for cement-
based material, is necessary to be considered in the cracked state [3,4].

In addition, the peculiar composition of UHPFRCs, featured by a high content of ce-
ment and of supplementary cementitious materials with a low water/binder ratio, is
highly conducive to autogenous healing of the cracks [5-7], which can be furthermore
stimulated through the addition of crystalline mineral additions, mineral admixtures and
other tailored constituents, including SAPs [7-10]. The improvement of mechanical per-
formance achieved through the synergy of the mix composition and the presence of steel
fibers in further interaction with the aforementioned enhanced durability and self-healing
features may make the development and application of UHPFRCs able to improve the
environmental footprint, thanks to optimized use of material, and significantly extend the
structure service life in extremely aggressive environments [11-13]. Moreover, thanks to
their recently demonstrated high recyclability potential, this category of material is also
able to bring a breakthrough innovation into the concept of longer structural service life
[14].

As a matter of fact, current solutions for new concrete constructions in EAE have so
far seldomly implemented on a massive scale advanced cement-based construction mate-
rials, such as Ultra-High-Performance (Fiber-Reinforced) Concrete (UHPC/UHPFRC),
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mainly because of a lack of standards and of technical awareness by most designers and
contractors. Having said that, to date, the claimed superior durability of UHPC/UHPFRC
has been almost exclusively demonstrated by means of laboratory specimens, focusing
mainly on the uncracked state. To contribute in filling this gap between laboratory testing
and real-scale structural applications, the EC H2020-funded ReSHEAience project aims to
test and validate new design concepts through long-term monitoring of six proof-of-con-
cept pilot structures, selected as representative of the cutting-edge economy sectors such
as green energy, blue growth and conservation of reinforced concrete heritage [15]. The
focus of this work is on the pilot constructed within the framework of ReSHEALience
project and located in Enel Green Power geothermal power plant in the municipality of
Chiusdino in Tuscany (Italy), namely, a geothermal cooling tower water collection basin.
The basin is operating in parallel with the actual basins of the plant. The main pathologies
in the basins containing the geothermal water are cracking produced by expansion (sul-
phate attack), cement paste dissolution (leaching) and/or efflorescence (acid attack), to-
gether with reinforcement corrosion triggered by the chlorides also present in the water.
In the project framework outlined above, the geothermal basin of the Chiusdino plant has
been redesigned to resist the mechanical actions and chemical attack as well. With the aim
of implementing a signature durability-based design of concrete structures, which
through the incorporation of degradation mechanisms into structural design algorithms
[16] will contribute to move from a prescriptive to performance-based design approach
[17-21], three types of structural concrete solutions have been designed and constructed.
They consist of the following:

(a) A 100 mm-thick cast-in-place ordinary reinforced concrete wall.

(b) A 60 mm-thick cast-in-place UHPC wall.

(c) A solution consisting of 30 mm-thin precast UHPC slabs “supported” by 200 x 200
mm? cast-in-place UHPC columns/buttresses.

The aim of this paper is to analyze each structural solution both at the serviceability
and ultimate limit states, based on the mechanical properties of the materials experimen-
tally identified through a tailored experimental campaign [22]. Moreover, dedicated tests
are also being conducted on the basin to validate the proof of concept behind each struc-
tural system, as also affected by the different construction methods implemented on the
construction site. The general aim of the work is to pave the way toward a performance-
based design approach for long-term durability of UHPFRC structures, also in the context
of the currently ongoing international code-writing and standardization efforts.

2. Description of the Pilot

Within the framework of the ReSHEALience project, the main aim is to upgrade the
concept of UHPC/UHPEFRC to Ultra-High-Durability Concrete (UHDC) by implementing
macro- and nanoscale constituents in strain-hardening steel fiber-reinforced cementitious
material [15]. The purpose of this “tailoring” the UHDC material concept is to enhance
the durability in real structural service scenarios, which explicitly include the presence of
“micro-cracks”, as further explained, as a natural “status” of the material into its service
state, thus reducing the need and frequency for maintenance and the related costs, and
contribute to wholesome extension of the service life of structures subjected to extremely
aggressive environments. The most distinguished characteristics of the UHDC materials
employed in this project is the incorporation into the mix-design of selected nano-constit-
uents, namely, alumina nano-fibers and cellulose nano-crystals, which, besides contrib-
uting to enrich the microstructure of the concrete matrix and preventing or reducing the
transport of aggressive substances in the uncracked state [23-25], also provide function-
alities such as self-curing [20,21] and, in main synergy with crystalline admixtures, stim-
ulate autogenous healing [26]. Moreover, as reported in the literature [27-30] and proven
by [23], the signature mechanical tensile behavior of UHPFRC is characterized by a stable
multiple cracking process, which spreads the localized damage into multiple tiny cracks
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up to a relatively higher deformation level as compared not only to plain and reinforced
concrete but even to ordinary fiber-reinforced concrete (FRC). This unique feature may
allow and require tailored structural concepts to be designed for its full exploitation, not
merely confined to the reduction of structural element thickness. This step is fundamental
in order to tackle the challenges brought in by the newly developed materials and to for-
mulate a holistic durability-based structural design approach, which will be validated
through the innovative structure concepts designed, built and tested, of which the tank to
collect and contain the geothermal water dealt with in this paper is a landmark represen-
tation in the framework of the project [31].

