
 

 

 

 

 

 

 

Call: H2020-NMBP-2016-2017 

Topic NMBP-06-2017 

Research and Innovation Action 

 

 

GRANT AGREEMENT NUMBER — 760824 

 

 

RESHEALIENCE 
 

Rethinking coastal defence and 

Green-energy Service infrastructures 

through enHancEd-durAbiLity 

high-performance cement-based materials 
 

 

 

 
D5.1 –Verification of durability of UHDCs under XA and XS accelerated tests

Ref. Ares(2019)4125066 - 28/06/2019



 

 

 

 

Disclaimer/ Acknowledgment  

 

 

Copyright ©, all rights reserved. This document or any part thereof may not be made public or disclosed, copied or 
otherwise reproduced or used in any form or by any means, without prior permission in writing from the ReSHEALience Consortium. 
Neither the ReSHEALience Consortium nor any of its members, their officers, employees or agents shall be liable or responsible, in 
negligence or otherwise, for any loss, damage or expense whatever sustained by any person as a result of the use, in any manner or 
form, of any knowledge, information or data contained in this document, or due to any inaccuracy, omission or error therein 
contained. 

 

All Intellectual Property Rights, know-how,and information provided by and/or arising from this document, such as designs, 
documentation, as well as preparatory material in that regard, is and shall remain the exclusive property of the ReSHEALience 
Consortium and any of its members or its licensors. Nothing contained in this document shall give, or shall be construed as giving, 
any right, title, ownership, interest, license or any other right in or to any IP, know-how,and information. 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant 
agreement No 760824. The information and views set out in this publication do not necessarily reflect the official opinion of the 
European Commission. Neither the European Union institutions and bodies nor any person acting on their behalf may be held 
responsible for the use which may be made of the information contained therein. 

Deliverable No. 5.1  

Related WP WP5  

Related Task 5.3 and 5.4  

Deliverable Title Verification of durability of UHDCs under XA and XS   

Deliverable Date  M18 (30 
Jun2019) 

Deliverable Type  Report 

Dissemination level  PU 

Author(s) 
CSIC 
 
BGU 
 
UPV 
 
Polimi 
 
TUD 
 
UoM 

M.C. Alonso, M. Criado, M. 

Giménez, E. Menéndez 

A. Peled, O. Regev 

M. Valcuende, J.M. Gandia, J. Soto 
 
L. Ferrara, E. Cuenca 
 
C. Schroefl, M. Reichardt 
 
R. P. Borg 

 

Checked by Liberato Ferrara (PC)  

Reviewed by (if 
applicable) 

  

Approved by Liberato Ferrara (PC)  

Status Final  



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

3 

Publishable summary 
 

The document aims to give a preliminary verification of the durability performance of the UHDCs designed 

in the ReSHEALience project to withstand the aggressive conditions of the pilots in which they will be used. 

All the UHDCs contain nano-additions of type: crystalline admixture, nanocelulose crystals/fibrils and 

nanoalumina fibers. The UHDCs were grouped in different categories according to pilot requirements: 

1) UHDCs based on UHPFRC containing steel fibers, for reinforced concrete structures to be used in marine 

offshore structures and structures subjected to chemical attack; 

2) UHDC based on self-compacted steel fiber concrete for retrofitting of a corroding historical reinforced 

structure in marine aerial environment; 

3) UHDC based on HPC reinforced with textile for offshore concrete structures and  

4) UHDC based on textile reinforced cementitious composite for local repair of a historical steel reinforced 

structure exposed to aerial marine environment. 

UHDCs have been tested for durability performance verification according to the exposure aggressiveness. 

Chemical attack (XA) and Marine environments (XS) have been the scenarios simulated in the laboratory. 

Standard and short-term tests have been used for the first stage of durability verification. Direct and indirect 

durability indicators have been considered. The tests were performed on un-cracked concrete and 

parameters studied were: water capillarity, chloride transport, concrete mass loss, porosity, gas permeability 

and microstructure. Additionally, preliminary self-healing for cracked concrete conditions was analyzed.  

The proposed UHDCs have demonstrated to possess high durability resistance supporting chloride and water 

transport rates below those of HPC.  
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 Scope of the document 
This deliverable compiles the work performed in Task 5.1 of the Reshealience project within WP5. Task 5.1 has 
been dedicated to provide a feedback on durability performance of the UHDCs designed and mechanically 
characterized in WP4, according to the pilots requirement and for the anticipated environmental exposure 
conditions.  

The deliverable aims to provide the first verification of durability performance of the UHDCs and the viability of 
them to be transferred for pilot construction. 

The strategy followed has been the identification of the environmental exposure conditions and the most critical 
parameters to be addressed. The durability parameters have been classified as direct and indirect durability 
indicators according to the aggressiveness and damage typology expectances. Two main aggressive 
environments are considered that well cover those of the pilots. The following cases have been tested also 
identified in table 1:  

1. XA scenario: dealing with chemical attack of concrete 
2. XS: dealing with marine environment. Three XS sub-scenarios are involved 1) XS Mediterranean 

offshore, 2) XS Atlantic and 3) XS Mediterranean aerial. 

 
Table 4 Scenario aggressiveness and durability indicators for characterization of UHDCs 

Scenario Sub-scenario 
Partner 
involved 

UHDC type Expected use 
Durability indicators 

Direct Indirect 

XA - POLIMI/CSIC UHPFRC 
Water/mud 

basins 

Water Capillarity/self-
healing 

Corrosion depth 

Cl transport 

Gas 
permeability 

Porosity 

Ca(OH)2 initial 

Microstructure XS 

XS 
Mediterranean 

offshore 
UPV/CSIC UHPFRC 

Shellfish raft 
Water Capillarity 

Cl transport: Dmig 
Offshore 
platform 

XS Atlantic TUD 
UHPC-TRC 
structural 

Break water 
Water Capillarity 

Cl transport: Dmig 

XS 
Mediterranean 

Aerial 

UoM UHPRC 
Water tower 
retrofitting Water Capillarity 

Cl transport: Dmig 
BGU UHPC-TRC 

Water tower 
repair 

The tested UHDC mixtures composition used here for first durability verification are based on the developments 
included in D4.2. 

The structure of this document consists of five sections presenting the development of UHDC for each scenario 
including preliminary durability evaluation for UHDCs as follows.  

1. XA Chemical attack, work by POLIMI and CSIC 
2. XS Mediterranean Offshore, work by UPV and CSIC   
3. XS Atlantic, work by TUD 
4. XS Mediterranean aerial, work by UoM (retrofitting) and work by BGU (repair) 
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 Verification of durability of UHDC for XA chemical 
attack scenario 

2.1. Scenario aggressiveness: requirements and main 
parameters for durability evaluation  

The durability of the UHDCs designed to resist the aggressive conditions of the XA scenario is mainly related to 
the chemical attack of the concretes. The damage of concrete is a consequence of the interaction of salted acidic 
waters (rich in sulfate and chloride ions) from the geothermal cooling towers (described in D3.2), a typical 
composition of which is reported in Table 2.1. Damage in the concrete due to the interaction with the aggressive 
ions can induce expansion in the bulk matrix, concrete surface erosion and corrosion of metallic components. 
The presence of cracks in the concrete can affect the kinetics of damage. 

 

Table 2.1 Composition of geothermal water (ppm) 
Al Ca Fe K Mg Na S Si SO4 Cl 

(ppm) 

0.20 4.01 0.13 19.81 0.30 1243.20 1523.38 0.30 2678.00 440.88 

 

The partners involved in the characterization of durability of the UHDCs for the XA scenario are POLIMI and CSIC. 
POLIMI is responsible for sample production. 

The main parameters considered in the standards are analyzed according to the XA scenario (chemical attack) 
and classified into indirect and direct durability indicators. The indirect durability parameters considered for this 
scenario are the pore structure and pore size distribution, and the microstructure composition. For direct 
durability indicators: water transport (by capillary suction), chloride transport and volume changes have been 
considered. The effect of cracking is also considered through a preliminary attempt to evaluate the crack self-
healing ability of the XA UHDCs. Table 2.2 summarizes the type of durability indicators and related testing activity 
distribution.  

 

Table 2.2 Durability critical parameters and tests for the concretes in XA scenario 

Scenario 
Partner 
involved 

Durability indicator 
type 

Durability indicator Test type 

XA 

CSIC 

Indirect Microstructure TGA, XRD and BSE/EDX 

Direct 
Volume changes ASTM C1012-04 

Chloride transport NT-Build 492 

CSIC + 

PoliMi 

Indirect 
Pores size distribution 

and porosity 
Mercury Intrusion Porosimetry 

(MIP) 

Direct 
Water transport 

Uncracked concrete 

Capillary suction: 

UNE 83982, and EN 13057  

POLIMI Direct 
Water transport  

Cracked concrete  

Capillary suction: EN 13057  

self-healing 
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Specific UHDC mixtures were designed by POLIMI in WP4, according to the aggressiveness requirements of the 
expected environmental conditions for XA scenario, and distributed to WP5. These concretes have incorporated 
binary nano-addititions: Crystalline additive (supplied by Penetron Italia) in all cases and either cellulose 
nanocrystals (supplied by API) or alumina nanofibers (supplied by NAFEN). 

2.1.1. Description of concrete components under evaluation 

Three UHDCs under evaluation are: 1) the reference mix (XA-CA), that incorporates the crystalline additive, 2) 
the mix with crystalline additive and alumina nanofibers (0.25%) (XA-CA+ANF) and 3) The mix with crystalline 
additive and cellulose nanocrystals (0.15%), (XA-CA+CNC). The mix designs of these new UHDCs are also 
compiled in Table 2.3, moreover materials description is included in D.4.2. A series of accelerated and short-
term tests are being carried out for the preliminary evaluation of durability performance that will continue at 
long-term within D5.3. Preliminary results related to cracked concrete performance are being considered at this 
stage of durability evaluation.  

 
Table 2.3 Formulation of the UHDCs exposed to chemical environment. 

Components XA-CA 
XA-

CA+ANF 
XA-

CA+CNC 

Cement CEM I 52.5 [kg/m3] 600 600 600 

Slag [kg/m3] 500 500 500 

Water [kg/m3] 200 200 200 

Steel fibres 20/0.22 (lf = 20 mm/df = 0.22 mm) [kg/m3] 120 120 120 

Sand (0-2 mm) [kg/m3] 982 982 982 

Superplasticizer MasterGlenium ACE 300 [kg/m3] 33 33 33 

Crystalline additive [kg/m3] 4.8 4.8 4.8 

Alumina nanofibres [% by cement mass] - 0.25 - 

Cellulose nanocrystals [% by cement mass] - - 0.15 

w/b (includes aqueous part of the SP) 0.21 0.21 0.21 

Average compressive strength at 28 days (*) [MPa] 126.97 118.91 123.81 

Average flexural strength at 28 days [MPa] 24.43 23.53 27.35 

 

The concretes were cured in a moist room (T=20ºC, RH=95%). Samples with three types of geometries were 
produced: i) prismatic, 40x40x160mm for water sorptivity (POLIMI), mechanical strength (POLIMI) and volume 
change (CSIC) tests, ii) cubes 100x100x100mm for compressive strength (POLIMI) tests (*) and iii) cylinders 
φ100xH300mm for chloride transport, microstructural and water capillary suction tests (CSIC). The samples were 
kept in the moist room until testing started after the maturity age of 2 months. 
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2.2. Experimental tests description 

2.2.1. Indirect durability indicators 
Porosity 

The porosity and pore structure of the UHDCs were determined using MIP tests, both by CSIC and POLIMI. Small 

pieces of samples, of  10 mm size, were employed. Before performing the tests, a preconditioning was 
performed by drying the samples under vacuum for 1 week. Tests were performed after 2 and 3 months curing 
in the moist room.  

Microstructure 

Mineralogical and microstructural characterization of the UHDCs were performed to identify and quantify the 
phases that constitute the concretes and determine the morphology and composition of the cement pastes after 
60 days. The effect of nano-additions was analyzed. 

TG/DTA 

Thermogravimetry analysis (TG/DTA) was used to quantitatively determine the bound water and the portlandite 
contents in the UHDCs. 40 mg of powder sample were heated from 25°C to 1000°C at a heating rate of 10°C/min, 
under nitrogen flowing atmosphere.  

XRD 

X-ray diffraction test (XRD) was carried out also on powdered concrete. The tests were conducted with a step 
size of 0.02° and a counting time of 0.5 s/step, from 5° to 60° 2θ.  

SEM-BSE plus EDX 

The microstructural investigation of the three UHDCs by SEM was performed on polished samples using in 
backscattered electron (BSEM) mode. Samples were prepared by mounting in epoxy resin and polishing the 
observation surface using diamond paste. Elemental chemical analyses (EDX) was also performed. An average 
of 50 analyses was taken in different locations in cement paste for each type of concrete.  

2.2.2. Direct durability indicators  
Water capillary suction 

The water transport resistance of concretes was analyzed through capillary suction tests. Two methodologies to 
measure the water capillarity were used in the project: 1) UNE 83982 employed by CSIC and 2) EN 13057 
employed by PoliMi. Both methods consider the increase in the mass of the concrete due to the capillary 
absorption of water over a fixed time interval. 

 
Figure 2.1 Left: Water capillary suction set up, and right: Sorptivity set up. 

The CSIC method is based on UNE 83982, which determines the water capillary suction coefficient, k. This 
parameter provides information on the interconnection of the pore network of the concrete. The employed 
specimens were cylinders with a diameter of 100 mm and a height of 50 mm, obtained from higher (300 mm) 
cylinder samples of the same diameter. The preconditioning of the samples was according to UNE 83966, oven 
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drying at 50°C until reaching a constant weight. After preconditioning, the specimens are placed in a container 
with a level of water covering 5 mm the lateral surface, see Figure 2.1 Left. Three samples were used for each 
type of UHDC.  

The POLIMI method employs prismatic specimens (160x40x40mm), as per EN 13057. The specimens are dried 
in an oven at 40ºC until constant weight is achieved (weight change not greater than 0.2% in 2 hours). Then 
specimens are kept in the dry room (RH=60%) for 24 hours to cool down until equilibrium with room 
temperature is reached. Then, a silicon based waterproofing layer is applied covering all the surfaces except a 
20x40 mm area at the specimen center, where a notch was previously cut to induce unidirectional water flow 
during the test. The sorptivity test is conducted by putting the samples on supports and immersing them into 
tap water with a constant level of water equal to 3 mm above the notch tip. Three samples were tested for each 
type of investigated UHDC and for each testing condition as also further detailed with reference to the 
assessment of self-healing capacity. 

Sorptivity tests were performed in 3 different sample conditions: 1) un-cracked, 2) cracked and 3) 

cracked/healed specimens. The mass gain determined in each case is plotted against the square root of the 

immersion time [√(min)]. The Sorption Coefficient (SC) in g/(min0.5)) is the slope of the resulting curve. 

 Crack generation 

In the cracked samples, the specimens were pre-cracked at 28 days after casting using a 3-point bending test 

setup. Selected crack opening was equal to 150 µm. The test is strain controlled at a CMOD rate set to 0.5 µm/s. 

Example of the induced cracks is shown in Figure 2.2. 

 
Figure 2.2 Sample image at 205x magnification 

To measure the crack area a digital microscope was used with a magnification factor of 45x for bottom surfaces 
and 205x for side surfaces. To obtain a full representation of each crack 10-12 pictures from different spots were 
taken and then collated together using image-editing software (Figure 2.3). The procedure to obtain crack 
geometry parameters, either in terms of crack width or crack area is described in detail in [Cuenca, Tejedor, 
Ferrara, 2018]. 

 

Figure 2.3 Black pixels to measure the crack area. Left: Sample of the whole crack using an image-
editing software and right: Black pixels representing the crack area 
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Self-healing of cracks 

The self-healing performance of pre-cracked specimens was determined after one month. Two self-healing 
conditions were considered: 1) permanent immersion in geothermal water (taken from the geothermal site 
where the pilots will be built) and 2) wet/dry cycles (immersion in geothermal water for 3 days, followed by air 
exposure for 2 days).  

For the calculation of the Sealing Efficiency (SE), through water sorptivity test, the average (3 un-cracked 
samples, 3 cracked and unhealed samples and 3 healed specimens) of Sorption Coefficient (SC) values calculated 
as the slope of the experimental line of mass gain (g) versus time were used and the following equation was 
employed to determine the Sealing Efficiency (SE): 

𝑆𝐸 (%) =
𝑆𝐶𝑐𝑟𝑎𝑐𝑘𝑒𝑑 − 𝑆𝐶ℎ𝑒𝑎𝑙𝑒𝑑

𝑆𝐶𝑐𝑟𝑎𝑐𝑘𝑒𝑑 − 𝑆𝐶𝑢𝑛𝑐𝑟𝑎𝑐𝑘𝑒𝑑
· 100 

The crack self-sealing capacity of the concretes was quantified through microscopy observation as above. The 
self-sealing was assessed following the crack area change in the same crack after a certain healing period. 