The structure consists of a 300 mm-thick foundation slab made of ordinary reinforced
concrete, and is divided into three compartment basins by means of vertical partitional
walls. The in-plan dimensions of the whole tank are approximately 22.50 x 7.00 m2. The
three basins are characterized by the same in-plan dimensions (7.50 x 7.00 m?), but differ
in materials and structural typology: one in ordinary reinforced concrete (RC) and the
other two in Ultra-High-Durability Concrete (UHDC). The vertical walls, which charac-
terize the three compartments, have different thicknesses, depending on the material used
and the geometry of the structural elements (Figure 1).

Basins 1 and 2 consist of cast-in-place continuous walls with a constant thickness,
respectively, equal to 100 mm for the ordinary reinforced concrete Basin 1 and 60 mm for
the UHDC Basin 2. Basin 3, on the other hand, consists of 30 mm-thick precast slabs, stiff-
ened by cast-in-place vertical buttresses with a square cross section (200 x 200 mm?) also
made of UHDC, and spaced at a mutual distance of 1.50 m on the long side and 1.40 m on
the short side. The dimensions chosen for the buttresses are in line with those needed in
similar structures to ensure adequate support for the wooden superstructure.

When the picture in Figure 2a was taken (20 February 2020), the structure was almost
completed, with only some of the columns of Basin 3 still to be cast. Figure 2b shows the
structure completed and filled with geothermal water during one of the validation tests,
performed on 20 April 2021.

. 10.cm Ordinary Reinforced Concrete Wall.

B 6.0.cm UHDC Wall.

[ 3.0.cm UHDC Precast Slabs.

[ 20x20.cm? UHDC Columns.

30.cm Ordinary Reinforced Concrete Foundation.

Figure 1. Geometrical and material description of the basins.
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Figure 2. Pictures of the structure, taken on 13 February 2020 (a) and on 20 April 2021 when a full
load test was performed filling the three basins (b).

3. Materials
3.1. Reinforced Concrete (Basin 1)

For the foundation slab and the four walls made with the ordinary reinforced con-
crete traditional solution, concrete C25/30 was used, characterized by the following me-
chanical properties (EN 1992-1-1[32]):

e  Characteristic cylindrical compressive strength: fa& =25 MPa.
Average direct tensile strength: fom= 2.6 MPa.

Average indirect tensile strength (in bending): fon = 3.1 MPa.
Instantaneous modulus of elasticity: Ecn = 31 GPa.

The values of the average direct and indirect tensile strength as well as of the Young's
modulus of elasticity correspond to the concrete class chosen, as indicated in the Italian
Standard (NTC 2018 [33]), and are in line with those reported in EN 1992-1-1 Table 3.1
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[32]. Nonetheless, a Schmidt hammer (rebound hammer) tester was used to evaluate the
concrete compressive stress of the reinforced concrete walls and the foundation. The re-
sults indicated average values of 28-37 MPa, as converted to characteristic cylindrical val-
ues.

3.2. UHDC (Basins 2 and 3)

The UHDC mix used for the other two compartments, whose mix design and chem-
ical compositions of the employed cement and slag are shown in Tables 1 and 2, respec-
tively, is characterized by the presence of dispersed fiber reinforcement, to the advantage
of the overall mechanical behavior, which allowed structural solutions without the need
of a specific traditional reinforcement. The straight brass-plated fibers, with the character-
istic length and diameters being 20 mm and 0.22 mm, respectively, provide the minimum
tensile strength of 2400 MPa. In consideration of the peculiarities of the material, a specific
experimental campaign of mechanical characterization was performed in order to inves-
tigate the post-cracking behavior, especially focusing on the multi-cracking stage [34].

All the mechanical tests were performed after at least 90 days after casting, in order
to limit the possible influence brought in by the delayed hydration of the slag. In the cur-
ing period, all specimens were stored in controlled environmental conditions (RH = 90%,
T=20°C).

Different testing methods have been carried out in order to investigate the multiple
cracking phenomena experienced by the UHDC under tensile and flexural loads, as
shown in Figure 3. Indirect tensile tests have been performed employing the so-called
Double Edge Wedge Splitting (DEWS) test methodology, able to provide in a straightfor-
ward manner the tensile stress—COD (Crack Opening Displacement) relationship of the
material. Moreover, flexural 4-Point Bending Tests (4PBT) were also performed on the
deep and thin beams, as below:

e Deep beams—DB (L x b x h =500 x 100 x 100 mm3);
e  Thin beams—TB (L x b x h =500 =x 100 x 25 mm3).

The 4PBT on thin beams were adapted to verify the effects of fiber orientation in a
“structural” specimen with the same thickness employed in the construction of the basin
walls.

P/2 P/2

J—100 mm ﬁ

rvLVDTs on both sides to capture the COD

- 25 mm

-100 mm

e

- il
* o '-I"B' | = /';j\
7 |

150 mm .

450 mm

Figure 3. Different types of mechanical tests to evaluate the tensile behavior of UHDC: 4PBT under flexural load P, for the
deep beam (DB) and thin beam (TB), and an indirect tensile test, Double Edge Wedge Splitting (DEWST), under load F.