Volume changes 

The volume changes of the concretes were determined through the standard ASTM C1012-04, following the 
length change of 40x40x160mm samples. 9 samples are being tested. Each sample is equipped with two edge-
studs pre-inserted at the center of the 40x40mm lateral surfaces, to perform length measurements during 
immersion in the aggressive waters (figure 2.4). The samples were permanently immersed in 10000 ppm Na2SO4 
solution at 5ºC (the most aggressive conditions expectances for sulfate attack). The measurements of length 
change and mass gain have been carried out at several ages of exposure: 1, 2, 3, 4, 8, 13 and 15 weeks after the 
specimens were placed in the sulfate solution. Prior the samples are removed from the aggressive solution. The 
excess of water is removed, as indicated in the standard. The length change was evaluated using the length 
comparator in accordance with Specification C490. The weight changes of the concrete specimens exposed to a 
sulfate solution were also determined by weighing them at the same intervals prescribed above, with a precision 
of mg. 

 

 

 

 

 

 

Figure 2.4 (a) Prismatic specimen, (b) length comparator, (c) specimens immersed in a sodium sulfate 
solution, and(d) stored at 5ºC. 

Chloride transport 

The chloride transport properties were evaluated using an accelerated transport method following the 
procedure described in Nordtest NT Build 492, (figure 2.5). The chloride migration coefficient for the non-steady 
state, Dnssm has been determined after 2months age of the concretes. The voltage and the time were adapted 
accordingly with the type of concrete, to assure a minimum level of charge pass during the test: 15V potential 
difference was applied for 24 h on XA-CA and XA-CA+CNC UHDC specimens and a 25V for 24h for XA-CA+ANF 
UHDC specimens. In the procedure, triplicate samples were tested for each investigated mix. Disks with a 
100mm diameter and 50mm height were employed, obtained by cutting higher samples (Ø100xH300 mm) cast 
cylinders. The samples were pre-saturated under vacuum with Ca(OH)2. The test monitors the amount of current 

(a

) 

(b

) 

(c

) 

(d
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passing during the time. When the test is finished chloride migration depth is measured. Finally, the Dnssm 
coefficient is calculated. 

 

 

 

 

 

 

 

 

 

Figure 2.5 Left: monitoring system for Cl migration. Right: penetration depth. 

2.3. Relevant results and discussion 

2.3.1. Indirect durability indicators 
Porosity 

Figure 2.6. shows the pore size distribution from MIP tests carried out by CSIC. Changes on the pore distribution 
are appreciated in the concretes with nano-additions. An evolution to smaller capillary pores is detected in XA-
CA+ANF and XA-CXA+CNC, for pore sizes <0.02µm, respect to the reference XA-CA that show a unimodal peak 
pore distribution between 0.1 and 0.01µm. 

The total porosities of the concretes are summarized in Table 2.4. The more refined concrete pore structure in 
the presence of nano-additions is reflected in the decreased total porosity. The differences between CSIC and 
POLIMI are mainly associated with the age of the samples, 2 and 3 months respectively and the preconditioning 
conditions. Anyway, the porosity and pore structure are very low. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Differential pore volume for XA-CA, XA-CA+ANF, and XA-CA+CNC concretes. 

 

 



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

19 

Table 2.4 Total porosity for the XA-R, XA-ANF, and XA-CNC concretes 

 

 

 

 

 

Microstructure 

TG/DTA 

The TGA test has confirmed the presence of portlandite and calcite for the XA-CA, XA-CA+ANF, and XA-CA+CNC 
concretes as shown in Figure 2.7 Left. The mass loss was estimated at different temperature ranges, for bound 
water (100-375ºC), portlandite (375-500ºC) and calcite (500-750ºC) and is included in Table 2.5.  

Figure 2.7 Left: TGA data and Right: X-ray diffraction patterns for the XA-CA, XA-CA+ANF, and XA-
CA+CNC concretes. Q: quartz, E: ettringite, P: portlandite, C: calcite, Al: albite, A: alite, G: C-S-H gel, F: 

ferrite. 

Table 2.5 Bound water, portlandite and calcite contents (% by weight cement) determined by TGA for 
all of the studied concretes. 

 Bound water, %bwc 
(100-375ºC) 

Portlandite, %bwc 
(375-500ºC) 

Calcite, %bwc 
(500-750ºC) 

XA-CA 2.25 1.20 3.15 

XA-CA+ANF 2.13 1.90 2.82 

XA-CA+CNC 2.25 1.97 2.53 

Both, the bound water and portlandite contents are similar for all the concretes, between 2.1 and 2.2% and 1.2 
and 2%, respectively. Some higher portlandite content in the concretes with ANF or CNC could be a consequence 
of some retardation of binder hydration. 

XRD 

The diffractograms indicate the presence of quartz and albite, associated with the aggregates. Hydrated phases 
of cement are observed such as calcium silicate hydrate (C-S-H) gel, portlandite, and ettringite. Figure 2.7-right 
shows the XRD peak pattern of the reference UHDC. The first peak of diffraction of the C-S-H gel overlaps with 
calcite. In addition, phases detected in the anhydrous cement (alite and ferrite) are observed in this sample. The 
same phases are detected in the XRD pattern from the XA-CA+ANF and XA-CA+CNC concretes. The presence of 
the nano-additions does not affect the stability of the hydrated phases as compared to the reference concrete 
containing the CA alone. 

 XA-CA XA-CA+ANF XACA+-CNC 

Total porosity (%) at 2 
months (CSIC) 

4.46 2.98 2.84 

Total porosity (%) at 3 
months (POLIMI) 

3.84 3.94 3.95 
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BSE/EDX 
 

The morphology and composition of the cement pastes were studied by SEM back scattering mode for the three 
investigated UHDCs. Figure 2.8 shows the micrographs for XA-CA, XA-CA+ANF, and XA-CA+CNC. These 
micrographs show different regions, identified with different greyscale intensities. The large angular particles 
(light grey region) corresponding to unreacted slag grains (S). The unreacted (or partially reacted) clinker (C) and 
slag particles are surrounded by a dense and compact matrix (average grey area) corresponding to the main 
binding phases, consisting mainly of Al-rich calcium silicate hydrate gel (C-(N)-A-S-H gel). All investigated UHDCs 
show highly compacted cementitious matrices. No micro-cracks are observed in the XA-CA+ANF and XA-CA+CNC 
matrixes; however, the XA-CA matrix presents some micro-cracks probably due to the higher autogenous 
shrinkage (see results presented in D 4.2 for reference). However, the presence of alumina nanofibers and 
cellulose nanocrystals seems to mitigate this phenomenon through effective interaction with the micro-crack 
formation mechanisms at their very onset.  

The variation of the elemental composition of the cement paste was analyzed with EDX analyses. Results show 
that the main elements present in the matrixes were Si, Al, Ca, which are related to the elemental composition 
of the initial binder components. EDX of the cement pastes of the three UHDCs has been represented in Figure 
2.9. A high Al content is observed in the cement paste, which could be related to the hydration of the slag. The 
initial composition of the slag is constituted mainly by CaO and SiO2, and it has and high content of Al2O3. The 
hydration of the slag favors the incorporation of Al into the C-S-H gel, whereas such content is always below 5% 
in the C-S-H of OPC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 BSE images (1000x) of the three concretes: Up left: XA-CA, up right: XA-CA+ANF and 
bottom left: XA-CA+CNC. In the up-left corners of each image appears a magnification of a specific 

area of the same image (5000x). 
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The concretes with the nano-additions, XA-CA+ANF with crystalline admixture and alumina nanofibers and XA-
CA+CNC with crystalline admixture and cellulose nanocrystals, have a higher CaO content. The distribution of 
the different oxides is more homogenous, with the CaO content around 60%, the SiO2 content of 25% and the 
Al2O3 content of 6-7%. However, in the XA-CA concrete with crystalline admixture there is a greater variation of 
the profiles of the oxides, indicating that the material is more heterogeneous, although a clear explanation is 
not still found, further microstructure studies in concretes with CA nano-addition can help to understand this 
performance. 

 
Figure 2.9 Percent of oxides for matrixes of the XA-CA, XA-CA+ANF, and XA-CA+CNC concretes. 

 

2.3.2. Direct durability indicators 
Water capillary suction 

In order to compare the results of the two employed test method for capillary suction analysis, the results have 
been normalized by unit surface exposed. The water mass gains per unit surface for the three investigated 
UHDCs, XA-CA, XA-CA+ANF, and XA-CA+CNC are shown in Figure 2.10. The mass gain is faster in the first hours 
that decays with exposure time as the pores are saturating. 

The water mass gain per unit surface with the two methods up to 24 hours are compared in Figure 2.10-left. The 
values are of the same order of magnitude and small variations are more than acceptable considering that both 
methodologies and test conditions are different. The largest differences have been found for the XA-CA mix. The 
incorporation of nano-additions, as alumina nanofibers or nano-cellulose crystals, did not result in significant 
changes in the water capillary suction in CSIC tests, whereas it resulted into higher absorption in the PoliMi tests 
(probably because of the water uptake by the same nano-additions, which may have been “exalted” by the 
notch cutting which exposed them more directly and water accumulation at the notch). At longer ages, Figure 
2.10-right, also CSIC tests showed some higher water absorption in the case of the cellulose nanocrystal addition 
mix, which is likely to confirm that CNC seems to absorb more water in the long term. 
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Figure 2.10 Left: Comparison of mass gain values obtained through the two methodologies up to 24 
hours. Right: Mass gain for the XA-CA, XA-CA+ANF, and XA-CA+CNC concretes over time in the 

capillary suction tests. 

The capillary suction coefficients, k, obtained from capillarity suction CSIC test and included in Table 2.6, show 
the clear similarities between the concretes, with slight (10-15%) reduction in the case of UHDC with nano-
additions, most likely correlated to the refined porosity as in Figure 2.6 and Table 2.4.  

 
Table 2.6 Capillary suction coefficient, k, for the XA-R, XA-ANF, and XA-CNC concrete. 

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

K (kg/m2min0.5) 5.0x10-4 ± 4x10-5 4.3x10-4 ± 9x10-6 4.4x10-4 ± 3x10-6 

As expected, the presence of the crack increases the capillary suction, as can be shown in Figure 2.11 comparing 
the uncracked and cracked results. Moreover, the presence of crack before and after self-healing affects the 
water capillary suction; results are shown in Figure 2.11. Increase of water uptake by capillarity for cracked 
concretes is detected, percentage-wise more relevant in the reference UHDC than in those with nano-additions. 
The positive effect of the crack healing (SE) is appreciated. After 1 month healing a 19% improvement was 
measured for the reference UHDC, while the effect increases up to 40% for the mix with XA-CA+ANF and to 41% 
for the mix with cellulose nanocrystals XA-CA+CNC. This highlights the role of nano-additions in promoting, 
through their water uptake, water retention and release capacity to promote a more effective self-sealing of the 
cracks through delayed hydration reactions. 

 
Figure 2.11 Mass gain vs Time(min)0.5 curve for the uncracked, cracked and healed phase XA-CA, XA-

CA+ANF, and XA-CA+CNC concretes immersed in geothermal water 

The crack sealing (%) of the specimens subjected to wet/cycles and immersed in geothermal water for XA-CA, 
XA-CA+ANF, and XA-CA+CNC mixes are shown in Figure 2.12 left and right respectively. 
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Figure 2.12 Crack sealing (%) for specimens subjected to wet/dry cycles. Right: Crack sealing (%) for 
specimens immersed in geothermal water 

With reference to crack sealing, evaluated from processing of visual crack images as explained above, in 
specimens subjected to wet/dry cycles, 40-50% of sealing was observed for concretes with nano-additives while 
only 9% sealing was observed for reference mix XA-CA; for specimens immersed in geothermal water, 35-45% 
sealing was observed for concrete with nano-additives while only 20% sealing was observed for reference mix. 

The average Sealing Efficiency (SE) calculated from the sorptivity test and crack sealing (%) observed from visual 
crack analysis for specimens subjected to a healing period of 1 month are correlated in Figure 2.13, where the 
average of 3 specimens is represented in each point. The further long-term crack sealing test will help to 
understand and confirm the improvement of the performance due to the nano-addition, which will be reported 
in D5.3. 

 
Figure 2.13 Crack sealing (%) vs crack Sealing Efficiency (%) after 1month healing period 

Volume changes 

The length and weight changes for the XA-CA, XA-CA+ANF, and XA-CA+CNC concretes over time immersed in a 
sodium sulfate solution at 5ºC are reported in Figure 2.14. Length changes are hardly observed in the three 
concretes during the first three months independently the presence or the absence of nano-additions, indicating 
great stability of the new UHDC mixes in aggressive chemical environments. A small difference is observed for 
the three UHDCS with respect to the mass gain (see Figure 2.15-right), where an increase of around 0.65% for 
the concretes with nano-additions and 0.5% for the reference concrete has occurred after 105 days (15 weeks) 
(probably due to higher water uptake of CNC and ANF nanoparticles). The test will continue to check if length 
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changes will be observed at longer times and compare with tests in geothermal simulated water, which will be 
part of D5.3 for long-term performance characterization 

 

Figure 2.14 Left: Length and right: weight changes for the XA-CA, XA-CA+ANF, and XA-CA+CNC 
concretes over time exposed to XA3 environment 

Accelerated chloride transport  

The chloride migration coefficient, Dnssm for the three UHDCs are shown in Table 2.7. Dnssm values lower than or 
in the order of 10-12 have been obtained, indicating the low transport of Cl for all the investigated mixes, which 
correspond to very high durability concrete values. 

 

Table 2.7 Chloride migration coefficients (Dnssm) for the XA-CA, XA-CA+ANF, and XA-CA+CNC 
concretes. 

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

Dnssn (m2/s) 0.1-x10-12 ± 8x10-14 0.9x10-12± 2x10-13 1.0x10-12 ± 4x10-13 

 

2.4. Conclusions for durability performance  

2.4.1. Direct durability indicators 

The direct durability indicators considered for this XA scenario have allowed understanding the durability UHDC 
performance and the modifications introduced by the employed nano-additions. 

 The capillary suction coefficients show a similarity between the un-cracked XA-CA, XA-CA+ANF and XA-
CA+CNC UHDCs. Moreover, the addition of alumina nanofibers and cellulose nanocrystals enhances the 
self-sealing capability of the concrete. The percentage of crack closure is in the range of 30-50% as 
compared to that of reference UHDC which is in the range of 0-20%. The crack sealing (%) of the 
concretes with nano-additives subjected to wet/dry cycles and immersed in geothermal water for XA-
CA+ANF, and XA-CA+CNC mixes is 40-50% and 35-45% respectively, while only 9% and 20% sealing is 
observed for reference mix (XA-CA). 

 The three UHDCs present good stability in high sulfate polluted environment up to 3months exposure, 
with hardly any changes in length. 

 The chloride transport is not affected by the incorporation of nano-additives to the concretes the DClnssm 
are similar, ≤10-12, to that obtained for the XA-CA concrete.  
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2.4.2. Indirect durability indicators 

The indirect durability indicators considered for the XA scenario have allowed deducing the following main 
conclusions: 

 The inclusion of nano-additions to the XA-CA concrete, as the alumina nanofibers (XA-CA+ANF) and the 
cellulose nanocrystals (XA-CA+CNC) does not modify significantly the total porosity of the concretes, 
though with some refinement in the pore structure. 

 Mineralogical and microstructure characterization show that the bound water and portlandite contents 
are similar for the three investigated UHDCs. The presence of the nano-additions does not affect the 
cement paste microstructure but mitigate the formation of autogenous shrinkage microcracks.  
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 Verification of durability of UHDC for XS-
Mediterranean offshore scenario  

3.1. Scenario aggressiveness: requirements and main 
parameters for durability evaluation  

The durability performance of this scenario concentrates in the UHDC typologies recommended for the 
application in the two pilots located in the Mediterranean Sea, close to Valencia (Spain), along the coast and 
offshore. The main exposure class is the XS marine environment, detailed in D3.2. The environment 
aggressiveness is led by the rebar corrosion risk.  

The partners involved in the durability characterization of these concretes are UPV and CSIC. UPV, with the 
collaboration of RDC, prepared and distributed the concrete samples to different UPV groups and CSIC. 
Reference was made to previous analyses of the durability indicators driving the aggressiveness of the scenario 
and identification of the main critical parameters to be analyzed. The XS scenario suggests the durability 
characterization procedure to be focused on two lines: 1) Parameters affecting the concrete related to the 
aggressive entrance and 2) Parameters affecting the rebar. The parameters for the characterization of concrete 
components are classified into indirect and direct durability indicators. Table 3.1 includes information about the 
different durability indicators selected for characterization and the tests employed. In addition, the work 
performed by each institution is indicated. 

Two types of cementitious composites to be considered further in the design and construction of the two pilots 
selected for this environment, designed in the laboratory by UPV within WP4, have been proposed for durability 
characterization. Additionally, the preliminary scaled-up mix produced in the precast factory RDC has also be 
tested for validation of labs concretes. These mixes have also incorporated nano-additions of different 
typologies, identified as Crystalline admixture (CA), by Penetron Italia, Cellulose Nanocrystals (CNC) and 
Cellulose nanofibrils (CNF), by API and Alumina Nanofibers (ANF), by NAFEN. Finally, concretes currently in used 
for infrastructures operating in this scenario were also characterized to better evaluate and understand the 
improvements in the new UHDCs designed. These latter concretes have identified as Conventional Concrete (CC) 
and High Performance Concrete (HPC).  