In Figure 4, the experimental nominal flexural stress o« (black curves) is plotted as a
function of the Crack Opening Displacement (COD) for the reference mix, as measured
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across a 150 mm-wide central zone from the 4-Point Bending Tests on deep (Figure 4a)
and thin beams (Figure 4b). The nominal stress is evaluated as follows:

_PL/6 _ PL
on = bh2/6 ~ bh?

where P is the total load applied (N), L is the distance between the two supports (450 mm
for both DB and TB), and b and & are the specimen width and height in mm, respectively.
In the same plots, the response simulated employing the tensile stress—COD constitutive
response calibrated on the basis of the DEWS tests [35] is shown (pink curves). In addition,
for design purposes, the red curves show the results obtained assuming an elastic—per-
fectly plastic constitutive law, with the direct tensile strength equal to 7.0 MPa; up to a
COD approximately equal to 2.0 mm, the numerical results are in good agreement with
the experimental results as described in details in [22], where all the mechanical parame-
ters below were calibrated.

As a consequence, the following mechanical properties were assumed (including a
dispersion coefficient ys =1.25 as per prescriptions contained in fib Model Code 2010):
e  Average direct tensile strength: fem=7.0/1.25 = 5.6 MPa.
e  Average indirect tensile strength (in bending): fon=12.0/1.25 = 9.6 MPa.
e Instantaneous modulus of elasticity: E«n = 41.7 GPa.

(M

Table 1. The Ultra-High-Durability Concrete (UHDC) mix components and their proportions.

Constituents XA-CA XA-CA+ANF XA-CA-CNC

CEM152,5R (kg/m?3) 600 600 600

Slag (kg/m?3) 500 500 500

Water (liter/m3) 200 200 200

Steel fibers Azichem Readymesh 200® (kg/m3) 120 120 120

Sand 0-2 mm (kg/m?3) 982 982 982
Superplastlaze‘r Glenium ACE 300 © 33 33 33

(liter/m?3)
Crystalline Admixture Penetron Admix ® 48 8 48
(kg/m?)

Alumina nanofibers NAFEN®* (kg/m?3) - 0.25 -

Cellulose nanofibrils Navitas®* (kg/m3) - - 0.15

*% by weight of cement.

Table 2. Chemical composition of the employed cement and slag.(LOI: loss on ignition @1000 °C).

Oxide
(wt.%)

CaO 5i0:

ALOs MgO SOs Fe20s TiO2 Mn:0s K:0 Na:O Other LOI

PC 59.7 19.5
BFS 39.2 38.9

4.9 3.3 34 3.5 0.2 0.1 0.8 0.2 0.4 25
10.2 6.4 1.3 0.4 0.6 0.3 0.5 0.8 0.3 1.2
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Figure 4. Maximum nominal stress in bending as a function of the Crack Opening Displacement for (a) deep beams (DB)

and (b) thin beams (TB).

4. Structural Analysis

The design of the walls that make up the structure was carried out with reference to
the maximum water height (1.50 m), using simple design equations based on a cantilever
structural scheme for Basins 1 and 2, and on a slab clamped along three edges for Basin 3
(Figure 5), where the fixity of three edges is guaranteed by the monolithic connection with
the buttresses along the two vertical edges and with the foundation slab along the bottom
edge, as illustrated in Figure 2.

NN \\ \\\
N
O

|
I

7 7

//
L
1 %

Figure 5. Structural scheme assumed for the design of Basins 1, 2 and 3.

The loads acting on the structure are the self-weight of the structural members, since
no particular finishes are foreseen, and the hydrostatic pressure is due to the water con-
tained inside the tank.

The self-weight is calculated on the basis of the specific weight of the materials and
the dimensions of the structural elements. The specific weight values assumed are the
following:

e  Ordinary reinforced concrete: yre= 25 kN/m3.
. Fiber-reinforced cementitious composite: yunpc =25 kN/m?.

The hydrostatic pressure of the water, acting on the vertical walls and on the bottom
of the tank, was calculated by assuming a value equal to y» = 10 kN/m? for the specific
weight of the water.

Two different load conditions were considered, for the serviceability (SLS) and ulti-
mate (ULS) conditions, respectively. In the SLS, the height of the water table, as per the
design provisions, is assumed at 1.30 m; at the ULS, an overflow of the water is assumed,



Sustainability 2021, 13, 9826

9 of 27

and the maximum water height (hw) compatible with the bearing capacity of the three
basins is determined.

A summary of the design process is shown in Table 3, where a and b are the dimen-
sions of the wall considered (see Figure 5; where a/b > 1.5, a one-way cantilever layout was
assumed, indicated with symbol o in Table 2), fn is the indirect flexural tensile strength,
M. is the maximum bending moment along the y-axis, and twin. is the minimum wall
thickness required to keep the maximum normal stress below the indirect flexural tensile
strength.

Table 3. Design of the wall thickness of the three basins.

Basin 1 (RC) 2 (UHDC) 3 (UHDQ)
a (m) ) ) 1.50
b (m) 1.50 1.50 1.50
alb 0 0 1.00
fefm (MPa) 3.10 9.60 9.60
Miumax (kNm/m) 5.63 5.63 1.01
tmin (MM) 104 59 25

A more refined evaluation of the stresses of the structural members of the tank, in-
cluding the expected stress concentrations at the corners, was then carried out by means
of a three-dimensional finite elements linear elastic model developed with the commercial
software MIDAS Gen 2012. The FE model consists of 300 mm-thick horizontal plate ele-
ments for the foundation slab and vertical plate elements of different thickness to repre-
sent the external and internal walls. The buttresses in the third basin have been modelled
using beam elements with a square section (200 x 200 mm?). A three-dimensional view of
the model is shown in Figure 6, where the geometric properties of the plate and beam
elements are highlighted with different colors. One of the slabs on each side of Basin 3 has
been modelled as 20 mm thick in order to assess the limits of employment of the devel-
oped UHDC material.

Figure 6. Three-dimensional view of the model used for finite element analysis and geometry of the
plate elements (thicknesses: red = 300 mm; yellow = 100 mm; green = 60 mm; blue = 30 mm; magenta
=20 mm) and beams (light blue: section 200 x 200 mm?).

The interaction between the foundation slab and the soil was accounted for through
the Winkler model, with a constant that represents the link (supposedly linear elastic) be-
tween the pressure and the corresponding displacement. For the characteristics of the soil,
reference was made to a detailed description relating to a similar structure located in the
same plant. The characteristics of the soil referred to in the aforementioned report were
assumed, due to the proximity between the two sites. In particular, for the purpose of
modelling the contact between the foundation bed and the ground, a value of the sub-
grade stiffness equal to 30 MN/m? was assumed
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The mechanical and physical properties of the materials for the purposes of structural
analysis, i.e., elastic modulus and specific weight, were introduced by defining two mate-
rials through the appropriate functions of the code. The analysis linear elastic, tensile and
compressive strengths, as well as the reinforcement present in the reinforced concrete el-
ements, did not affect the results.

Given the simple structural scheme that characterizes Basins 1 and 2 (i.e., cantilever
wall), attention is focused only on the most significant results obtained for Basin 3, where
walls of different thicknesses (20 and 30 mm) were adopted, as explained above. As ex-
pected, given the values shown in Table 2, in the 30 mm-thick walls the values of the
maximum tensile stress are lower than the value of the indirect tensile strength during
bending, fer=9.60 MPa (Figure 7a); on the contrary, the value of fgn (9.60 MPa) is exceeded
in the walls with a thickness equal to 20 mm (Figure 7b).

The fact that that the tensile strength in bending is exceeded in limited portions of
the structure should, however, pose no problems, considering that (a) the structure pos-
sesses sufficient redundancy to compensate for the limited (and localized) cracking phe-
nomena; and (b) one of the primary objectives of the structure is to provide information
about the behavior of UHDC in the cracked state.

(b)

Figure 7. Basin 3: (a) maximum tensile stress on the walls with a thickness = 30 mm; (b) maximum
tensile stress on the walls with a thickness = 20 mm all units are in MPa.
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4.1. Analysis in Service Conditions (SLS)

The analysis at the Serviceability Limit States of the basins built with UHDC (second
and third basin) and ORC (the first basin) was carried out by means of a sectional ap-
proach, where the capability of the UHDC material to redistribute the stresses thanks to
the contribution of the fibers is explicitly accounted for (Figure 8). For the first basin, the
section is not cracked under the service level of water. To this end, compatibility is en-
sured by assuming that plane sections remain plane, the compression stress distribution
is assumed to be linear, while the tensile stresses are assumed to have an elastic—perfectly
plastic distribution. As previously mentioned, the maximum tensile stress is limited to the
value worked out by Lo Monte and Ferrara [34], namely, 5.60 MPa (coefficient of disper-
sion included). By enforcing equilibrium, under the maximum bending moment expected
in the SLS (Msts), the strain distribution along the thickness can be determined, and more
specifically the maximum tensile strain e:mw. The expected maximum crack width wmax is
then worked out by assuming the characteristic length equal to the wall thickness ¢; there-
fore, Wmax = Etmax % 1.

Table 4 summarizes the results of the SLS design, in terms of tensile and compressive
stresses and expected crack widths. Notably, even in the presence of cracking, the esti-
mated crack widths are either very small (Basins 2 and 3b) or nil (Basin 3a), thereby indi-
cating reduced leakage likelihood. In addition, the maximum stress in compression is very
low, considering that the UHDC developed attains values of compressive strength that
can easily exceed 100 MPa. Thanks to the stress redistribution brought by the behavior of
the plate theory [36], sections 3a and 3b show a very low values in terms of acting mo-
ments compared the other sections where the cantilever one-way behaviors were domi-
nated.

. 1z Fc ~—
Compressive I3)
- —— Ftl
T _
Tensile = F
Q pr——
et t2
’ Et;ma.x. ft '
Cross section Strain distribution Stress distribution

Figure 8. Stress and strain distribution across the thickness of the UHDC section.

Table 4. Evaluation of the state of stress and strain in the r/c and UHDC basins at SLS.

Basin 1 2 3a 3b

h (mm) 100 60 30 20
Msts (KNm/m) 3.67 3.67 0.67 0.67
Ocmax (MPa) 2.17 6.13 4.45 12.86
€vmax (%0) 0.006 0.14 0.10 0.39

Wmax (Um) - 8 - 8

4.2. Analysis in Ultimate Conditions (ULS)

As previously mentioned, the ultimate limit state condition is evaluated in terms of
the maximum height of the water (i), assuming overflow to take place, on the basis of
the bending capacity Mu of the walls. To this end, a yield line analysis was carried out for
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the walls assuming a simple cantilever mechanism (global collapse) and a more complex
(local collapse) mechanism for the walls provided with buttresses (Figure 9). Clearly, the
safety of the walls is sufficient if the maximum height of the water hw is larger than the
height of the wall (b = 1.50 m), since overflows are unlikely to occur.