Table 3.1 Durability critical parameters and tests for the concretes in XS-Mediterranean offshore 
scenario 

Scenario Partner  Durability indicator  parameter Test type 

XS- 
Mediterranean 

offshore 

CSIC Indirect 

Pores size 
distribution & total 

porosity 
MIP 

Microstructure 
TG/DTA, XRD & 

SEM/EDX 

CSIC+UPV Direct 

Water capillary 
suction 

UNE 83982 

Chloride transport NT-Build 492 

UPV Indirect 

Gas permeability UNE 83981 

Water porosity UNE 83980 
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3.1.1. Description of concrete components under evaluation  

Three reference UHPCs, named as XS1, XS2, and XS3, and three UHDCs with nano-additions, XS1-CA+ANF, XS2-
CA+CN and XS3-CA have been designed. XS1-CA+ANF concrete has the same dosage as XS1, but with crystalline 
additive (0.8% by weight of cement) and alumina nanofibers (0.25% by weight of cement). In addition, XS2-
CA+CN concrete has the same dosage as XS2, but with crystalline additive (0.8% by weight of cement) and nano-
cellulose crystals and fibrils (total dosage 0.15% by weight of cement, equally shared between the two supplied 
types of nanocellulose products). XS3-CA concrete has the same composition as XS3 mix (i.e. a modified XS2 
composition scaled up to industrial scale production needs) with crystalline nano-additive (1% by weight of 
cement). The compositions of all the investigated mixes, output from WP4 to WP5 for durability demonstration 
performance, are detailed in Table 3.2. 

Table 3.2 Formulation of the UHDCs for XS- Mediterranean offshore environment 

Components XS1 XS2 XS3 XS1-CA+ANF XS2-CA+CN XS3-CA 

Cement CEM I 42,5 R-SR [kg/m3] 800 800 

2080 

800 800 

2080 

Silica fume [[kg/m3] 175 175 175 175 

Silica flour [kg/m3] 225 - 225 - 

Sand ≤ 0.5 mm [kg/m3] 302 1092 302 1092 

Sand 0.6-1.2 mm [kg/m3] 565 - 565 - 

Water [kg/m3] 160 160 177 165 176.3 177 

High Elastic Steel Fiber (13/0.2) [kg/m3] 160 130 120 160 130 120 

Superplasticizer [L/m3] 30 30 28 31.8 33.1 28 

Crystalline additive [kg/m3] - - - 7.8 7.8 8.5 

Alumina nanofibers [kg/m3] - - - 2.44 - - 

Nano-cellulose: Crystals / Fibrils [kg/m3] - - - - 1.46 - 

w/b 0.19 0.19 0.20 0.20 0.21 0.20 

Two additional concretes (CC and HPC) were studied for comparative performance purposes. CC is a 
conventional concrete with characteristic compressive strength (fck) of 25 MPa, and HPC is a high strength 
concrete with fck of 90 MPa. The mix designs of these additional concretes are detailed in Table 3.3. 

Table 3.3 Formulation of the CC and HPC concretes. 

Components CC HPC 

Cement CEM I 42,5 R-SR [kg/m3] 350 450 

Silica fume [[kg/m3] - 50 

Aggregate 4-7 mm [kg/m3] 300 600 

Aggregate 10-12 mm [kg/m3] 600 200 

Natural sand [kg/m3] 950 950 

Limestone filler [kg/m3] 60 - 

Water [kg/m3] 207 160 

Superplasticizer [L/m3] - 3.5 

w/b 0.59 0.33 
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3.2. Experimental tests description  
The indirect durability parameters considered are: gas permeability, water porosity, pore size distribution and 
total porosity, mineralogical and microstructural characterization of the concretes with XRD, TG/DTA, and 
SEM/EDX. The direct durability parameters considered are chloride transport and water capillary suction. All the 
samples used for the investigations reported in this section were kept in a chamber at 20ºC and 100% RH until 
testing. The tests were performed at an age of 2 months. 

 

3.2.1. Indirect durability indicators 
Porosity  

The identification of the porosity and pore structure of the concretes will contribute to the knowledge of the 
transport capabilities of the concretes. Two methods were employed: 1) Mercury Intrusion Porosimetry (MIP) 
and 2) water porosity based on the Standard, UNE 83980:2014: “Concrete durability. Test methods. 
Determination of the water absorption, density and accessible porosity for water in concrete”.  

MIP gives information about the pore size distribution and total porosity of the concretes. The tests were 
conducted using Micrometrics Autopore IV 9500 porosimeter. 

The water accessible porosity was determined from the water saturation of the concrete. Disk specimens with 
a diameter of 100 mm and a height of 50 mm were used, obtained from cylinder samples Ø100xH200mm. The 
mass gain was determined in a sample pre-dried at 105ºC up to constant mass and saturation under vacuum by 
immersion in water. The test arrangement is shown in Figure 3.1. The accessible porosity for the water was 
calculated as indicated in the standard.  

 

 

 

 

 

 

Figure 3.1 Accessible water porosity test set up 

 

Gas permeability 

The oxygen permeability test follows the standard UNE 83981:2008: “Concrete durability. Test methods. 
Determination to gas permeability of hardened concrete”. The test was performed on cylindrical specimens with 
a diameter of 150 mm and a height of 50 mm obtained from samples Ø150xH300mm. Prior to the 
measurements, the lateral face of the specimens was painted with epoxy resin to avoid leakage of gas from the 
lateral face. After preconditioning, the specimens were introduced in the permeability cell. The type of gas used 
was dry air. 

The test considers 5 increasing levels of air pressure. The gas transport was measured with an equipment 58-
E0031 shown in (Figure 3.2). The volume and time for gas flow through the concrete were measured for the 
determination of the gas permeability coefficient.  
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Figure 3.2 Gas permeability set up. 

Microstructure 

Mineralogical and microstructural characterization of the concretes was performed to identify and quantify the 
phases that constitute the concretes and to understand the morphology and composition of the cement paste 
and identify the modifications introduced by the nano-additions. The microstructural tests performed were:  

TG/DTA 

Thermogravimetry analyses (TG/DTA) was used to quantify the bound water and portlandite contents in the 
concretes. Tests were carried out in an SDT Q600 instrument. In each case, 40 mg of powder sample were tested 
from 25°C to 1000°C at a heating rate of 10°C/min, under nitrogen flowing at 100 mL/min.  

XDR 

Mineralogical characterization of the concretes was performed through X-ray Diffraction. XRD was carried out 
using a Bruker D8 Advance instrument with Cu-Kα radiation and a nickel filter. The tests were conducted with a 
step size of 0.02° and a counting time of 0.5 s/step, from 5° to 60° 2θ.  

SEM-BSE plus EDX 

Microstructural characterization of the concretes by SEM was performed using a Hitachi S-4800 scanning 
electron microscope (with an integrated X-Flash Detector 5030 EDX analyzer from Bruker) in backscattered 
electron (BSE). Samples were prepared by mounting in epoxy resin, polishing the observation surface using 
diamond paste. The acceleration voltage used was 20 kV, the beam current was 20 µA, and a working distance 
of 15-16 mm. Energy Dispersive X-ray spectroscopy (EDX) was used to examine the elemental distribution in the 
cement samples. An average of 50 analyses was taken per sample.  

 

3.2.2. Direct durability indicators 
Water capillary suction 

The water capillarity of the investigated concretes was measured to determine the ability of the water to 
penetrate by absorption and the water capillary suction coefficient, k. The test method used was based on the 
standard UNE 83982: “Concrete durability. Test methods. Determination of the capillary suction in hardened 
concrete. Fagerlund method”. This parameter depends on the interconnection of the existing pore network 
inside the hardened concrete. The test was carried out with cylindrical specimens with 100 mm diameter and 
50 mm height, from samples of 100x200 mm. Two preconditioning methodologies were followed: 1) CSIC: drying 
at 50°C until reaching a constant weight, and 2) UPV: drying at 50°C for 4 days, then wrapping with a waterproof 
polyethylene sheet and keeping in the oven at 50 °C for 3 more days. Finally, the polyethylene sheet was 
removed and specimens placed in a chamber at 20 °C with 65% RH for 21 more days. Both preconditioning 
methods were validated and the differences in the water capillarity and k value were minimal. After 
conditioning, the specimens were placed on a plastic support with a sheet of water around 5 mm high. Scheme 
of the test is shown in Figure 3.3. The mass gain was measured over time until reaching a constant mass gain. 
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After stabilization, the capillary suction coefficient, k, was calculated according to the standards 
recommendations. 

 

 

 

 

 

 

Figure 3.3 Water capillary suction test set up 

Chloride transport 

The chloride transport was evaluated by mean of the chloride migration coefficient (Dnssm) from non-steady state 
migration experiments. Dnssm is determined through the Nordtest NT Build 492 method: “Concrete, mortar, and 
cement-based repair materials: Chloride migration coefficient from non-steady state migration experiments”. 
The voltage and the time were adapted accordingly with the type of concrete, to assure a minimum level of 
charge pass during the test: 25V was applied for 24 h for the CC concrete while 60V was needed during 48h for 
the HPC concrete. For the rest of the concretes 60V for 96h were used, except for the XS3-CA concrete, to which 
60V for 48h were applied. The test set-up is shown in Figure 3.4. Triplicate cylindrical specimens (diameter of 
100 mm and height of 50 mm, from samples of 100x200mm) were used for each investigated concrete. The test 
was performed at the concrete age of 60 days. The samples were pre-saturated with Ca(OH)2 and under vacuum. 
The non-steady-state migration coefficient (Dnsm) was calculated from the test results following the standard 
procedure. 

 

 

 

 

 

   

 

Figure 3.4 Left: monitoring system for Cl migration test. Right: Cl penetration depth determination 

 

3.3. Relevant results and discussion 

3.3.1. Indirect durability indicators 
Porosity  

The pore size distribution and total porosity determined by MIP are shown in Figures 3.5, 3.6. The types of pores 
that predominate in the CC mix are of medium and large capillary size (from 1 to 0.01µm). The pore volume for 
the CC mix shows two capillary regions, one between 0.010 and 0.1 µm and other between 0.1 and 1 µm. The 
HPC pore structure is unimodal with smaller pore size, between 0.01 and 0.05 µm. A trend of porosity decrease 
with the decrease of w/b ratio varying from 0.6 to 0.2 is appreciated. The reference XS1, XS2, and XS3 concretes 
show that capillary pores in the range from 1 to 0.1 µm have practically disappeared and only small content in 



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

31 

the pore region below 0.02 have remained. Larger pore size, >1µm are not appreciated for the XS1 and XS3 
mixes. Some higher porosity is found in this region for the XS2 with respect to XS1, probably a consequence of 
the silica flour used in the XS1 that may contribute to higher compactness mix. The incorporation of the nano-
addition does not modify the pore structure significantly with respect to the reference concretes, most likely 
due to their already high compact microstructure. 

 
Figure 3.5 Pore size distribution, Left: CC, HPC, XS1, XS2, XS3. Right: XS1, XS2, XS3, XS1-CA+ANF, XS2-

CA+CN, XS3-CA concretes 

Figure 3.6-left shows the total porosity for the reference UHPFRC mixes (XS1, XS2, and XS3) as compared to the 
CC and HPC ones. The total porosity for the reference concretes is always lower than 6% and these values are 
smaller than the ones determined for the CC and HPC concretes, equal to 11.8 and 6.4%, respectively.  

The total porosity in the concretes with the nanoaditions, Figure 3.6-Right, shows slight changes. In the XS1-
CA+ANF concrete where silica flour is used, the total porosity is not modified. In the case of addition of the CA, 
XS3-CA concrete, a small increase is detected in the small capillary region, < 0.01µm. In the XS2-CA+NC concrete 
the pore structure is very similar to that of its reference parent mix, ranging between 5-6%.  

 
Figure 3.6 Total porosity, Left: CC, HPC, XS1, XS2, XS3. Right: XS1, XS2, XS3, XS1-CA+ANF, XS2-CA+CN, 

XS3-CA concretes. 

The water accessible porosity is shown in Figure 3.7. For the CC and HPC concretes the water porosity is equal 
to 14.5 and 7.2 %, respectively in the same order of the one obtained with MIP. The presence of CA, alumina 
nanofibers or nano-cellulose crystals and fibrils in the UHDC concretes does not affect the behavior of the 
material in relation to water porosity, which remains always lower than 3%. 
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Figure 3.7 Water accessible porosity. Left: CC, HPC, XS1, XS2. Right: XS1, XS2, XS1-CA+ANF, XS2-

CA+CN. 

Gas permeability  

Figure 3.8 shows the data of the gas permeability coefficient, Kp, obtained from gas permeability tests. A clear 
difference, of several orders of magnitude, has been measured between conventional concrete (CC) and HPC or 
UHDCs (reference concretes). Even applying the maximum gas pressure with the measuring device, the air does 
not pass fluently through the specimens. Thus, according to the concrete sample thickness and the applied 
pressure, the Kp coefficient of these concretes is lower than 1x10-18 m2, being this value in the limit of sensitivity 
of the equipment. The incorporation of nano-additions in both concretes shows an increase but in all cases 
values lower than 10-17 m2 have been obtained. 

 
Figure 3.8 Air permeability coefficient, Left: CC, HPC, XS1, XS. Right: XS1, XS2, XS1-CA+ANF, XS2-

CA+CN. 

Microstructure 

TG/DTA 

The DTA/DTG curves for the CC, HPC, XS1, XS2, XS3, XS1-CA+ANF, XS2-CA+NC and XS3-CA concretes are shown 
in Figure 3.9. The peak associated with portlandite is detected in all cases, although more evident for CC and 
HPC. This peak is evident also in the concretes with the nano-additives. The bound water between 100-375ºC, 
portlandite (375-550ºc) and calcite (550-700ºC) contents of all the concretes from TG tests have been 
determined and included in table 3.4. The values are normalized by the mass of cement in order to allow 
comparison between the different concretes. 
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Figure 3.9 DTA, Left: CC, HPC, XS1, XS2, XS3. Right: XS1, XS2, XS3, XS1-CA+ANF, XS2-CA+CN, XS3-CA. 

 

Table 3.4 Bound water, portlandite and calcite contents (% by weight cement) determined by TG. 

 Bound water, 
%bwc (100-375ºC) 

Portlandite, %bwc 

(375-550ºC) 

Calcite, %bwc 

(%550-700ºC) 

CC 3.21 6.13 45.27 

HPC 2.83 2.62 50.07 

XS1 2.73 2.42 2.97 

XS1-CA+ANF 1.81 1.60 1.72 

XS2 2.89 2.18 2.77 

XS2-CA+NC 2.57 2.43 2.13 

XS3 3.43 2.83 4.42 

XS3-CA 3.73 3.08 3.49 

The bound water in CC is the higher measured accordingly with the higher amount of w/c ratio used, indicating 
a higher level of cement hydration. The bound water of HPC, XS1, and XS2 are of the same order, although 
somewhat higher in XS3. Similar information is deduced from portlandite content. The incorporation of nano-
additions shows different effects: the crystalline admixture (CA) slightly increases the bound water, while the 
incorporation of cellulose (CN) and alumina nanofibers (ANF) does not affect the hydration process of the 
cement. This is also reflected in the portlandite content. The highest is for the CC concrete, but also higher 
portlandite is found in XS3-CA confirming the beneficial effect on cement hydration of the CA. Calcite differences 
respect to the CC and HPC concretes are due to the type of calcareous aggregates used.  

XRD 

The diffractograms from 5° to 30° 2θ of the CC and HPC concretes show peaks of diffraction of quartz and calcite 
from the aggregates, see Figure 3.10-left. The X-ray diffraction patterns from the other concretes highlight 
primarily quartz which is constituent of the aggregates and the anhydrous phases of cement, alite, and ferrite. 
The crystallized hydrates observed are ettringite and portlandite. The incorporation of nano-additions does not 
affect the stability of crystalline phases detected in Figure 3.10-right.  
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Figure 3.10 Left: XRD patterns, Left: CC, HPC, XS1, XS2, XS3. Right: XS1, XS2, XS3, XS1-CA+ANF, XS2-
CA+CN, XS3-CA. Q: quartz, E: ettringite, P: portlandite, C: calcite, Al: albite, A: alite, G: C-S-H gel, F: 

ferrite. 

BSE/EDX 

Figure 3.11 shows the micrographs of the BSE analyses. They highlight the anhydrous phases of the cement (C), 
in light grey, the hydrated cement paste, in medium grey and the aggregates (A), in dark grey. In the cement 
paste of the HPC concrete, some microcracks are observed. The number of anhydrous cement grains is 
significant in all UHDC concretes. The XS1, XS2, and XS3 concretes have a good compact interfacial transition 
zone without microcracks, see the microstructure of the XS1 concrete in Figure 3.11 up right.  

The microstructure developed by the concretes with the nano-additions is shown in Figure 3.11 middle and 
bottom. The matrixes of these concretes remain dense and compact. Some anhydrous particles of cement (C) 
are detected in the three nano-additioned concretes.  

The composition of the cement paste of UHDCs was analyzed with EDX. The results of the CaO, SiO2, and Al2O3 

are presented for each type of concrete in Figure 3.12. The distribution of CaO and SiO2 is quite homogeneous 
in all the concretes without nano-additions. The CaO content is lower and the SiO2 higher in the CC and HPC 
concretes, being around 40-50% for CaO and 35-45% for SiO2 in XS1, XS2 and XS3 mixes with respect to 60-70% 
CaO and 25-35% SiO2 in the CC and HPC. This suggests a CaO/SiO2 ratio lower for the UHDCs. The content of the 
alumina oxides is in all concretes around 2-3%. EDX analysis of the cement paste shows a CaO/SiO2 ratio of 
2.41±0.32 for CC, 1.96±0.45 for HPC. This ratio is lower for the reference UHPCs, being 1.04±0.24 for XS1, 
1.05±0.20 for XS2, 1.35±0.37 for XS3.  