7 v 1
| l
| |-
| |
| |
| | T
/\j N
X
N " 2D g
L L L =vh
7 7 7 G, = 1N,

Figure 9. Local collapse mechanism assumed for Basin 3.

The maximum height of the water corresponding to the collapse mechanism shown
in Figure 9 can be determined analytically by minimization of the following expression

(as a function of the unknown parameter A):

12M, a1 2b  4b,\ . 3, A2b

v (5 At T e ) tab g @)
3—-1

hy,, =

where M. is the ultimate resisting moment in the assumed yield line mechanism section.

The results of the yield line analysis are summarized in Table 5. It is worth noting
that for the 100 mm-thick reinforced concrete wall as well as for the UHDC walls with a
thickness equal to both 60 and 30 mm, the governing collapse mechanism (i.e., character-
ized by the lower value of hw) is the global mechanism, while for the assumed lowest value
of the thickness the minimum value is obtained for the local mechanism. In all cases, how-
ever, hw > h (Figure 10).

Table 5. Evaluation of the maximum water height, hw , in the UHDC basins at ULS.

Basin 1 2 3a 3b
t (mm] 100 60 30 20
M. (kNm/m) 14.0 10.08 2.52 1.12
Mechanism Global Global Global Local

I (m) 2.63 1.90 2.55 2.28
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Figure 10. [llustration of local and global collapse mechanisms of the basins.

4.3. Computational Nonlinear Analysis

In order to validate the design assumptions and calculations highlighted above, a
nonlinear analysis for representative “portions” of each of the three basins the pilot struc-
ture consists of was undertaken, also in view of the experimental validation currently on-
going, whose preliminary results are going to be shown hereafter. Details of the analyzed
elements and representative, related positions in the pilot and cross sections are shown in
Figure 11.

200"200mm column

@ 10(@ 200mm with 30mm concrete cover.
1 g Only UHFRC, (UHDC)
3
Le7 o Y . oL L & L
. - . . * = - -
| 1000mm |
B

1500mm

Figure 11. Sectional layout of the geothermal water basin walls assumed for nonlinear analysis.

4.3.1. Description of the Analysis Method

To perform the nonlinear analysis of each element, the fiber method was used, widely
recognized as an efficient approach to perform the moment—curvature analysis of the re-
inforced concrete elements. Instead of evaluating the axial and flexural rigidity by finding
the neutral axis corresponding to each strain increment, which is rather a time-consuming
approach, the secant axial and flexural rigidity can be evaluated as S, = i, Sp = %, in

order to calculate S, and S, corresponding to M and P.
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The deformation vector [g, @]° mustbe obtained first. A sectional tangent stiffness
[K,] links an infinitesimal load vector [dP dM]¢ and an infinitesimal deformation vector
[de d@]%, as detailed in Equations (3) and (4).

dP = op d op d 3

=%t ¢ ©)
oM oM

aM = de + 5 di )
dP de

am) = K g5 ©)

Using this approach, and by dividing the concrete section into a sufficient number of
fibers, strains in the middle of the strips can be iteratively imposed to find the solution.
The Newton-Raphson method has been used to find the convergence of the solution with
respect to the applied axial load. For a given axial strain and curvature, the strains in the
middle of the strips and steel bars are evaluated as

Estrip = €0 T ¢ * Ystrip

Esteel = €0 + P * Ysteel

Then, using the assumed concrete stress—strain constitutive laws, which will be spec-
ified hereafter for each of the investigated cases, stresses were evaluated at the center of
each steel and concrete layers (strip) and, through suitable integration of the stresses over
the concrete and steel fibers, the resultant axial force and bending moment were finally
calculated.

4.3.2. Reinforced Ordinary Concrete Section (the First Basin)

The first basin was constructed using ordinary reinforced concrete, with a cross sec-
tion as shown in Figure 12. Given the boundary condition and the applied load, the overall
behavior of the wall is represented by a 1.5 m-long cantilever beam fixed at the base of the
basin. The section shown in Figure 12 below has been analyzed for the moment—curvature
relationship using the procedure described above. To proceed with the nonlinear sectional
analysis, the material constitutive laws described in Figure 13 were implemented for con-
crete and steel bars, as described in the following section. The unconfined compressive
stress—strain relationship described by Mander et al. [37] was adopted (Figure 13a), while
the bilinear softening tensile stress—strain relationship shown in Figure 13b was used to
describe the tensile behavior of the concrete [38]. Elastic—perfectly plastic steel behavior,
shown in Figure 13c, is used to describe the constitute law of the steel bars.

A MATLAB-R2020a code was written for the computational nonlinear analysis. The
code was programmed to stop and report the failure when the maximum compressive
concrete strain in the extreme fiber reaches the ultimate compressive strain, &, = —3.5%.
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Figure 12. Ordinary reinforced concrete section analysis.
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Figure 13. Materials constitutive relationships: (a) concrete compressive relationship, (b) concrete tensile relationship, and
(c) steel compressive and tensile relationship.