The concretes with the nano-additions present quite similar contents of CaO and SiO2 with respect to their 
references mixes, respectively around 40-50% and 35-45%, see Figure 3.13. Although the cement pastes for X1-
CA+ANF is richer in SiO2 and for XS3-CA is richer in CaO. CaO/SiO2 ratios of them are 0.78±0.38 for XS1-CA+ANF, 
1.17±0.22 for XS2-CA+CN and 1.37±0.35 for XS3-CA. The distribution of the Al2O3 is homogeneous in these 
concretes and the amount detected is between 2-3%, similar to the one the reference UHPC mixes.  
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Figure 3.11 BSE images (1000x) of the concretes: HPC, XS1, XS1-CA+ANF, XS2-CA+NC, and XS3-CA. 
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Figure 3.12 EDX analysis of the CC, HPC, XS1, XS2, and XS3 concretes 
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Figure 3.13 EDX analysis of the XS1-CA+ANF, XS2-CA+CN, and XS3-CA concretes. 

3.3.2. Direct durability indicators 
Water capillary suction  

The water absorption has been normalized per unit surface to allow comparison between different concretes 
and samples geometries, even between the concretes designed for the different scenarios, being this parameter 
common to all of them. Figure 3.14-left shows the mass gain per unit surface for the reference (XS1 and XS2) 
UHPCs in comparison with the CC and HPC concretes. The CC, conventional concrete, experiences the highest 
mass gain per unit surface, more than 10 times higher than for XS1 and XS2 concretes. The HPC capillary suction 
is at least twice as much as the one of the new reference UHPC mixes designed. The CC concrete has the highest 
w/b ratio and higher pore size than the rest of the concretes and the amount of water needed to fill them is 
higher. The XS1 and XS2 concretes use lower w/b ratio, and the water mass gain per surface is lower and similar 
between them.  

 

Figure 3.14 Mass gain. Left, CC, HPC, XS1, XS. Right: XS1, XS2, XS1-CA+ANF, and XS2-CA+CN concretes. 
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The concretes with the nano-additions show also low capillary suction and very similar to the reference parent 
mixes. The mass gain over time for the XS1-CA+ANF and XS2-CA+CN concretes is comparable to those presented 
by their corresponding reference parent mixes, see Figure 3.14-right. The highest mass gain is shown for the 
XS2-CA+CN concrete, it could be due to the tendency of the cellulose in any of its forms to absorb water and 
also the higher presence of capillary pores.  

The capillary suction coefficient, k, for both the CC and HPC concretes are in the order of 10-3 to10-4 kgm2/min0.5 
respectively, see Figure 3-15-Left. These values are higher than those obtained for the XS1 and XS2 concretes. 

 

 

 

 

 

 

 

 

 

Figure 3.15 Capillary suction coefficient, k. Left: CC, HPC, XS1, XS2. Right: XS1, XS2, XS1-CA+ANF, and 
XS2-CA+CN. 

The concretes with the crystalline admixture and alumina nanofibers, XS2-CA+ANF and with the crystalline 
admixture and nano-cellulose crystals and fibrils, XS2-CA+CN present similar k coefficient around 10-4 
kgm2/min0.5, close to the reference concretes without nano-additions. Therefore, the interconnection of the 
pore network for these four concretes is similar. 

Cl transport resistance  

Dnssm for all the concretes is shown in Figure 3.16. Dnssm for the CC and HPC concretes are 2.2x10-11 and 1.5x10-12 

m2/s, respectively. Dnssm for the XS1, XS2, and XS3 concretes are significantly lower, even one order of magnitude 
lower. A greater porosity and larger pores size favor the penetration of this aggressive ion, and for that reason, 
the CC and HPC concretes present higher chloride migration coefficients. In the case of the UHDC reference 
concretes, the pore size distributions are similar and Dnssm is in the order of 2x10-13 and 8x10-14 m2/s.  

 
Figure 3.16 DCl nssm. Left: CC, HPC, XS1, XS2 and XS3. Right: XS1, XS2, SFR1, XS-CA+ANF, XS-CA+CN, 

and XS3-CA. 
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The presence of the crystalline admixture, alumina nanofibers, and nano-cellulose crystals and fibrils implies 
slightly larger DClnssm than those obtained for their corresponding reference concretes. These concretes with low 
w/b and low total porosity with small pores, the penetration of chloride ions is very limited and the 
measurement of the penetration depth is complicated. Although no significant difference was detected and all 
values range between 1x10-13 and 2x10-13. There is a correspondence between the porosity and chloride 
migration coefficient for the XS1-CA+ANF, XS2-CA+CN and XS3-CA concretes. 

 

3.4. Conclusions for durability performance  
The conclusions derived from this preliminary durability characterization reported above in detail are 
summarized according to direct and indirect durability indicators considered for the scenario:  

3.4.1. Direct durability indicators 

The parameters associated with the direct durability indicators for this scenario are representative of its 
aggressiveness and are considered the more relevant to qualify respect durability performance and 
expectancies: 

 The water capillary suction is low for all UHDCs with and without nano-additions, which suggests a good 
durability performance. 

 Regarding the chloride transport, DClnssm is in the order of 10-13 m2/s for the reference UHDCs The 
incorporation of the nano-additions to the concretes shows only small variation respect to each 
corresponding reference.  

3.4.2. Indirect durability indicators 

The indirect durability indicators considered for these concretes have allowed understanding the UHDC and the 
modifications introduced by the nano-additions 

 The porosity is very low in all UHDC designed for this scenario to be used in the pilots. The incorporation of 
nano-additions only slightly modifies the performance.  

 The gas transport is very low for all concretes. 

 Mineralogical and microstructural characterization shows that the incorporation of nano-additions does 
not change the solid and crystalline phases, and C-S-H gel. The presence of crystalline admixture shows 
higher bound water and portlandite contents. All the UHDCs designed show a dense and compact matrix, 
without micro-cracks, which in some cases are present in the reference UHDC mixes, but significant 
remaining anhydrous phases are detected. The elemental composition of the cement pastes for all of 
concretes is very similar, with a CaO/SiO2 ratio around 1. 
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 Verification of durability of UHDC for XS-Atlantic 
scenario 

4.1. Scenario aggressiveness: requirements and main 
parameters for durability evaluation 

The scientific partner responsible for durability assessment in the XS Northern Atlantic scenario has been TUD. 
This exposure scenario induces corrosion by chloride salts, which is a major issue of steel reinforcement. Marine 
structures as well suffer different mechanical actions, e.g. induced by wave movements, wind or currents. Low 
temperature, slightly above the freezing point, may further affect the service life. Creating UHDC for this XS 
scenario is thus led by two issues: Firstly, to avoid chloride-induced corrosion of metal reinforcement, the metal 
is replaced by carbon fabric (carbon-reinforced TRC). Secondly, since this material is well known for multiple 
cracking ability under tensile loading with fairly small individual crack opening widths, the self-healing propensity 
is expected to improve. Table 4.1 summarizes the durability-related critical parameters for the TRC-based UHDC.  

 

Table 4.1 Durability critical parameters and tests for TRC in XS Northern Atlantic scenario. 

Scenario 
Partner 
involved 

Durability 
indicator type 

Durability 
indicator 

Test type 

XS Northern 
Atlantic 

TUD 

Indirect 

 

Porosity MIP according to DIN ISO 15901-1 

Microstructure ESEM 

Direct 

 

Capillary suction EN 15148 

Chloride 
transport 

Code of practice “Chloride penetration 
resistance” issued by the German Federal 

Waterways Engineering and Research 
Institute [in German: “BAW Merkblatt 
Chlorideindringwiderstand von Beton 
(MCL)”], comparable to NT-BUILD 492 

 

4.1.1. Description of concrete components under evaluation  

As an outcome of WP4, the fundamental TRC mixture design and choice of reinforcement was a most beneficial 
trade-off among mechanical performance and permeability issues on the one hand and a limited number of 
textile layers for financial reasons on the other hand. Starting from such TRC with carbon reinforcement, specific 
admixtures were implemented to create the UHDC (Table 4.2). Their functioning is as follows:  

- Alumina Nano Fibers [ANF] (supplied by ANF): additional reinforcement on the micro- and nano-scales;  

- Crystalline Admixture [CA] (supplied by Penetron Italia: minerals to be consumed in self-healing reactions;  

- Cellulose Nano Fibrils [CNF] (supplied by API Europe): internal curing agent and additional reinforcement, 
respectively;  

- Super Absorbent Polymers [SAP] (supplied by SNF Floerger): internal curing agent for mitigation of shrinkage 
and improvement of the microstructure.  

Table 4.2 summarizes the mix composition of the investigated cementitious composites, as an input from WP4 
to WP5 for durability characterization.  
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Table 4.2 TRC formulations to realise UHDC exposed to XS Northern Atlantic scenario. 

Component or property  REF ANF CA CNF SAP 

Ordinary Portland cement CEM I 42.5 
R 

414.5 413.5 412.6 414.5 414.5 

GGBS 226.1 225.6 225.0 226.1 226.1 

Water 192.2 182.4 191.3 188.45 191.7 

w/c* 0.50 0.46 0.46 0.51 0.51 

w/b* 0.30 0.30 0.30 0.33 0.33 

Limestone powder 200.0 199.3 198.8 200.0 200.0 

Sand (steady grading 0-4 mm) 1298.5 1295.0 1295.4 1298.5 1298.5 

HRWRA (aqueous solution) 7.5 10.0 / 7.5 10.0 7.5 7.5 

Dosage of additive [wt-% bwoc]  0 0.25 0.80 0.10 0.12 

Additive (solids content representing 
active agent) 

0 1.0 3.3 0.42 0.5 

Water coming with the additive 0 9.3 0 3.73 0 

Additional water 0 0 0 19.2 19.2 

 *including additive and additional water 

 

4.2. Experimental tests description  
Indirect and direct tests were applied to qualitatively and quantitatively assess the durability performance of 
the TRC for Alantic XS pilot construction. Using environmental scanning microscopy, the microstructure was 
visualized.  

4.2.1. Indirect durability indicators 
Porosity  

Porosity, especially in the pore size range of gel pores and capillary pores was assessed via MIP. The procedure 
specified in DIN ISO 15901-1, formerly DIN 66133 in Germany, was followed. Capillary porosity in the size range 
of some single to tens of micrometers is a major indicator for suction ability and, consequently, serves as an 
indirect durability indicator. Specimens were stored under water until 7- and 28-days age respectively. At testing 
age, they were crushed in a jaw crusher and sieved. Particles with size ranging from 4 to 8 mm were put into a 
container, covered in isopropyl, and stored in a desiccator for 24 h. The material was dried at 60°C afterwards. 
With a sample of about 5 g the pore structure analysis in the range of 3.75 nm to 113 µm took place in 
PASCAL P140 (low pressure device until 300 kPa) and following in PASCAL P440series (high pressure device until 
400 MPa). During several pressure steps mercury is pumped into the pores of the sample. Pore diameter and its 
distribution are calculated from the pressure and amount of penetrated mercury.   

Microstructure  

The microstructure of the matrix and the interfaces to the carbon reinforcement was visualized by scanning 
electron microscopy. To avoid sputter coating and exposure to high-vacuum, both of which might destroy 
distinct minerals or structure, an ESEM was used in the low-vacuum mode (Quanta 250, FEI).  
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4.2.2. Direct durability indicators  
Capillary suction  

Time-resolved gravimetry according to EN 15148 was used as a direct durability indicator. Cylindrical specimens 
with 150 mm diameter and 150 mm height were stored under water until the age of 28 days. 20 mm were cut 
from top and bottom, which were not used for testing. From the remaining body, slices 30 mm thick were cut, 
dried in the lab atmosphere until constant mass and then used for capillary suction measurements. With the 
difference in mass after 24 hours, the water absorption coefficient was calculated. 

Chloride transport  

The chloride migration coefficient was assessed using the procedure specified in the Code of Practice “Chloride 
Penetration Resistance” issued by the German Federal Waterways Engineering and Research Institute [in 
German: “BAW Merkblatt Chlorideindringwiderstand von Beton (MCL)”]. Basically, this test is comparable to 
NT BUILD 492. Investigated is the penetration behavior of chloride into concrete under application of an electric 
field. After the test the sample is split and the penetration depth of free chloride ions is determined by indicator 
solutions.  

A test series shall contain at least three cylindrical specimens with a diameter of 100 mm and a height of 50 mm. 
In contrast to this, the samples from water capillary suction were used for this test, which had a height of 30 mm 
instead. As the height is taken into account for the calculation of the chloride migration coefficient and the 
penetration depth never exceeded 15 mm, this discrepancy was accepted. Prescribed testing age is specified to 
be 56 days, but this could not be fulfilled because of a shortage of material available. Thus, actual testing ages 
are indicated in the representation of the results. The chloride horizon was visually assessed using a digital 
optical microscope (VHX 6000, Keyence).  VVS 

 

4.3. Relevant results and discussion  

4.3.1. Indirect durability indicators 
Porosity  
Figures 4.1 and 4.2 illustrate the differential and integral pore size distributions of the TRC mixtures as obtained 
by MIP. Table 4.3 summarizes the overall porosities of the specimens. Concrete age was 7 and 28 days, 
respectively. Most of the capillary pores for all mixtures are found below a diameter of 0.1 µm. These small pore 
sizes are advantageous for concretes where high durability is required. Very small and low amounts of capillary 
pores are the fundamental condition for minimized transports through the concrete matrix. At the age of 7 days 
the total porosity is between 9 and 11.3 % for all mixtures, while the Reference mix has the lowest porosity at 
9 %, followed closely by CA with 9.8 % and ANF with 10.3 %. For mixtures CNF and SAP (10.9 % and 11.3 % total 
pore volume respectively), a higher capillarity was expectable, due to the additional water that was added to 
the mixtures to keep workability properties constant. Most of the additional water is absorbed by the cellulose 
fibers or SAP-particles, but for both materials and especially for CNF water movement, storage and release are 
not completely understood and described. There is the possibility that not the complete additional water was 
taken in, or that after some time some water release led to increase of capillarity.  

 



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

43 

 
Figure 4.1 MIP results for pore size distribution of TRC-matrices at the age of 7 days 

The aging process of concrete by further hydration leads to growth of hydration products into the capillary pores, 
resulting into reduction of the pore sizes and total pore amounts, which can be seen comparing Figure 4.2 as 
well as in Table 4.3. The highest reduction of total porosity was discovered in SAP-additioned mixture (8.3 % 
porosity, reduced to 74 % compared to 7 days). ANF and CA reduced their porosity to 77 %, Reference to 81 % 
and CNF to 86 %. Further reduction for all matrices is expected as the mixes contain a high amount of GGBS 
which leads to slower but longer hydration products development.  

 
Figure 4.2 MIP results for pore size distribution of TRC-matrices at the age of 28 days 

 

Table 4.3 Overall porosity of mixtures Ref, ANF, CA, CNF and SAP. 

Porosity [%] at TRC age REF ANF CA CNF SAP 

7 days  9.0 10.3 9.8 10.9 11.3 

28 days  7.3 7.9 7.5 9.4 8.3 

Decrease 0.81 0.77 0.77 0.86 0.74 
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Microstructure investigation: Scanning electron microscopy  

All TRC matrices featured a rather dense microstructure irrespective if some of the innovative additives was 
present or not. Figure 4.3 shows exemplary ESEM images. Interestingly, extensive calcium carbonate formations 
were found throughout the entire volume of the matrix due to the use of calcareous sand as the main aggregate. 
In all the matrices shrinkage cracks were observed in the microstructure (Figure 4.3 left side). Further results on 
shrinkage measurements can be found in D4.2.  

 

   
Figure 4.3 ESEM images of TRC matrices with CA (left), SAP (centre, showing a void left behind by a 

dried-out hydrogel) 

 

4.3.2. Direct durability indicators 
Capillary suction and water absorption coefficient  

Figure 4.4 and Table 4.4 shows the coefficients of water absorption by capillary suction after 24 h. The test was 
conducted after 28 days of curing under water. For each mixture three specimens of about 30 mm in height 
were cut from a cylinder. They were dried in lab environment until constant mass, the lateral surface was sealed 
using butyl-tape. The specimens were put into a container on spacers and tap water was filled until 5 mm above 
bottom edge. Mass gain was measured after 5, 20 min and 24 h. The capillary suction coefficient Ww,24 was 
calculated.  

The capillary suction coefficient is a reflection of the capillary pore content results. Higher amounts of capillary 
pores or bigger radiuses lead to more capillary suction activity. Results of mixtures Reference and ANF are very 
close to each other, SAP and CNF have a higher absorption coefficient, due to the same reasons as described for 
capillary porosity. The mixture containing CA as addition finds itself in the middle. The capillary suction 
coefficients are calculated after 24hours. The capillary suction is fast in the first stages, before saturation is 
reached. A decrease in k is e3xpected for saturated conditions, as also observed in other UHDCs exposed to 
similar water capillary suction test with same sample geometry that those use here. 
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Figure 4.4 Water absorption coefficients k at 24hr for TRC-matrices 

Table 4.4 Water absorption coefficients Ww,24 

 REF CA ANF CNF SAP 

Ww,24 [*10-3 kg/m²√min] 3.51 4.21 3.54 4.92 5.04 

Deviation [*10-5 kg/m²√min] 24.3 72.4 9.65 5.57 5.57 

 

Chloride migration according to the German Federal Waterways Engineering and Research Institute  

As mentioned in Section 4.2 measurements were carried out on specimens with a height of about 30 mm.  

After spraying the indicator solutions and waiting 24 hours for the penetration horizon to become clearly visible, 
the specimens were put under a digital microscope to measure the penetration depth. At a magnification of 200 
for each sample two pictures of about 40 mm width left and right of the middle of the sample were taken and 
the depth was measured every 5 mm. Figure 4.5 shows the pictures and measurement spots for an ANF sample. 
That procedure led to 16 to 18 measurement per sample, of which the average and later on the Chloride 
migration coefficient were calculated, which can be found in Figure 4.6.  

Due to a shortage of potassium hydroxide in the laboratory, the series were tested at different ages as indicated 
together with the calculated Chloride migration coefficients in Table 4.5.  

 

Figure 4.5 Optical microscopy images with inlay of chloride penetration depth measurements of an 
ANF sample; the penetration horizon is clearly visible; blue lines indicate the scale in steps of 5 mm, 

red lines indicate the measured penetration depth 



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

46 

 
Figure 4.6 Chloride migration coefficient Dcl of TRC-matrices 

 

Table 4.5 Chloride migration coefficient Dcl and testing age of TRC-matrices 

 REF CA ANF CNF SAP 

Testing age [d] 88 90 84 98 68 

Chloride migration 
coefficient Dcl [*10-12 m²/s] 

1.18 1.61 1.44 1.41 1.61 

Deviation [*10-14 m²/s] 3.88 1.20 15.4 31.5 21.9 

 

Results of the SAP-enriched specimens cannot be directly compared to the other matrices due to younger testing 
age. It is assumed that the Chloride migration coefficient of SAP matrix could improve with longer time. The 
Reference mixture had the lowest chloride migration coefficient, leading to the conclusion that the additives 
could neither support the binding of chloride ions nor mitigate transportation properties.  

 

4.4. Conclusions for durability performance 

4.4.1. Direct durability indicators 

The direct durability indicators capillary suction of water and chloride transport have allowed understanding the 
general UHDC durability performance, with and without implementation of (nano-)additions. In the uncracked 
state the (nano-)additions have just a small impact on the material.  

The results of water absorption tests with nano-addition ANF are close to the performance of the Reference 
mixture. With CA the performance is in a similar range, but with a slightly higher water absorption coefficient. 
The increase of water absorption of mixtures containing CNF and SAP might be due to a slight increase of free 
water, caused by the additionally supplied water to keep workability properties constant. That water might not 
be completely absorbed by CNF or SAP, or partly desorbed before final set of the concrete matrix. Additional 
free water would increase the capillarity and therefore the water absorption by capillary forces as well.  

The Reference mixture shows the best result with 1.18*10-12 m²/s. All other mixtures have a chloride migration 
coefficient below 1.7*10-12 m²/s as well. The chloride transport is not much affected by the implementation of 
(nano-)additives. 
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4.4.2. Indirect durability indicators 

The measurements of capillary porosity confirm a higher capillarity of mixtures with (nano-)additions especially 
SAP and CNF at a young age. This discrepancy decreases with aging of the material. The investigation of 
microstructure of the material shows no significant differences of the Reference material compared to any of 
the mixtures with (nano-)additions. Except in case of SAP-mixture the empty SAP-pores were found.  
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 Verification of durability of UHDC for XS-
Mediterranean aerial scenario  

The pilot structure to demonstrate the performance of UHDCs designed in WP4, is located in the XS 
Mediterranean aerial environment. The demonstrator considers the use of UHDCs for the rehabilitation of an 
existing structure, considered as industrial heritage and of cultural heritage in Malta. The pilot is a water 
reservoir tower, in the Valletta Grand Harbor area in Malta (90m from the sea). Due to the structural geometries 
and structural repair requirements, two typologies of concrete are considered for the structure at this site: 1) 
The UHDC for the retrofitting of the water tower concrete columns. In this case the concrete will have a 
structural function to strengthen the columns which support the water tower tank. 2) The UHDC to repair the 
tank itself, in view of extensive damage in the curved elements.   

The aggressive environment of the pilot structure in this environment, at this location by the sea in an industrial 
area, is revealed through the damages observed during the service life of the water tower. Those damages are 
mainly consequence of the corrosion of reinforcement due to the chlorides penetration into the concrete and 
also as a result of concrete carbonation. Another particularity of this pilot structure, is the need to intervene 
extensively on the structure before the application of the innovative UHDC concretes. Interventions by the UoM 
include the assessment of the materials in the existing structure and the structure itself, the mapping of defects 
and then the repair of damage in the concrete and reinforcement in various areas. The protection of the 
remaining reinforcement in the old concrete matrix and treatment of the existing concrete, are important 
consideration to guarantee the long term durability performance of the repaired water tower with the UHDC.  

The two typologies of UHDCs evaluated in D5.1 and the partners involved in each concrete typology are 
identified as: 1) UHDC XS-Mediterranean aerial (XSMA) to be applied for retrofitting primarily the 12 tower 
columns, under the responsibility of UoM, and 2) UHDC XS Mediterranean aerial textile reinforce concrete 
(XSMA-TRC), component going to be applied for retrofitting the water reservoir curved elements, under the 
responsibility of BGU. In both cases, the durability requirements should allow for exposure to saline humid and 
hot air, given the location of the water tower close to the sea, in the Valletta Grand Harbour in Malta.   

. 

5.1. UHDC XS-Mediterranean aerial 

5.1.1. Scenario aggressiveness: requirements and main parameters for 
durability evaluation 

 
The UHDC durability assessment for the XSMA scenario is carried out on the UHDCs developed as a self-

compacting mix, with steel fibres, crystalline admixture (CA) from Penetron and combinations of nano-alumina 

(ANF) from NAFEN and nano-cellulose (CNC) from API Europe. The durability properties of the UHDC mixes 

designed at UoM mixes were assessed in the first stage with respect to the un-cracked state. The durability 

assessment is conducted with reference to various tests as outlined in Table 5.1 for Indirect and Direct Durability 

indicators. The assessment was carried out for samples cured in water at 21°C in laboratory conditions. Tests 

were conducted on the UHDC at different aging times depending on the test considered. In the first stage, in the 

early ages up to 28 days, the tests conducted on the samples described in table 5.1 are classified with respect 

to direct and indirect durability indicators considered by the UoM for the durability characterisation of the XS 

Mediterranean aerial UHDCs (XSMA). 
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Table 5.1 Test methods for evaluating XSMA UHDCs 

Scenario Partner 
Involved 

Durability Indicator 
Type 

Durability Indicator Property Measured 

XS 
Mediterranean 

Aerial Scenario 

(XSMA) 

UoM 

Indirect 

Vacuum Saturation 
Wt. Porosity 

Porosity (%) 

Mercury Intrusion 
porosimetry 

MIP Total Porosity (%) 

Direct 

Capillary sorption  EN 13057: 2002) 

Chloride Transport 

Chloride ion Penetration 
(ASTM C1202) 

Chloride Migration (Dnssm) 
NT BUILD 492 

 

5.1.1.1. Description of concrete components under evaluation 

The Ultra High Durability Concrete to be used in the retrofitting of the columns of the water tower was first 
developed by UoM as described in D4.2 in the firstpPhase. The constituent materials were then optimized in the 
second phase, with sufficient constituent materials refinement, to better reflect the materials sourced for the 
effective Water Tower repair works. In the second Phase, the optimization included the use of silica aggregate 
and a higher aspect ratio of fibres for improved distribution, together with the inclusion of nano-additives 
(functionalities). In this stage, the materials were assessed to determine the properties of the UHDC with steel 
fibres, with Penetron (CA), with CA and Alumina nanofibres (ANF), with CA and CNF, and CA and CNC. The 
material compositions of these mixtures are presented in Table 5.2.  

 
Table 5.2 Reference UHDC mix designs in the second phase. 

  MIX 2 MIX 4 MIX 5 MIX 6 MIX 7b MIX 8 MIX 9 

  
Control + 

Fibres 
Fibres + 

CA 
CA+ANF 

0.25 
CA+ANF 

0.5 
CA+ANF 

0.75 
CA+ CNF CA+ CNC 

Cement CEM I 
52.5 

kg/m3 

700 700 700 700 700 700 700 

Silica fume 400 400 400 400 400 400 400 

Superplasticiser 
Glenium ACE 442 64 64 64 64 64 64 64 

Water 231 231 231 231 231 231 231 

Aggregate 117/F 286 286 286 286 286 286 286 

Aggregate 103 409 409 409 409 409 409 409 

Aggregate 113 122 122 122 122 122 122 122 

Fibres 2% 160 160 160 160 160 160 160 

CA 0.8% 0 5.6 5.6 5.6 5.6 5.6 5.6 

ANF 
0.25,0.5, 

0.75% 
0 0 1.75 3.5 5.25 0 0 

Nanocellulose 
CNC / CNF 

0.15% 0 0 0 0 0 1.05 1.05 

W/C  0.33 0.33 0.33 0.33 0.33 0.33 0.33 

W/B  0.21 0.21 0.21 0.21 0.21 0.21 0.21 

* 2% fibre content: READYMESH MR 200 with an aspect ratio (length/diameter) = 90 
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5.1.2. Experimental tests description 

5.1.2.1. Indirect durability indicator  

Vacuum Saturation Porosity 

Prismatic samples 160mm x 40mm x 40mm were employed. The samples were cured prior to the test date in 
water. The test samples were placed in a desiccator under vacuum for a period of 3 hours at a pressure of 90 
kPa. At the end of the three-hour period, the vacuum was released and de-aired water was drained from the 
second water desiccator to entirely cover the test samples in the first desiccator. The specimens, now covered 
with water, were further kept under vacuum for a period of 1 hour. At the end of the four-hour period, air was 
allowed to enter the desiccator slowly and the specimens were left in the desiccator under water, for an 
additional period of 20 hours. At the end of this period the saturated surface dry mass and the buoyant mass of 
the specimen was determined. The samples were then placed in an oven for a period of not less than 48 hours 
at a temperature of 105±5 °C, such that the oven dry weight did not vary by more than 0.1% between successive 
readings taken 24 hours apart. The % Porosity and related parameters were determined on the basis of the 
above values. 

Mercury Intrusion Porosimetry MIP test methods 

Mercury Intrusion Porosimetry tests were performed using a Quantachrome Poremaster. Test preparation was 
started at 7 days from casting. The samples were first dried in a ventilated oven at a temperature of 50°C to 
constant mass, for a period of not less than 96 hours. The Average Absolute Density ρab (based on the Helium 
Pycnometer) was determined using a helium pycnometer to obtain the volume of the specimen. The samples 
were each purged for a period of 30 minutes prior to the determination of the volume. After the determination 
of the absolute density, the material was transferred to the Mercury Intrusion Porosimeter, for the assessment 
of the Total Porosity under low- and high-pressure intrusion. Various characteristics of the UHDC were 
determined including the pore size distribution and the pore volume of the UHDC, but the MIP Total Porosity is 
reported in this report. 

5.1.2.2. Direct durability indicators 

Capillary Suction test 

The Capillary Sorption test was conducted on cylindrical samples of 100mm diameter and a height of 50mm, 
with a contact area of circa 0.00786m2. The samples were cured in accordance to EN 13057:2002 Annex A. After 
the required curing period, the samples were dried in an oven at 40 ± 2 °C until constant weight was achieved, 
with a weight change not greater than 0,2 % in 2 h. In this manner the specimens were brought to a low and 
even moisture level. The samples and the specimens were then conditioned for 24 h under the dry conditions 
defined in annex A of EN 13057:2002. This water level was maintained constant throughout the test with the 
depth of immersion of the specimen being (2 ± 1) mm on the sides of the specimen. The container was covered 
to avoid evaporation of water from the specimen. The mass of specimen was recorded at regular 10 min intervals 
initially and then at intervals not longer than 2 hours. The sample mass was recorded for a period of 5 days. The 
absorption was plotted with the square root of time. The water uptake per unit area (i) was calculated for each 
time increment from the absorbed weight of water (kg) divided by the surface area of the test face of the 
specimen (m2). The water uptake per unit area (i) was plotted against the square root of the time of immersion 
(h) and the gradient of the resulting line was determined as the sorption coefficient. It is expressed as 
(kg/(m2.h0,5)) but reproduced as kg/(m2. min0,5) for purposes of comparison in this document. 
 

Chloride Penetration tests 

 The ASTM C1202 Standard Test Method for Electrical Indication of Concrete's Ability to Resist Chloride Ion 

Penetration) 

This test according to ASTM C1202 is based on the measurement of current passing across a specimen during 6 
hours testing period expressed as the Coulombs value. This value is an indirect measurement of Chloride 
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penetration. The test duration is 6 hours and it can therefore be considered a rapid test. Indirect methods based 
on the principle of electrical resistivity including ASTM C1202 should be used with caution since the concrete 
resistivity is directly related to pore volume and ion composition in the solution within pores. The specimens for 
this test were 100 mm diameter cylinders which were cut to a 50 mm height and had the lateral surface coated 
with epoxy resin to avoid the escape of water or chloride solutions from the side. These specimens were first 
conditioned, placed in a vacuum desiccator for three hours at which point, deaerated water was introduced until 
total submersion of the specimens was achieved. The pump was kept for an additional hour and switched off. 
The specimens were left in this state for eighteen hours prior to testing. The samples were subsequently placed 
between perspex blocks intended to contain the anolyte and catholyte solutions, one on either side of each 
specimen, allowing a full surface contact. A potential difference of 60 V was then applied across the specimens 
and the value for current was read regularly every 30 minutes for a period of 6 hours. The charge at a specific 
time (t), could be determined by integrating the area under a Current vs. Time graph. The total charge passed is 
computed with the following equation: 

𝑄 = 900(𝐼0 + 2𝐼30 + 2𝐼60 + ⋯ + 2𝐼300 + 𝐼330 + 𝐼360)  

Where, Q = charge passed, coulombs, I0 = current immediately after voltage is applied, ampere, and It = current at t 

min after voltage is applied, ampere. 

 
 Chloride Migration (NT BUILD 492 Chloride Migration Coefficient from Non-steady-state Migration 

Experiments) 

The chloride migration was determined with reference to the method presented in NT BUILD 492 Chloride 
Migration Coefficient from Non-steady-state Migration Experiments). The samples were conditioned as 
specified under vacuum for three hours and with the vacuum pump still running, the container was filled with a saturated 

Ca(OH)2 solution. The vacuum pump was kept running for a further hour and then the samples were kept in the 
solution for a further 18 hours. The specimen was fitted in the rubber sleeves and then in the experimental setup 
with the Catholyte and Anolyte. The experiment started by first setting 30V, and the determination of the 
current in mA, on the basis of which the voltage was set for a 24-hour period. At the end of the test period the 
specimens were split open using a compressive strength machine in view of the presence of fibres. The chloride 
penetrating front was determined using a 0.1M silver nitrate solution. The non-steady state Chloride Migration 
coefficient was determined (DClnssm), in m2/s as specified in NT BUILD 492.  

 

5.1.3. Relevant results and discussion 

5.1.3.1. Indirect durability indicators  
 

Vacuum Saturation Porosity 

The vacuum saturation porosity was carried out after 7 days ageing of specimen and is presented in Table 5.3. 
Considering the early stage, the vacuum saturation porosity was noted to be relatively low. The water absorption 
of the specimen was also noted to be low in general for all mixes considered. There is a trend towards lower 
porosity for mixes with Crystalline Admixture XSMA-CA and Crystalline Admixture and Alumina nanofibers 
XSMA-CA+0.25ANF.  
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Table 5.3 Vacuum saturation porosity results of XSMA mixes with Crystalline admixture and CNC or 
ANF nano Additives. 

 

MIP results 

The MIP results are reported in the Table 5.4. The true density, which was determined on the basis of the volume 
of sample obtained using the helium pycnometer and the sample weight, are also reported. The assessment of 
porosity was determined on 7day age samples. The assessment is very sensitive to the sample preparation and 
moisture pre-conditioning and drying before the test and the sample characteristics in view of the small size of 
samples used for the determination of the Total Porosity. However, the higher values are indicative of the age 
of samples tested in the early stage (7 days), yet with trends indicating a generally low MIP total porosity. The 
total porosity is particularly lower in the case of mixes with crystalline admixture and with Nano additive ANF 
(CA+0.25ANF and CA+0.5ANF). 

 

Table 5.4 Average Absolute Density and MIP total Porosity 
Mix type Mix 2 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 

Characteristics XSMA 
XSMA-

CA 
XSMA-

CA+0.25ANF 
XSMA-

CA+0.5ANF 

XSMA-
CA+0.75 

ANF 

XSMA-
CA+CNF 

XSMA-
CA+CNC 

Average Absolute 
Density ρab 

g/cm3 2.459 2.31 2.47 2.27 2.243 2.246 2.21 

Total Porosity (MIP) % 3.8 9.86 5.24 5.66 9.83 9.06 9.03 

 
It is noted that the mixes with Crystalline admixture and those with crystalline admixture and higher dosage of 
NAF [XSMA-CA+0.75 ANF], and Crystalline admixture (CA) and Nano cellulose (CNC)[XSMA-CA+CNF] and [XSMA-
CA+CNC] for which a higher porosity is reported, also had a slightly lower workability and lower flow properties 
in the fresh state, as reported in D4.2. This may explain the increase in porosity obtained for these mixes. The 
Total Porosity of the Reference mix is relatively lower, at this early stage. 