4.3.3. UHDC Wall (Second Basin)

The same analysis procedure described previously was adapted for the second basin
where the section consists of only UHPC material (Figure 14a). By implementing the con-
crete tensile stress—strain relationship adopted from Lo Monte and Ferrara (2020) [22],
Figure 14b, the tensile behavior was identified. For the compressive stress—strain relation-
ship, linear elastic behavior will be assumed with a modulus of elasticity of 41,700 MPa.
The analysis of the section was programmed to terminate when the tensile strain at the
extreme strip reaches the strain level of 0.015.
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Figure 14. UHDC/UHPC sectional analysis by means of the fibers method (a), and the UHPC/UHDC
tensile constitutive laws in term of strain (b).

4.3.4. UHDC Precast Slab Supported by UHDC Columns

The third cell of the basin is characterized by the 30 mm-thick precast UHPC/UHDC
panels connected to each other through cast-in-place UHPC/UHDC columns where holes
were made in the precast slabs along the vertical edges to increase the interlocking when
the cast-in-place concrete of 200 x 200 mm? columns enters the holes and joins them to-
gether. For the connection of the system with the foundation, a groove was made in the
foundation; then, the lower edge of precast elements, which also accommodates holes as
the side edges, was inserted in the groove and the UHPC/UHDC concrete was poured
into the groove to connect the foundation with the precast elements. However, the groove
width was not sufficient to efficiently interlock with the lower part of the cast-in-place
columns. Therefore, partial fixity or pin-end conditions were assumed during the analysis
of the cross section, as shown in Figure 15, where, due to the applied load and expected
behavior, the compression stress will be anticipated only in part of the column section and
the precast slab has to equalize the compression force by performing in only tension be-
havior.

The results of the moment—curvature analysis results for all the sections are reported
in Figure 16.
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Figure 15. UHPC/UHDC precast panels supported by a UHPC/UHDC cast-in-place column.
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Figure 16. Moment—curvature relationship for the different employed sections.

4.4. Moment—Displacement Analysis

For the investigated structural elements, representative of the “current” development
of the walls of the three basins, the maximum top edge deflection was also calculated by
integrating the moment of area of the curvature diagram for each moment step, as shown
in the formula below and illustrated in Figure 17.

. ) * dx(i) (sum of trapezoidal moment of area), where

x; = distance from the position of xi to the wall’s tip;
X;41 = distance from the position of xi + 1 to the wall’s tip;

@; = curvature corsponding to point x;;

@;+1 = curvature corsponding to point x;,;

A = maximum displacement at the critical section.

A MATLAB code was employed to numerically integrate the curvature diagram for
each step by creating loops to virtually create the span length and divided it into multiple
segments (600-700 segments) based on the points of integration. Then, using the formula
described above, the moment-displacement curves were obtained for each case. The mo-
ment-curvature graphs reported in Figure 16 were used to produce the moment-displace-
ment graphs shown in Figure 18.
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Figure 17. [llustration of displacement analysis using the moment of curvature area method.

Figure 18 compares the structural performance in terms of the water height-displace-
ment/crack-width level for the three different structural element types (100 mm ordinary
reinforced concrete wall, 60 mm cast in place UHDC wall and 30 mm precast UHDC pan-
els joined by a 200 x 200 mm? cast-in-place UHDC wall). Moreover, the crack width, depth
of compression zone and, where applicable, tensile strain of the longitudinal reinforce-
ment bars are also reported for the three different sections.
Interestingly, it can be noticed that under a service water level around 130 cm, all the
sections are not cracked, which satisfies the minimum requirements of the serviceability
limit states for water-retaining walls for crack widths, and the maximum displacement at
the tip point, which did not exceed 4 mm.
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Figure 18. Sectional and structural analysis results for the three different structural element concepts: (a) 60 mm UHDC
wall, (b) 30 mm UHDC slabs stiffened by a 20 x 20 cm? UHDC column, and (c) 100 mm ORC section wall.

Finally, looking into the ultimate limit states by gradually increasing the curvature
and the strains of the tensile zone, the sections performed very well to resist a water level
1.5 times higher than the service water level even for the thin sections implemented with
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UHDC materials, though this would correspond to an unrealistically high displacement
of the top edge of the wall.

This interestingly confirms the importance of the Serviceability Limit State conditions
as governing the design of structures made of Ultra-High-Performance Concrete, in this
case also incorporating hybrid (ordinary steel + fibers) reinforcement and hence the need
to develop and validate reliable design tools for the correct prediction of the structural
behavior under the aforementioned conditions, including the cracked state, and for the
crack width calculation.

5. Validation Tests on the Real Structure (EGP Pilot)

Within the framework of the ReSHEALience project, several validations of the six
proof-of-concept pilot structures have been planned to investigate the durability and as-
sess the reliability of the structural design concepts of the pilots designed and built using
the formulated and tested UHDC materials. For the geothermal water basin structure built
by the project partner Enel Green Power, the carried-out validation tests, performed in
collaboration with the Politecnico di Milano team, consisted of non-destructive monitor-
ing of concrete quality via a rebound hammer and Ultrasonic Pulse Velocity tests, steel
fiber dispersion survey and water-height versus displacement monitoring during filling
and emptying of the basins. These also included steel strain monitoring via strain gauges
placed during the construction in Basin 1 (ordinary reinforced concrete structure), con-
crete strain monitoring via strain gauges placed on the upper surface of concrete elements
and reinforcement corrosion potential assessment via sensors installed during the con-
struction process.