 

5.1.3.2. Direct durability indicators 

Capillary Sorption test 

In general the capillary sorption test indicated a strong dependence on the pre-conditioning of the samples 
before the test. Therefore the sample conditioning was considered as a fundamental parameter throughout. 
The pre-conditioning of the samples was based on the method presented in EN 13057:2002 and in the Annex of 
the same Standard. The test was conducted at 28 days. The water uptake per unit area was plotted against the 
square root of the time of immersion (h) and the gradient of the resulting line was determined  as the sorption 
coefficient. It is expressed as (kg/(m2.min0,5)) and presented in the table 5.5. The capillary suction test was 
conducted on the samples before reaching saturation point and the Capillary suction was determined as the 
gradient of the i vs. square root of time graph. A low Capillary Sorption was noted for all samples (table 5.5). All 
XSMA UHDC mixes indicated a trend with lower sorption in general. Though the mixes with Crystalline Admixture 
(CA) and Nano-addtivie (NAF) indicated a decreasing Capillary sorption coefficient with higher nano additive 

2% Fibres Days  Mix 2 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 

Water absorption 7 % 3.35 2.62 3.02 4.16 2.84 4.13 3.53 

Density 7 kg/m3 2312 2300 2300 2320 2364 2334 2321 

Porosity (Vacuum 
Saturation) 

7 % 7.39 5.88 6.76 9.26 6.53 9.27 9.10 
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content (XSMA-CA+0.75 ANF: 3.78E-03 kg/(m2.min0,5), in general the sorption coefficients determined for the 
UHDC mixes are low. The Capillary Sorption coefficient of the Reference mix is relatively lower, at this stage.           

 

Table 5.5 Capillary Sorption Coefficient determined at 28 days, expressed in kgm2min0.5 

XSMA XSMA-CA 
XSMA-

CA+0.25ANF 
XSMA-

CA+0.5ANF 
XSMA-

CA+0.75 ANF 
XSMA-

CA+CNF 
XSMA-

CA+CNC 

kg m-2 min-0.5 

3.89E-03 3.53E-03 4.01E-03 4.92E-03 3.78E-03 4.77E-03 3.90E-03 

 

Chloride Penetration tests 

 The ASTM C1202 Standard Test Method for Electrical Indication of Concrete's Ability to Resist Chloride Ion 

Penetration) 

The chloride ion penetration was carried out on all mixes with 2% fibres. The tests were started at 7 days of 
ageing and completed during the following period, first with conditioning of samples and preparation of 
saturated samples under vacuum as indicated in the standard and then using the ASTM C1202 test cell setup. 
The current (mA) and the temperature of both cells including NaOH and NaCl were monitored throughout the 
tests (Figure 5.1 a&b). The low temperatures recorded for all mixes indicate a high-quality concrete. In addition, 
all UHDC samples with crystalline admixture and nano additives all showed an improved performance with a 
consistently low current and resulted in evaluated low charge in coulombs. The ASTM C1202 standard indicates 
that a value of charge in coulombs between 100 and 1000 reflects a “very low” chloride ion penetration (Figure 
5.2). The lowest values were reported for the mixtures with nano additive, that is both the mixes with nano 
alumina and mixes with nano cellulose, having results lower than 650 Coulombs; XSMA-CA+0.75ANF, XSMA-CA+CNF 

and XSMA-CA+CNC. It's to be noted that the test was conducted for samples at 7 days and therefore, with expected 
improved performance with ageing time.  

 

 

Figure 5.1 Chloride Ion Penetration (ASTM C1202) for all mixes (a) Current vs. Time and (b) 
Temperature vs. Time 
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Figure 5.2 (a) Chloride ion penetration Charge (Coulombs), (b) table showing the values, and (c) Setup 

Furthermore, the Chloride non-steady state migration coefficient DClnssm (NT BUILD 692) was estimated on the 
basis of the results obtained for the ASTM C1202, with reference to the table 5.6 for concrete quality, as 
indicated in [RILEM TC 230-PSC, 2016]. The non-steady state chloride migration coefficient estimated obtained 
at 7 days indicated a high resistance to chloride ion penetration (table 5.7). Furthermore, a marginally improved 
performance for mixes with crystalline admixtures and Nano Cellulose, to Chloride ion penetration is noted at 7 
days. A lower performance is recorded in the early stage for the mix with crystalline admixture. 
 

Table 5.6 Criteria for concrete quality based on Cl Penetration Resistance [RILEM TC 230-PSC, 2016) 
Nord Test 492 

Migration 
Coefficient 

ASTM C1202 
Charge 

Concrete 
Quality 

m2/s Coulombs  

<2 x 10-12 <100 Very Good 

<2 - 8 x 10-12 100-1000 Good 

<8 - 16 x 10-12 1000-2000 Normal 

>16 x 10-12 2000-4000 Poor 

 >4000 Very Poor 

 

Table 5.7 Non-steady state Chloride Migration coefficient estimated from ASTM C1202 (7days) 

  
  

Mix 2 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 

XSMA 
XSMA-
CA 

XSMA-
CA+0.25 
ANF 

XSMA-
CA+0.5A
NF 

XSMA-
CA+0.75
ANF 

XSMA-
CA+CN
F 

XSMA-
CA+CNC 

ASTM C1202 (7d) 835 1328 635 648 515 447 484 

NT Build 492 Dnssm  
Est. from ASTM C1202 (7d) 

7x10-12 1x10-11 5x10-12 5x10-12 4x10-12 3x10-12 3x10-12 

 

 Chloride penetration from (NT BUILD 492 and Non-steady-state Migration Cl coefficient 

The Chloride Migration NT BUILD 492 test for the determination of the non-steady state chloride migration 
coefficient was conducted on samples at 28 days, figure 5.3. The samples indicated a very low current when the 
voltage was set initially at 30V, indicating a high performance material. Furthermore, the chloride ion 
penetration front measured, determined through the 0.1M Silver Nitrate indicator on the split halves of the 
samples, indicated a very low penetration of chloride ions during the test. This resulted in low values of chloride 
ion penetration for all mixes and therefore a consistent trend towards a low non-steady state chloride migration 
coefficient as reported in the table 5.8 for all mixes. A slightly lower performance was noted for the mix with 
crystalline admixture. The marginally improved performance for mixes with Crystalline admixture and Nano 
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Cellulose is noted again in this test at 28 days, as was reported through the ASTM C1202 (and Estimated Dnssm) 
at 7 days. 

 

Table 5.8 Non-steady state Chloride Migration coefficient NT BUILD 492 (28 days) 

 
 

Mix 2 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 

XSMA 
XSMA-

CA 

XSMA-
CA+0.25 

ANF 

XSMA-
CA+0.5ANF 

XSMA-
CA+0.75ANF 

XSMA-
CA+CNF 

XSMA-
CA+CNC 

Dnssm (x10⁻¹²) m²/s 0.60 1.03 0.68 0.73 0.99 0.47 0.57 

 

 
 

  

Figure 5.3 Non-Steady State Chloride migration coefficient test setup, Sample for XSMA-CA indicating 
Chloride penetration front at the bottom, following the application of 0.1M silver nitrate. 

 

5.1.4. Conclusions for durability performance 
 

5.1.4.1. Direct Durability Indicators  
 

The direct durability indicators refer to the capillary suction of water and the chloride transport properties 

determined to assess the durability performance of UHDC with and without crystalline admixtures and nano- 

additives.  

The results for capillary suction are in general close and indicate similar range of values between the mixes 

suggesting a small impact, if any, of the nano-additions on the concrete since the results are similar to the 

reference mix without crystalline admixtures and nano additives. The chloride migration indicates a trend with 

improved performance for mixes with nano additions at a relatively early age (7 day and 28 day) in the un-

cracked stage and in normal environments. Slightly lower performance is demonstrated for mixes with 

Crystalline admixture only, in the early stage. 

 

5.1.4.2. Indirect Durability Indicators  

The measurements of vacuum saturation porosity at early stage confirm a slightly higher porosity of mixtures 
with nano-additives. This is expected to change with ageing of specimen when the porosity properties are 
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expected to improve. With reference to the indirect indicators, the total porosity determined is higher for mixes 
with nano additions when compared to the reference mix without nano-additives. Slightly higher porosity also 
relates to slightly lower flow characteristics in the fresh state for some mixes. However, the porosity is reported 
at 7 days and is expected to decrease with concrete ageing. 

The testing conducted on the XSMA UHDC reference and the mixes with crystalline admixture and nano 
additivies shows a relatively good performance of the reference mix and at time lower performance of mixes 
with crystalline admixture and nano-additives in non-aggressive environments. The materials with crystalline 
admixtures and nano-additives would be expected to perform better with time and ageing and also when 
exposed to real aggressive environments.  
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5.2. Textile reinforced concrete by BGU 

5.2.1. Scenario aggressiveness: requirements and main parameters for 
durability evaluation 

Textile reinforced concrete (TRC) is a composite material made of fine-grained cement-based matrix reinforced 
by textile fabrics. TRC can significantly improve the durability of retrofitted concrete structures by providing a 
protective layer on the existing concrete as is the case of the water tower scenario in the current ReSHEALience 
project. This is by developing multiple micro-crack upon tensile loading with fairly small individual crack opening 
widths, where each single crack is open just few tens microns compared to only few much wider cracks when 
TRC is not used. Thus, the TRC protective layer reduces the permeability of aggressive ions into the repaired 
steel reinforced concrete at the cracked stage. Since TRC is new and unique material, durability standards are 
not available at the moment. However, as the TRC contribution is mainly at a cracked stage, it is common to 
measure TRC durability by its mechanical performance during loading (tensile/bending) after exposure to 
aggressive conditions as compared to non-exposed TRC. Further, textile-matrix bonding is an essential for the 
TRC durability, and has been also assessed upon exposure to aggressive conditions.  

In the retrofitting scenario of the water tower (pilot 6), the textile is made of carbon, insensitive to corrosion, 
and the matrix is a plaster type being spread on the surface of the existing water tower concrete. As such, this 
mixture has very limited casting ability. This type of technology was chosen (plastering) as the tower is severely 
damaged and any other type of application may have affected in a non-controllable way its damaged state.  

Based on the above and the special application of TRC in this scenario (as a protective layer only) it was decided 
to evaluate the durability at the cracked stage by monitoring its behaviour during tensile tests prior and after 
exposure to aggressive XS conditions (followed the Mediterranean scenario in Malta).  In addition, bonding 
strength measurements (by pull off) and microstructure characterization at the textile fabric - concrete interface 
after XS exposure were carried out.  

The durability of the TR-UHDC was carried out on: (i) plain textile fabric (without cementitious matrix); (ii) the 
matrix itself (mixture without textile); and (iii) the entire textile reinforced composite (TR-UHDC) elements 
(concrete + fabric) (See Table 5.9). The matrix as well as the TR-UHDC specimens were subjected to saturated 
sodium chloride solution: continuously or subjected to 24h wet/dry cycles. Such aggressive XS condition and 
cycles of hot and dry climate is meant to simulate the environmental conditions experienced by the water 
reservoir tower in Malta. The plain fabric was exposed to saturated sodium chloride solution continuously and 
compared to a virgin fabric (as received). Several porosity tests and chemical characterizations were done on 
the UHDC matrix itself (without textile) with and without the addition of the nano additives, to evaluate nano 
materials influences, but also to be compared with the mixtures that were developed for the other scenarios of 
this project. The carbon-based textile alone coated with polymer was subjected to sodium chloride solution to 
evaluate its durability. TRC behavior under XS exposure during time are going to continuous to allow longer time 
evaluation of the durability as well as to evaluate the self-healing ability of the cracked TRC components. 

Table 5.9 Tests types and XS conditions for durability characterization of the plain fabric (without 
concrete) matrix (concrete mixtures alone without textile) and TR-UHDC (textile reinforced composite 

element). 

Durability 
indicator type 

Test type and conditions Partner/test type Plain fabric Matrix TR-UHDC 

Indirect 

Porosity CSIC/MIP ---  --- 

Microstructure BGU --- 
 

TGA/SEM-EDX 
 

SEM-EDX 
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5.2.1.1. Description of concrete components under evaluation 

For the TR-UHDC, three types of mixtures were studied based on the results obtained in WP4: 1) reference 
without any additives (REF), 2) mixture with crystalline additive (CA) supplied by Penetron Italia, and 3) mixture 
with crystalline additive and nanoalumina fibers (CA+ANF), the latter supplied by ANF. Material compositions of 
these mixtures are presented in Table 5.10. These mixtures were studied alone (without textile) as well as part 
of a TR-UHDC composite (with textile). For the TR-UHDC, samples were prepared from each mixture type; each 
sample contains one layer of epoxy impregnated carbon fabric located in the center, each fabric layer contains 
three reinforcing yarns along the loading direction. The dimensions of each TR-UHDC specimen are: length 300 
mm, width 25 to 30 mm and thickness 9.5 to 11 mm. 

 

Table 5.10 Composition of the investigated UHDC mixes exposed to XS conditions for the TR-UHDC 
component 

Components REF CA CA+ANF 

Cement CEM I 52.5 [kg/m3]* 1040 1040 1040 

Water [kg/m3] 325 325 325 

Sand (0.6-1.2 mm) [kg/m3] 1040 1040 1040 

Silica fume (Elkem 920) 300 300 300 

Superplasticizer (ENT 11) [L/m3] 26 26 26 

Superplasticizer [% by cement mass] 2.5 2.5 2.5 

Crystalline admixture [% by cement mass] --- 0.8 0.8 

Alumina nanofibres [% by cement mass] --- --- 0.75 

w/c 0.31 0.31 0.31 

w/b 0.24 0.24 0.24 

*obtained from Nesher Israel Cement Enterprises, Chemical composition of cement measured from XRF analysis: 
CaO- 67.75%, SiO2- 15.57%, SO3- 4.94%, Fe2O3- 4.81%, Al2O3- 4.38%, K2O - 0.63%, MgO- 0.58%, TiO2- 0.48%, P2O5- 
0.30%, Na2O- 0.15% and Others- 0.41%.  

Direct 

Capillary suction BGU/ UNE 83982 ---  --- 

Reference (not exposed to any 
specific conditions) 

BGU 
 

Tensile 
--- --- 

Immersion in tap water for 
28d 

BGU --- 
 

Compression 
 

Tensile 

Continuously immersion in 
NaCl solution for 21d (after 7 

d in tap water) 
BGU 

 
Tensile 

 
Compression 

 
Tensile 

Immersion in NaCl solution, 
24h Wet/Dry cycles, for 21d 

(after 7 d in tap water) 
BGU --- 

 
Compression 

 
Tensile 
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5.2.2. Experimental tests description 

5.2.2.1. Indirect durability indicators 

MIP test method 

Mercury Intrusion Porosimetry (MIP) tests were conducted using Micrometrics Autopore IV 9500 porosimeter 
(at CSIC). MIP gives information about the pore size distribution and pore volume of the concretes.  

TGA test method 

TGA analysis was performed with TGA-TA instrument (Q500, New Castle, DE, USA) to determine the 
decomposition of the different mineral phases of the samples at age of 14 days (at age of mechanical testing). 
The measurements were carried out in the temperature range of RT–1000 °C at a heating rate of 10 °C/min in a 
N2 atmosphere. 

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX) 

A Scanning Electron Microscope (SEM, FEI Quanta 200) in BSE (Backs Scattering Electron) mode was used for 
examining the microstructure of the three matrices. The BSE imaging and EDX analysis carried out at 20 KV 
acceleration voltage. The SEM examination was performed on specimen cross-sections polished with SiC lapping 

films of 30 m, 15 m, 9 m, 5 m, 3 m and 1 m and then cleaned in an ultrasonic bath for 2 min to remove 
all remnants of the polishing. Then were coated with gold as they have poor conductivity. Chemical analysis was 
performed by EDX. 

5.2.2.2. Direct durability indicators 

Capillary suction test method 

Capillary suction test was conducted according to UNE 83982. The specimens were placed on a supporting basis 
inside a container. The water was introduced while avoiding its contact with the specimen surface until the sheet 
water reached 5±1mm measured on the lateral face of the specimen. The level was maintained constant during 
the test, adding water if needed, and the container was hermetically covered in order to avoid the evaporation 
through the specimen faces. The specimen mass was recorded every 5min, 10min, 15min, 30min, 1h, 2h, 3h, 4h, 
6h, 24h, 48h, 72h, 96h, etc. (a variation of 10% is allowed) until saturation was reached. 

Compression tests  

Compressive strength (ASTM C109) was measured on 50  50  50 mm3 cube specimens, of the three different 
matrices exposed to the different chloride conditions described above (Table 5.9). 

Tensile tests 

The tensile behaviour of the TR-UHDC specimens was tested under a uniaxial tensile load by using an Instron 
machine (Figure 5.4) with a 100 KN load-cell capacity at a displacement rate of 0.5 mm/min (Zamir et al., 2019). 
Load displacement curves were recorded during the testing, and a stress-strain curve was calculated for each 
specimen. The displacement of the machine cross head was measured, and the strains were derived from this 
measurement. The stress was calculated by dividing the measured axial force by the cross-sectional area of the 
active reinforcement, i.e., the cross-section of the continuous yarns along the load direction. 
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Figure 5.4 Setup for tensile testing of the TRC specimens: (a) entire set up with the camera, (b&c) 

gripping approach. 

Pull off test  

Pull off tests according to ASTM D7234 were performed to determine the bond strength between concrete 
matrix and fabric, where higher pull off strength indicates higher bonding. The pull off test was conducted on 
epoxy coated textile fabric exposed to ambient condition (air) and 3 M NaCl solution (3M Cl), to determine 
whether the exposure to chloride influences the adhesion between the fabric and the matrix, a critical 
parameter in long term performance of TRC. 

 

5.2.3. Relevant results and discussion 

5.2.3.1. Indirect durability indicators  

MIP results  

The pore size distribution of TRC matrices for the XS Mediterranean aerial, in Figure 5.5, reveals that only one 
peak is detected for all mixturess with and without additives (Figure 5.5a). The region of pores moves from 0.04 
to 0.01 µm. This peak is more prominent in the concretes with the additives, suggesting more pores. This is 
confirmed in the cumulative curves (Figure 5.5b) and with the total porosity (Figure 5.5c). Certain increase in 
the porosity is detected with the incorporation of CA and further with CA+ANF.  

 
Figure 5.5 Pore distribution: (a) Pore size distribution, (b) cumulative pore size(c) total porosity. 

Note that additives addition leads to greater fresh mixture viscosity, which in turn can increase the porosity. 
Further, the mixtures studied here are of plaster type as required for the TRC application, i.e., relatively stiff with 
low workability, which in generally tend to increase porosity when using the conventional casting process as was 
done for the matrix specimens studied here.    
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TGA results 

The TGA results (Figures 5.6) of portlandite content at 14 days curing revealed three main decomposition steps. 
The first weight loss step was due to the evaporation of water in the capillary pores and interlayers in the cement 
or of adsorbed water (T<300°C) as well as decomposition of sulphate phases in cement. The second weight loss 

step (T=400-500°C) was due to the dehydration of the portlandite (Ca(OH)2  CaO + H2O). The third weight loss 

step (T=600-800°C) was due to the de-carbonation of the calcium carbonate (CaCO3  CaO + CO2). 

 
Figure 5.6 TGA results of three different cement-based composites. (a) weight loss and (b) DTG, both 
vs. temperature. 

The weight loss steps corresponding to various phases of the samples are listed in Table 5.11. All the composites 
exhibit similar amount of calcium hydroxide and calcium carbonate phases (1% and ~2%, respectively). The TGA 
experiments revealed different water evaporation behavior (at 100-300 °C) of the different concrete mixtures. 
The REF composite showed a higher evaporated water content compared to those prepared with the additives 
such as CA and CA + ANF, 1.28% compared to 0.96% and 0.92%, respectively. This finding suggests that Penetron 
reacts with part of the water. 

 

Table 5.11 Weight loss (w.r.t. binder weight) of the various phases for the three tested mixtures 
tested by TGA. 

Mixture type 100-300 °C 400-500 °C 600-800 °C 

REF 1.28% 0.24% 0.16% 

CA 0.96% 0.24% 0.46% 

CA+ANF 0.92% 0.24% 0.46% 

 

SEM and EDX characterization 

Microstructure of the three mix designs namely REF, CA and CA + ANF is presented in Figure 5.7. Un-hydrated 
cement particles (bright grey particles; few indicated by orange arrows) and sand aggregate (indicated by yellow 
arrows) can be observed in all three tested systems. The addition of CA (Figure.5.7b) did not show any noticeable 
change in microstructure of the matrix compared to REF one. In the CA + ANF matrix, upon addition of ANF 
(alumina nanofibers) greater amounts of pores (the black regions circled in red, (Figure. 5.7c) were observed as 
compared to the other two systems. This is in line with the MIP results discussed above, which showed also 
greater porosity for the CA+ANF mixture (see Figure 5.8). As mentioned, this can be related to the low 
workability of this system. The composition of the three matrices was determined by EDX at 30 points. The ratio 
of CaO to SiO2 and Al2O3 to SiO2 are presented in Figure 5.8a-c. The distribution of CaO, SiO2 and Al2O3 is 
homogeneous in all the concrete mixtures with and without nano additives. The calculated CaO to SiO2 ratio and 
Al2O3 to SiO2 are presented in Figure 5.8d, an increase in those ratios is observed when the CA admixture is 
added.  
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(a)                                                              (b)                                                            (c) 

Figure 5.7 SEM (in BSE mode) images of (a) REF, (b) CA, and (c) CA + ANF mixtures. Orange arrows 
indicate anhydrous cement particles, yellow arrows indicate sand aggregates, green arrows indicate 

silica fume (agglomerates), and red rings indicate pores. Scale bar– 

 (a)       (b)   

 (c)      (d)  

Figure 5.8 CaO, SiO2 and Al2O3 percentage of the three different matrices: (a) REF, (b) CA, and (c) CA + 
ANF taken by EDS at various places. (d) Average ratio of CaO to SiO2 and Al2O3 to SiO2 

5.2.3.2. Direct durability indicators 

 Capillary suction results  

The capillary suction results of the three different tested matrices, reference mixture (REF), reference mixture 
with crystalline admixture and reference mixture with Penetron crystalline admixture (CA) and Nafen alumina 
nanofibers (ANF) are presented in Figures 5.9. Similar values of the capillary suction coefficient, K, have been 
obtained for both CA and CA+ANF samples while lower capillary suction coefficient is obtained for REF sample. 
These results are in line with the SEM observations (Figure 5.7) discussed above. Higher K implies that the matrix 
absorbs more water at a given time, this can be due to the hydrophilic behaviour of the admixture in both CA 
and CA+ANF samples. It can also be noticed that CA+ANF sample reach saturation (tn) before CA sample, while 
REF reached saturation only after 6 days (Figure 5.10). This data may suggest that crystalline admixture increases 
the matrix capillary suction coefficient while alumina nanofibers decrease the saturation time. Overall, the k 

Matrix type CaO/SiO2 
ratio (error) 

Al2O3/SiO2 
ratio (error) 

REF 1.03 (0.12) 0.05 (0.005) 

CA 1.11 (0.08) 0.09 (0.01) 

CA + ANF 1.26 (0.18) 0.09 (0.02) 
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values are very small for all mixtures, indicating dense and compact matrix which is highly beneficial under sever 
environmental conditions as the case here.   

 
Figure 5.9 Capillary suction curves, mass gain vs. time and right: K values of all three tested mixtures. 

(a) (b)            

Figure 5.10 (a) K values obtained by capillary suction method of all three tested mixtures. (b) 
Summary of capillary suction results. K is the capillary suction coefficient while tn¬ is the time required 

for saturation 

Compression behavior under severe XS conditions  

Concrete mixtures without textile were tested in compression (cubes 50 x 50 x 50 mm3) after subjected to salt 
solution of NaCl, continuously and 24h wet/dry cycles (for 21d) compared to similar mixtures exposed to tap 
water (without salt) for same period. The compression strength results are presented in Table 5.12, which clearly 
shows aggressive exposure conditions hardly effect the compression properties of the three different concrete 
mixtures: In fact, the compression strengths are even slightly improved after exposure to the XS conditions, in 
both cases of continuous immersion and exposure to wet/dry cycles, as compared to the specimens exposed to 
same duration but without salt. The three concrete mixtures (without textile) with and without the additives 
exhibit high resistance to the severe XS and hot weather conditions expected at the pilot site in Malta. 

 

Table 5.12 Compression strengths of the concrete mixtures (without textile) subjected to different XS 
conditions 

Type of mixture XS Conditions Compressive Strength (MPa) STDV 

REF 

Tap water 92.2 1.7 

NaCl solution, continuously 103.6 2.2 

Dry / Wet Cycles 106.8 3.2 

CA 

Tap water 105.7 1.8 

NaCl solution, continuously  106.0 2.0 

Dry / Wet cycles 105.1 2.8 

CA + ANF  

Tap water 101.2 4.4 

NaCl solution, continuously 102.8 3.1 

Dry / Wet cycles 109.7 3.4 

 

 KPI REF CA CA+ANF 

K 

 

𝑘𝑔

𝑚2𝑚𝑖𝑛0.5 
0.01 3.8E-05 4.5E-05 4.4E-05 

Error   0.2E-05 0.2E-05 0.2E-05 

Average tn   6.0 5.3 4.9 

(a) (b) (c) 
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Tensile test results (plain carbon textile fabric without concrete) 

The epoxy impregnated plain fabric and its tensile stress-strain behavior, tested without (Ref) and with 
continuous exposure to saturated NaCl solution, are shown in Figure 5.11. No effect on fabric tensile 
performance after exposure to NaCl solution is observed, indicating good resistance to the XS environment of 
the epoxy impregnated carbon fabric.   

(a)                       (b)  
Figure 5.11 (a) The plain carbon fabrics, and (b) tensile response of plain fabric subjected to saturated 

NaCl solution and a reference fabric. 

Tensile test results (TR-UHDC: concrete + fabric) 

The tensile behavior and properties of the TR-UHDC elements exposed to the various XS conditions are 
presented in Figure 5.12 and Table 5.13. Generally, in all cases the addition of the additives (CA and ANF) 
improves the tensile properties of the TRC elements, showing the benefit of the additives from the mechanical 
point of view. From a durability point of view, the tensile properties obtained at the first crack as well as after 
the multiple cracking process are highly important especially under severe environmental conditions as the 
scenario here. The highest stress values are observed for the TR-UHDCs exposed to the NaCl solution under 
wet/dry cycles follows by those exposed continuously to NaCl solution as compared to the same exposed to tap 
water. The improved tensile performance of the TRC samples when exposed to XS environment can be 
attributed to the bond between the fabric and matrix, as no significant change was observed in the compression 
strengths of the three different mixtures exposed to the different XS conditions (see Table 5.13) as well as of the 
plain fabric (not in cement, see Figure 5.11b). When CA is used, the reaction products of the CA with cement, 
water and cement hydration products, are likely to result in better bonding between fabric and matrix when 
subjected to hot and moist environment. These findings indicate an excellent behavior of the TR-UHDC elements 
under severe XS conditions of dry wet cycles; conditions that are expected at the pilot site in Malta. Note that 
the trends obtained here may change when self-healing is considered, planned to be studied in the near future. 

 

 
                          (a)                                                           (b)                                                              (c)  

Figure 5.12 Tensile response of TRC samples subjected to the three different environmental 
conditions: (a) REF, (b) CA, and (c) CA + ANF 
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Table 5.13 Tensile properties of the TRC samples made by the three mixtures and subjected to 
different environmental conditions. 

Type of 
mixture 

XS Conditions fc first 
crack [MPa] 

fc at fc 
[‰] 

mc end of multiple 
cracking [MPa] 

mc at mc 
[MPa] 

max [MPa] 
 

max 
[‰] 

REF 

Tap water 260 (43) 
0.62 

(0.03) 
732 (92) 4.39 (0.53) 2626 (283) 

21.62 
(2.50) 

NaCl solution, 
continuously 

312 (38) 
0.92 

(0.10) 
809 (108) 5.53 (0.80) 

2598 
(47) 

23.25 
(0.59) 

Dry / Wet 
Cycles 

400 (31) 
1.27 

(0.26) 
803 (34) 5.53 (0.25) 

2365 
(72) 

19.44 
(1.35) 

CA 

Tap water 308 (37) 
0.48 

(0.09) 
867 (48) 5.41 (0.24) 2538 (160) 

22.65 
(1.93) 

NaCl solution, 
continuously 

387 (22) 
1.29 

(0.17) 
873 (159) 5.81 (1.51) 2741 (170) 

23.12 
(0.85) 

Dry / Wet cycles 470 (24) 
1.68 

(0.24) 
926 (113) 6.36 (0.84) 2878 (101) 

25.03 
(0.64) 

CA + ANF  

Tap water 309 (11) 
0.93 

(0.03) 
810 (47) 5.78 (0.42) 2627 (257) 

23.41 
(2.08) 

NaCl solution, 
continuously 

424 (43) 
1.56 

(0.16) 
858 (77) 5.86 (0.58) 2604 (199) 

22.49 
(0.47) 

Dry / Wet cycles 431 (35) 
1.37 

(0.16) 
833 (43) 6.18 (0.40) 2503 (183) 

23.43 
(0.47) 

 Values in bracket are STDV 

 

Microstructure characterization of TR-UHDC  

SEM images (Figure 5.13) along with EDX results (Table 5.14) of the TR-UHDC samples (un-cracked) indicate 
presence of NaCl crystals at the interface (Figure 5.13a at point 1) and on the surface of the fabric (removed 
from the matrix (Figure 5.13b point 3) after continuous immersion in saturated NaCl solution. For TR-UHDC 
subjected to 24h of wet and dry cycles, small crystals of NaCl are observed all over the specimen surface (Figure 
5.13c). The salt crystals within the TR-UHDC element and especially at the fabric-concrete interface may lead to 
improved bonding between fabric and concrete, and to the improved stresses at the first crack and at the end 
of the multiple cracking, which are greatly influenced by bond strength. To investigate this a pullout test was 
conducted on TRC. 

 

 
Figure 5.13 SEM images of (a) TRC at the textile-concrete interface, subjected to NaCl solution 

continuously (21d), showing crystal of NaCl at the interface(#1), (b) fabric surface removed from the 
TRC sample after exposure to salty solution continuously (21d), showing crystals of NaCl (#3) and (c) 
TRC at the bundle (fabric) – concrete interface, after exposure to 24h wet/dry cycles in NaCl solution 

(for 21d), showing small crystals of NaCl all over the specimens. 
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Table 5.14 Elements composition at various spots shown in Figure 5.13. 

 1 2 3 4 5 6 

C 30.76 42.25 25.86 80.11 69.90 59.99 

Ca 0.75 11.00 10.01 0.00 0.27 0.52 

Si 0.73 7.98 37.53 0.57 1.72 2.82 

Na 25.12 1.53 6.24 0.77 2.06 2.57 

Cl 0.39 0.88 0.00 5.93 0.89 0.68 

O 42.25 36.36 20.35 12.63 24.59 32.56 

Mg 0.00 0.00 0.00 0.00 0.56 0.85 

 

Pull off test of TRC  

Pull off test results are presented in Figure 5.14 to determine whether the exposure to chlorides deteriorates 
the bond (adhesion) between the fabric and the matrix. It is observed that the bond between fabric and concrete 
matrix does not deteriorate after exposure to the NaCl solution but rather improved significantly. The bond 
strength between the matrix and the epoxy coated fabric increased by 80% (from 1.32 to 2.38 MPa). These 
results are well correlated with the tensile test results discussed above. It can be concluded based on the pull 
off and tensile results as well as the microstructure characterization that TR-UHDC is even benefit from salt 
environment condition as in the pilot at Malta. 

 

 
Figure 5.14 Bond strength of epoxy coated textile exposed to ambient condition and 3 M NaCl 

solution (measured by Pull-off test) 

5.2.4. Conclusions for durability performance 

5.2.4.1. Direct durability indicators 

Matrix only –  In the case of capillary suction low coefficient (K) were obtained for the developed UHDC with 
and without additives (without textile) suggesting a dense enough matrix which is desirable for the severe 
environmental conditions. Note also here that the matrix used here is for plastering and not for casting thus also 
here the matrix density in reality expected to be much greater. Compression strength of all three UHDCs is hardly 
affected, even after exposure to severe chloride rich wet/dry and hot environment. This justifies that these 
concretes can be used for the XS-Mediterranean aerial pilot in Malta. 
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Textile only - The plain fabric (not in concrete) exhibits an excellent resistance to the NaCl solution, as no change 
in tensile properties was observed after exposure to saturated NaCl solution, indicating its applicability to be 
used as the reinforcement for the repair layer for the water reservoir tower. 

TRC results – the durability evaluation of the TRC (matrix + textile) was performed by tensile tests after exposure 
to XS condition. Overall, exposure of the TRC to saturated NaCl solution either continuously or to wet/dry cycles 
led to increase in tensile behavior (at the first crack and end of multiple cracking phases) as compared to a 
reference TRC exposed to conventional water tap environment, for all three mixtures; while those exposed to 
wet\dry cycles exhibit the greatest stress values. These findings are clearly showing the high durability of TRC 
under XS condition, and its benefit to be used for retrofitting layer of the water tower in Malta. The 
measurements carried out show good performance of the TRC after exposure to XS condition at short term but 
longer aging in the XS environment is of most importance as well as self-healing of the cracks (which will be done 
in T5.3).  

5.2.4.2. Indirect durability indicators 

 All three concrete mixtures (without textile) featured total porosity up to 10%, while the addition of 
crystalline additive (CA) and nano-alumina fibers (ANF) led to some increase in the porosity as indicated by 
MIP results. It should be noted that the matrix for the TRC application is a plaster type and not a casted 
type, thus stiff and with low workability which further reduced with the addition of additives. This resulted 
into difficult sample preparation, which may have led to the relatively high measured porosity. In practice 
when will be used as plaster for the TRC layer the porosity expected to be much lower. However the findings 
here are showing the negative influence on porosity by the nano additives.  

 Thermogravimetric analysis suggests that the CA reacts with part of water added to the mix. 