5.1. Steel Fibre Dispersion Survey

Steel fiber dispersion was surveyed for specific precast and cast-in-place
UHPC/UHDC elements, as illustrated in Figure 19 below. The magnetic method proposed
and validated by Ferrara et al. [39] was adopted in this survey for its robustness and eas-
iness to handle on the work site. The method uses a probe with sensors spaced at 160 mm,
which create a magnetic field, sensitive to the magnetic properties of the steel fibers
aligned within it, thus resulting in variation in the measured inductance when the sensor
is leaned in contact to the surface of the basin wall, along a different specified direction.
The results of the measurements were recorded viaa MATLAB script. A detailed descrip-
tion of the method and its calibration can be found in [39-41].
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Figure 19. Steel fiber distribution for cast-in-place 6 cm wall (a), precast 3 cm slab (b), cast-in-place 20 x 20 cm column (c),
shrinkage cracks distributed along the top portion of second basin (d), and the estimated versus measured shrinkage

cracks for ORC (on left) and UHDC (on right) walls (e).

Results qualitatively plotted in Figure 19 indicate that fiber dispersion is quite ho-
mogenous for the pre-cast elements (b), which were casted horizontally. On the other
hand, for the cast-in-place elements wall (a) and the column (c), some segregation of the
steel fibers occurred in the top layers; this observation implies that the precast application
of UHPC should be preferred, particularly for vertical structural elements where vertical
casting may jeopardize the distribution of the steel fibers and affect the performance of

the structural elements even prior to the application of the load.
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This uneven distribution of the fibers resulted also into higher proneness to shrink-
age cracking: as a matter of fact, equally spaced shrinkage cracks were observed in the top
part of the 60 mm-thick wall. These cracks, spaced about 250 mm, extend about 500 mm
downward from the top edge of the wall, which corresponds to the depth of the zone
where a lack of steel fibers was detected through a non-destructive survey (Figure 19a).
In fact, these cracks did not appear in the third basin where the wall is made with precast
elements and the steel fibers were well distributed. Since these cracks are located at the
top, they are believed to be due to the shrinkage deformation restrained by the constraints
provided by the lateral walls located at the ends as well as by the bottom layers, richer in
fibers; less effective crack control was found in this region poorer in fibers.

Figure 19e shows the simple model adopted by Destrée et al. [42] to estimate the crack
width induced by shrinkage deformation in the UHDC wall, whereas the methodology
illustrated in EN1992-1-1 [32] to estimate the restrained shrinkage crack width in basin
one ORC wall for the UHDC section the steel fiber contribution was eliminated in the top
part from the crack width calculation based on the steel fibers content survey. The calcu-
lated crack widths were compared to the measured ones after the basin have been exposed
for more than a year, and a significant reduction in crack width is noticed, which could be
attributed to the potential self-healing promoters or autogenous healing in UHDC and
ORC walls, respectively. Evidence of crack sealing in the ORC and UHDC wall, as ob-
served during a pilot testing on 14 May 2021, are shown in Figure 20.

Figure 20. Evidence of crack sealing as monitored during a water filling test of the pilot on 14 May 2021.

5.2. Water Height—Displacement Relationship

In order to validate the assumption of the analysis for each section of the basin (30
mm UHPC/UHDC precast panels supported by a UHPC/UHDC cast-in-place column, 60
mm UHPC/UHDC wall and 100 mm reinforced concrete wall), the load or water height—
displacement relationship was calculated for each section and compared to on-site meas-
urements, where each cell of the basin was filled gradually and the displacement at the
top and midpoint of the section was recorded, as shown in Figure 21. It can be also ob-
served, where the numerical estimated water level height-displacement relationship is
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Water level (cm)

compared to the experimental obtained one, that the two relationships are in a good agree-
ment for the third basin, which validates the assumption of an inverted T-beam hypothe-
sis in the third basin (precast UHDC slabs supported by UHDC columns). However, for
the first, the numerical analysis exhibited a stiffer behavior, which could be attributed to
the restrained shrinkage cracks that developed at the base of the wall, and reduces the
stiffness of the section that is particularly responsible for the overall behavior of the wall.
For the second basin, the 60 mm-thick UHDC wall, the experimental curve exhibits a
stiffer response than the numerical one, which could be attributed to the additional stiff-
ening contribution from the transverse action brought by the relatively thin section ele-
ment.
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Figure 21. Water height versus displacement for the first (a), second (b) and third basin (c).
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5.3. Crack Width and Water Tightness

As stated in the EN-1992 —Part 3 [43], where liquid retaining and containment struc-
tures are addressed and reported in Table 6 below, the minimum thickness, minimum
crack width and minimum depth of the compression zone were checked here for the ba-
sin. However, since the UHDC materials has the ability to control the crack width, accom-
modate residual tensile strain and healing/sealing of the up to 0.3 mm crack width under
water immersion, this requirement is considered to be tolerable [44].

For instance, the requirements suggest a minimum thickness of the water retaining
structure of 120 mm. This limited thickness is required to control the water tightness,
However, for the UHDC walls Basin 2, which are 60 mm thick, and Basin 3, which are
only 30 mm thick, the sectional nonlinear analysis indicates that these sections are not
cracked under the service load level, despite some healable shrinkage cracks at the top of
the second basin. According to Table 5, and depending on the leakage requirements, the
tightness class is classified from 0 to 3. Class 1 tightness indicates that some amount of
leakage is permitted, such as surface staining and damp patches. In this case, the require-
ment is limited the strain under service condition to 0.00015 mm/mm, which is exactly the
same strain level calculated under service actions for Basin 2 walls and much higher than
the tensile strain for the case of Basin 3 under the service load level. In fact, during the
validation visits, some surface staining and damp patches occurred at the first time of
filling but, interestingly, some of these cracks were completely sealed and some were par-
tially healed, as observed and detailed in Figure 20 above.