 Addition of CA and CA + ANF, did not affect the microstructure of the matrix. However, CaO/SiO2 and 
Al2O3/SiO2 ratios increased a little.   
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 Integrated preliminary durability evaluation for 
UHDCs 

6.1. XA-chemical attack scenario level of durability performance 
The durability performance of the UHDCs for the XA scenario and according to the exposure conditions identified 
for the pilots is based on the analyses of the performance of concretes with the nano-additions, with respect to 
the KPI proposed in D3.2. 

6.1.1. Durability performance of XA Nano-functionalized UHDCs with 
respect to KPI 

For the case of the durability characterization’ of the UHDCs for XA scenario, the values obtained for each 
indirect and direct durability indicator using standards and accelerated and short-term tests are compared with 
the most common recommended indicators and the target values (KPIs) to be reached in this project according 
to Deliverable 3.2, see Table 6.1. The analysis of the durability performance in the concrete with nano-additions 
allows determining whether there has been an improvement or worsening of the KPIs.  

 

Table 6.1 Durability performance of the UHDCs with nanoaddition sfor XA scenario respect to KP. 

Type of 
indicator 

Durability indicator 
KPI defined 

in  D3.2 
Crystalline 
admixture 

Crystalline admixture 
+ Alumina nanofibers 

Crystalline admixture  + 
Cellulose nanocrystals 

Direct 

Water capillary 
suction (kgm2/min0.5) 

0.01 
5.0 x10-4 

±0.4x10-4 

4.3 x10-4 

±0.09x10-4 

4.4 x10-4 

±0.03x10-4 

Self-healing Not defined 20% 40% 40% 

Expansion 

(%) 
≤0.05 

0.030 

±0.009 

0.035 

±0.01 

0.033 

±0.01 

DClnssm 

(m2/s) 
<1x10-12 

0.1x10-12 

±0.08x10-12 

0.9x10-12 

±0.3x10-12 

1.0x10-12 

±0.4x10-12 

Indirect 

Porosity 

(%) 
≤6 4.5 3.0 2.8 

Ca(OH)2 

(% bwc) 
<10% 1.2 1.9 2.0 

*An improvement: green, no effect: light green, low worsening: yellow, high worsening: red (loss property >25%) 

Taking into account the results on the durability of the investigated UHDC with additions: XA-CA, XA-CA+ANF, 
and XA-CA+CNC exposed to XA scenario show excellent performance related to tests carried out according to 
the requirements established in D3.2. 

According to the environment aggressiveness of the XA scenario, a series of direct durability indicators are 
chosen to evaluate the durability performance. These determined parameters indicate a very weak capillary 
suction coefficient < 0.01 kg/m2min0.5, a low percentage of expansion and a chloride migration coefficient ≤ 10-

12 m2/s for the XA-CA, XA-CA+ANF, and XA-CA+CNC concretes. Besides the self-healing capacity has been 
improved with positive evident effects from the incorporation of ANF and CNC. 



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

69 

The durability requirements of the XA-scenario with respect to the direct indicators are fulfilled. With regard to 
the indirect durability indicators, these concretes show a total porosity lower than 6%, and a portlandite content 
lower than 10%. Therefore, all of these results valid for using in the XA scenario of the cooling towers of the 
geothermal plants. 

It is important to highlight that preliminary tests for crack sealing efficiency show improvements with nano-
additives up to 50%, allowing to cover the target values. 

All the above results indicate that the XA designed concretes with the nano-additions are suitable for 
transferring to the pilot construction. 

 

6.2. XS-Mediterranean offshore level of durability performance  
The evaluation of durability performance of the UHDCs for the XS scenario and pilots located in the 
Mediterranean Sea is made based on the analysis of the performance of concretes with the nano-additives 
respect to the KPI proposed in D3.2 for un-cracked concrete state. 

6.2.1. Durability performance of Nano-functionalized XS Mediterranean 
offshore UHDCs with respect to KPI 

The durability performance of the UHDCs for XS-Mediterranean offshore scenario is evaluated from the values 
obtained for each indirect and direct durability indicator using the standards and accelerated and short-term 
tests, which are compared with the relevant indicators under analyses and the target values (KPIs) to reach in 
the project according to Deliverable 3.2. This analysis is summarized in Table 6.2.  
 

Table 6.2 Durability performance of UHDCs evaluated for XS Mediterranean offshore scenario respect 
to KPI D3.2 

 
Type of 

indicator 

Durability 
indicator 

KPI 
(D3.2) 

Crystalline 
admixture + 

Alumina nanofibers 

Crystalline admixture + 
Cellulose nanocrystals/ 

nanofibrils 

Crystalline 
admixture 

Direct 
 

Water 
capillarity 

(kgm2/min0.5) 

0.01 
1.3 x10-4 

±0.2x10-4 

1.8 x10-4 

±0.9x10-4 
--- 

DClnssm  
(m2/s) <1x10-12 

0.26x10-12 

±0.05x10-12 

0.13x10-12 

±0.02x10-12 
0.16x10-12 

Indirect 

 

Gas 
permeability 

(m2) 
<1x10-17 

0.84 x10-17 

±0.3x10-18 

1.8 x10-17 

±0.4x10-17 
--- 

MIP Porosity 
(%) 

≤6 

4.0 6.4 4.2 

Water 
porosity 

(%) 

1.9 

±0.2 

2.3 

±0.2 
--- 

Ca(OH)2 

(%wbc) <20 1.6 2.4 3.1 

* An improvement: green, no effect: light green, low worsening: yellow, high worsening: red (loss property >25%) 
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It appears that the UHDCs, designed in WP4 and distributed to WP5 to be characterized with respect to XS 
scenario, present excellent properties according to the requirements established in D3.2. 

The most remarkable is that all the concretes with the additions selected fulfil the KPIs, highlighted in green in 
the table. It is worth remarking that direct durability indicators, Capillary suction, and Cl transport are considered 
more relevant that indirect respect to durability performance expectancies.  

The direct durability indicators, chosen according to the most relevant environment aggressiveness, show a very 
weak capillary suction coefficient, < 0.01 kg/m2min0.5, and a Cl migration coefficient from non-steady state < 10-

12 m2/s. These values reveal that established durability requirements are widely met. It is also supported by the 
results obtained for the indirect indicators, where gas permeability < 10-17 m2, total porosity below the limit of 
6%, and portlandite content less than 20% have always been obtained.  

Therefore, all of these values justify that these concretes can be used in the different pilots located in the 
Mediterranean close to Valencia, along the coast and offshore. 

 

6.3. XS- Atlantic level of durability performance 
The evaluation of durability performance of the UHDCs for the XS scenario and pilots located in the Atlantic 
Ocean is made based on the analysis of the performance of concretes with the nano-additives respect to the KPI 
proposed in D3.2 for un-cracked concrete state. 

 

6.3.1. Durability performance of UHDCs Nano-functionalized with respect 
to KPI 

The durability performance of the UHDCs in this scenario was investigated in the un-cracked state. The 

Reference was a high-performance mixture containing none of the (nano-) additions. Due to its high-

performance matrix the starting point for comparison of results with additions is already on a high level and 

should be considered when comparing the results. The measurements carried out show good performance of 

the Reference mix but no significant effect when using (nano-)additions when aging in the standard 

environment. An increase of material performance by adding the (nano-)additions is expected when aging in an 

aggressive environment (which will be done in T5.3 using cracked full-scale TRC instead of uncracked matrix-

only specimens). Furthermore, the reinforcement used in this scenario is going to be carbon textiles – corrosion 

of the reinforcement is not to be feared. Most important for durability issues of textile reinforced concretes is 

the cracked state (crack openings), the bonding behavior of the matrix to the carbon textile and the likeliness of 

self-healing. These issues are investigated in the course of the project. Especially on the self-healing performance 

significant improvement when implementing (nano-)additions is expected. 
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Table 6.3 Durability performance of the UHDCs with additions evaluated in XS-Atlantic scenario 
respect to KPI D3.2 

 

Type of 
indicator 

Durability 
indicator 

KPI 

(D3.2) 

Crystalline 
admixture 

Alumina 
nanofibers 

Cellulose 
nano fibrils 

Super-
absorbent 
polymers 

Direct 

 

Water 
capillarity 

(kg/m2min0.5) 

<0.01 4.21x10-3 3.54x10-3 4.92x10-3 5.04x10-3 

DCl  

(m2/s) 
<1x10-12 1.61x10-12 1.44x10-12 1.41x10-12 1.61x10-12 

Indirect 

 

MIP Porosity 

(%) 
≤6 7.49 7.87 9.39 8.33 

* An improvement: green, no effect: light green, low worsening: yellow, high worsening: red (loss property >25%) 

 

6.4. XS-Mediterranean aerial level of durability performance  

6.4.1. XS Mediterranean aerial retrofitting UHDCs durability performance 
with respect to KPI 

The durability performance of the XS Mediterranean aerial UHDC mixes, XSMA, prepared for assessment, to be 

used for retrofitting of the columns of the water tower has been evaluated at different levels through different 

mixes having different nano-additives. The aim was to assess their durability performance, in particular the 

performance of mixes with different nano-additives since it is desirable to apply similar mixes but with different 

additives to retrofit the 12 columns of the Water Tower pilot structure in Malta and for UoM to assess the long-

term performance in WP8. The UHDC layer will surround the existing column for retrofitting purpose but also 

has to be able to protect the remaining reinforcement of the core of the concrete column guaranteeing in this 

way the long-term durability performance 

The UHDC has been developed as a self-compacting fibre reinforced concrete. Table 6.4 presents the direct and 

indirect durability indicators considered for the mixes tested for this preliminary durability assessment and 

reported now with respect to the KPI values of the UHDC according to Deliverable 3.2.  

With reference to the Direct Indicators, the Capillary suction determined at 28 days demonstrates a satisfactory 

performance for all mixes including those with crystalline admixtures and nano-additives. The Chloride migration 

tests indicate a good performance for mixes with crystalline admixture and nano-additives. This improved 

performance is further demonstrated with aging time of specimen particularly through the determination of the 

non-steady state migration coefficient. Slightly lower performance is demonstrated for mixes with Crystalline 

admixture only, in the early stages.  

The longer term performance issues are investigated further in the course of the research in Task 5.3, with 

reference also to the self-healing performance of the UHDC with crystalline admixtures and nano-additives. 



 

D5.1Verification of durability of UHDCs under XA and XS accelerated tests 

 

72 

In general, the mixes with crystalline admixtures and nano additives demonstrate an acceptable satisfactory 

performance when considering the KPIs set in Deliverable 3.2 and with respect to XS conditions in the 

Mediterranean. 

According with table 6.4 and the compliance with the KPI stablished in D3.2 for the Mediterranean aerial 

exposure conditions and requirements of the pilot structure application, it is indicated that the UHDCs designed 

for XSMA exposure fit well with the limits set, in particular for the direct durability requirements. There are 

UHDCs developed with the nano-additions that are suitable to be transferred to the Pilot Structure 

implementation. 

Table 6.4 Durability requirement for the UHDCs XS-Mediterranean aerial in Malta based on 
deliverable D 3.2  

Type of 
indicator 

Partner 
involved 

Durability 
indicator 

 
 

KPI 
(D3.2) 

 
 

XSMA-CA 

XSMA-
CA+0.

25 
ANF 

XSMA-
CA+0.5A

NF 

XSMA-
CA+0.
75ANF 

XSMA-
CA+CNF 

XSMA-
CA+CNC 

Direct 

UoM 

Capillary 
suction 
(28d) 

<0.01 3.5.10-3 4.10-3 5.10-3 4.10-3 4.7.10-3 4.10-3 

DClnssm 
(28d) 

<1x10-

12m2/s 
 

1 0.7 0.73 0.99 0.47 0.6 

Indirect 

Wt. 
Porosity 

(7d) ≤7-8 % 
 

6 6.8 9.3 6.5 9.3 9 

MIP 
Porosity 

(7d) 
9.9 5.2 5.7 9.8 9.1 9.0 

 

6.4.2. XS Mediterranean aerial Textile durability performance with 
respect to KPI 

The durability performance of the TRC elements for the XS-Mediterranean-Aerial scenario is evaluated at three 
levels matrix alone, fabric alone and TRC (fabric + matrix). It should be noted that the matrix for the TRC 
application was developed as plaster type thus having low workability and limited casting ability. Therefore, 
durability evaluation of the matrix itself, casted in the lab, has been limited and should be carefully considered. 
Table 6.4 presents the porosity and capillary suction values of the matrix alone using the standards along with 
the KPIs values of the UHDC (not of the TRC) according to Deliverable 3.2. The measurements carried out show 
good performance of capillary suction of all three matrices and porosity of the reference matrix (without nano-
additives). The nano additives lead to increase in porosity due to greater matrix viscosity during casting. 
However, most important for durability issues of TRC is the performance of the entire textile reinforced 
concretes in its cracked state (and not of the uncracked matrix only) which should take into account crack 
openings, bonding behavior between matrix and carbon textile, and the likeliness of self-healing. These issues 
are investigated in the course of the project. Especially on the self-healing performance significant improvement 
when implementing nano-additions is expected.  

The behavior of TRC at its cracked stage exposed to severe XS condition is presented in Table 6.5. An increase in 
the TRC performance when the nano additions (CA and CA+ANF) are used after ageing in an aggressive 
environment is clearly observed. An improvement of ~30% and above of TRC with the nano-additives after 
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exposure to XS condition as compared to the REF TRC subjected to same XS conditions is noticed. These first 
findings are highly encouraged from a durability point of view of TRC in XS conditions, and will further investigate 
in T5.3. 

 

Table 6.5 Durability requirement for the XS-Mediterranean aerial in Malta based on deliverable D 3.2 

Scenario Type of indicator 
Durability indicator 

KPI 

(D3.2) 

REF CA CA+ANF 

XS, Mediterranean-Aerial 

Direct 

Water capillarity 

(kg/m2min0.5) 
<0.01 3.8x10-5 3.54x10-5 4.5x10-3 

DCl  (m2/s) Not determined 

Indirect 
MIP Porosity 

(%) 
≤7-8 7.5† 9† 10† 

    † Valid for comparison only, values were obtained from casted specimen while their application is 
‘Plastering’.  Green, Dark green: no-effect, light worsening: yellow and high worsening: red 

 

Table 6.6 Durability results relative to the REF, for the XS-Mediterranean aerial in Malta, change in 
mechanical properties 

Stress ratio CA/REF Stress ratio (CA+ANF)/REF 

 
Tensile 

first crack 
Tensile end of 

multiple cracking 
Compressive  

Tensile 
first crack 

Tensile end of 
multiple cracking 

Compressive  

Tap water 1.18 1.18 1.15 1.19 1.11 1.10 

NaCl 
Cont. 

1.24 1.08 1.02 1.36 1.06 1.00 

NaCl 
Dry/wet 

1.18 1.15 0.98 1.08 1.04 1.03 

 

In general, the additives improve the resistance of the TRC (tensile) under aggressive XS environment, with the 
contribution of the CA being likely the most pronounced. 

Overall, the UHDCs and epoxy-impregnated textile both are invulnerable to XS conditions. Therefore, the 
combination of these two that is the developed TR-UHDCs are immune to XS conditions. The CA based TR-UHDC 
emerged as the best among the three UHDCs. 
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6.5. Integrated sensitivity analyses of the durability 
performance of UHDCs 

 

A sensitive analysis has been performed for final verification of durability performance of the UHDCs studied. 
The parameters used for this sensitive analyses are those used by most of the partners and classified as direct 
durability indicators that inform on the ability of a concrete to resist the transport of the aggressive. The two 
aggressive considered in this case and common for all the scenarios and UHDCs tested are: the transport of 
water by capillary suction and the transport of chlorides by migration, method suggested in the EUROCODE. The 
other parameter involved in the transport is the porosity of the concretes. These three parameters were 
selected from the beginning for durability characterization in all the scenarios. 

Figure 6.1-left, shows the case for the Cl transport.  A clear trend of decrease in Cl transport is reflected with the 
decrease in porosity of the concretes for all the cases that performed this test, except for the case XSMA-textile. 
The lowest transport and better performance is expected for the UHDCs designed for XA and XS Mediterranean 
offshore. The case of the XSMA is acceptable accordingly with the type of concrete requirements needed for the 
pilot application, consisting in the retrofitting of the water tower columns, where the UHDC has to be able to 
protect the original internal steel rebar. The XS Atlantic textile reinforced show response similar to a HPC, 
suggesting a low Cl transport, although no steel rebar have to be protected in this pilot. The XSMA textile low Cl 
transport properties, at least similar to XSMA for columns, should be demonstrated to verify the protection of 
the internal steel rebar of the water basin. 

In Figure 6.1-right, the water capillary suction show higher scatter in the results with the UHDCs probably related 
to the preconditioning of the samples before starting the test and the test time for capillary suction coefficient 
calculation. The most important information to be highlighted is: the XA and XS offshore UHDCs show low 
capillary water transport according with the low porosity of the UHDCs designed. The high capillary water 
measured in the XS Atlantic and XSMA for retrofitting is probably due to that the fact that saturated condition 
was not reached. A clear decrease of capillary water with exposure time was observed with the XA and XS 
offshore that significantly penalize the K parameter calculation. For the case of the XSMA textile, extremely low 
capillary water coefficients are determined that do not fit with the porosity of the material, even lower than the 
XA and XS offshore UHDCs designed with the lowest porosity. No explanation has been found for this fact, 
probably related to lack the preconditioning of the samples. 

 

 

Figure 6.1 Sensitive analyses of all UHDCs for Cl and capillary water transport vs. porosity 
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