The other aspect is the thickness of the compression zone depth for the sections of
the walls under the service load level, as reported in Figure 18; the compression zone
depths of all sections satisfies the water tightness requirements (20% of the section thick-
ness).

Table 6. Prescriptions regarding liquid retaining and containment structures for the different tightness classes as per EN
1992 —Part 3.

Class

Requirements for Leakage Specific Requirements

Some degree of leakage acceptable, or
leakage of liquids irrelevant.

Silos holding dry materials may generally be designed with this class.

Leakage to be limited to a small ~ Any cracks expected to pass through the full thickness should be limited

1 amount. Some surface staining or to wii, Healing may be assumed if the expected range of strain under
damp patches acceptable. service condition is less than 150 x 10-°.
Leakage to be minimal.
carage ™ be ml.mma. Cracks should not pass through the full width of a section, the design
2 Appearance not to be impaired by .
value of the depth of the compression zone should be at least Xmin. Xmin=
cracks. _ . .
- min (50 mm or 0.2 h—h is the element thickness).
3 No leakage permitted.

Further validation of these findings could pave the way for a suitable extension of
the tightness class requirements for UHPC structures, considering material-specific me-
chanical and durability properties as well as typically employed construction technologies
(e.g., pre-casting).

6. Final Discussion and Conclusions

The pilot concrete structure analyzed in this paper represents a tank to contain geo-
thermal water in a geothermal power plant; the pilot has been constructed with different
structural/sectional concepts according to the different employed materials (ordinary re-
inforced concrete and cast-in-situ/precast Ultra-High-Performance/Ultra-High-Durability
Concrete). Giving the applied loads represented by the hydrostatic water pressure acting
on the cantilever walls, and the mechanical properties of the materials as identified
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through dedicated laboratory experimental campaigns, the structural systems were ana-
lyzed at both the ultimate and serviceability limit states in order to validate the design
concepts. Upon entering the structure its service states (filled with 1.3 m of geothermal
water), a series of full-scale field tests were also performed to validate the design’s theo-
retical assumptions and the boundary conditions hypothesized, as also realized through
the employed construction technologies. The most remarkable achievement is the reduc-
tion of the thickness from 100 mm in ordinary reinforced concrete to 60 mm in the case of
UHDC cantilever walls and even less in the third basin (only 30 mm), where a solution
based on precast slabs was implemented. The analysis at the ultimate limit state results in
safety factors higher than 3 and 4 for the 60 mm-thick UHDC wall and 30 mm UHDC slabs
supported by columns, respectively, as compared to 3.9 in the case of the 100 mm rein-
forced concrete section.

On the other hand, the serviceability analysis of the basin highlighted a very good
performance in terms of crack-width limits and tightness, thanks to the mechanical per-
formance of the UHDC materials. The serviceability analysis was also validated against
the on-site observation and monitoring, where the filling and emptying of the basins were
regularly carried out and no signs of leakages were observed.

Based on the evaluations presented in the paper, as corroborated by the on-site meas-
urements as above, the following conclusions can be drawn:

¢  Among the employed UHDC structural solutions, the 30 mm-thick UHDC slabs sup-
ported by 200 x 200 mm UHDC columns performed better than the 60 mm UHDC
cast-in-place wall in terms of steel fiber distribution, material consumption and struc-
tural performance under service and ultimate limit states.

e  The nonlinear analysis carried out on Basin 2 and Basin 3 shows that the maximum
expected crack width is very low, thanks to the signature tensile behavior of the em-
ployed UHPC/UHDC materials, to the benefit of the durability and overall long-term
performance of the structure. The importance of the serviceability limit state condi-
tions in governing the design of the structure is highlighted, as long as the superior
mechanical and durability performance of the material (and the release of minimum
cover/thickness constraints due to the complete elimination of conventional rein-
forcement replaced by dispersed fibers) do allow for a significant reduction in struc-
tural thickness.

e Load vs. displacements relationship as obtained by means of computational nonlin-
ear analysis reasonably fit the corresponding curves obtained during the validation
tests, confirming the reliability of the adopted construction processes and technolo-
gies and analysis methods.

e  The site observation and monitoring proved the ability of the UHDC materials to
heal and seal the small cracks after being filled with geothermal water, with a healing
index close to 80%.

e  The sections designed by using the UHDC materials exhibited very good serviceabil-
ity performance although a significant reduction in the section thickness was used.
The nonlinear analysis also allowed to confirm that the crack widths and compres-
sion zone thickness may fulfil the tightness class requirements, once suitable adap-
tion to UHPC/UHDC materials can be made, exactly upon confirmation of the exper-
imental and modelling findings herein highlighted.

e  The numerical structural analysis results along with ultimate yield line mechanisms
indicate that the second basin 60 mm UHDC section and the third section 30 mm
UHDC section stiffened by 200 x 200 mm?2 UHDC columns can resist a hydrostatic
pressure 1.5 times higher than the service load level before collapse.
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