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RILEM, The International Union of Laboratories and Experts in Construction Materials,
Systems and Structures, is a non profit-making, non-governmental technical association
whose vocation is to contribute to progress in the construction sciences, techniques and
industries, essentially by means of the communication it fosters between research and
practice. RILEM’s activity therefore aims at developing the knowledge of properties of
materials and performance of structures, at defining the means for their assessment in
laboratory and service conditions and at unifying measurement and testing methods used with
this objective.

RILEM was founded in 1947, and has a membership of over 900 in some 70 countries. It
forms an institutional framework for co-operation by experts to:

e optimise and harmonise test methods for measuring properties and performance of building
and civil engineering materials and structures under laboratory and service environments,

e prepare technical recommendations for testing methods,

e prepare state-of-the-art reports to identify further research needs,

e collaborate with national or international associations in realising these objectives.

RILEM members include the leading building research and testing laboratories around the
world, industrial research, manufacturing and contracting interests, as well as a significant
number of individual members from industry and universities. RILEM’s focus is on
construction materials and their use in building and civil engineering structures, covering all
phases of the building process from manufacture to use and recycling of materials.

RILEM meets these objectives through the work of its technical committees. Symposia,
workshops and seminars are organised to facilitate the exchange of information and
dissemination of knowledge. RILEM’s primary output consists of technical
recommendations. RILEM also publishes the journal Materials and Structures which
provides a further avenue for reporting the work of its committees. Many other publications,
in the form of reports, monographs, symposia and workshop proceedings are produced.
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Preface

The conference “Materials, Systems and Structures in Civil Engineering — MSSCE 2016” is
part of the RILEM week 2016, which consists of a series of parallel and consecutive
conference and doctoral course segments on different topics as well as technical and
administrative meetings in several scientific organizations. The event is hosted by the
Department of Civil Engineering at the Technical University of Denmark and the Danish
Technological Institute and it is held at the Lyngby campus of the Technical University of
Denmark 15-29 August 2016.

This volume contains the proceedings of the MSSCE 2016 conference segment on “Service
Life of Cement-Based Materials and Structures”, which is organized by COST Action
TU1404 (www.tul404.eu). This COST Action is entitled: “Towards the next generation of
standards for service life of cement-based materials and structures”, dedicated to assist
deepening knowledge regarding the service life behaviour of cement-based materials and
structures. The main purpose of this Action is to bring together relevant stakeholders
(experimental and numerical researchers, standardization offices, manufacturers, designers,
contractors, owners and authorities) in order to reflect today's state of knowledge in new
guidelines/recommendations, introduce new products and technologies to the market, and
promote international and inter-speciality exchange of new information, creating avenues for
new developments. The COST Action is basically divided in three main workgroups targeted
to this purpose:

WGTI — Testing of cement-based materials and RRT+
WG 2 — Modelling and benchmarking
WG 3 — Recommendations and products

The activities of TU1404 started in November 2014 with a kick-off meeting in Brussels.
Since then, three major meetings have taken place, as to promote networking and scientific
discussions among participants: April 2015 in Ljubljana, Slovenia; September 2015 in
Vienna, Austria; March 2016 in Zagreb, Croatia.

Also, two important instruments of the Action are now under way: the Extended Round Robin
Testing Program (RRT"), and the numerical benchmarking. The RRT" is currently involving
43 laboratories and has involved shipment of more than 100 tons of raw materials. An initial
phase of testing has been finished already, and laboratories are shifting focus to the main
experiments of this extended program. The numerical benchmarking program has also begun
and will soon interact with the RRT" program and even extend beyond it.

The present conference segment deals with a wide breadth of topics related to the service life
of concrete, comprising aspects related to the 3 Workgroups mentioned above. The
conference segment is attended by 80 presenters from university, industry and practice
representing more than 30 different countries. All contributions have been peer reviewed.
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It should be mentioned, that these proceedings do not contain all the papers that have been
submitted in the scope of COST TU1404 in MSSCE2016. Due to scheduling and organization
issues, as well as affinity with topics of other segments, some of the papers were moved. A
separate set of electronic proceedings shall be prepared to include all papers related to COST
TU1404, and will be made available in the website of the Action (www.tu1404.eu).

Miguel Azenha Ivan Gabrijel Dirk Schlicke Terje Kanstad Ole Mejlhede Jensen

August 2016, Lyngby, Denmark
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Welcome

Were you aware that a part of your daily language is likely to be in Danish? A thousand years
ago the Danish word “Vindue” came along with the Vikings to England. Several hundred
years later it reached North America, and from there — just two to three decades ago — almost
every person in the world learned to understand and pronounce this word: “Windows”, which
etymologically means “an eye to the wind”.

As a child your career as construction professional may have started with LEGO, and before
you went to bed, your mother told you the unforgettable fairytales of H.C.Andersen. You may
have grown up with the delicious taste of Lurpak butter on your bread, and though you might
find it strange that “God plays dice with the Universe”, hopefully your school teacher told you
that on this topic Einstein was flat out wrong and Niels Bohr was right. Right now you may
prefer to be sitting in the sun with a chilled Carlsberg beer in your hand, enjoying the iconic
view of the Sydney Opera House. All of it is Danish made, and many things around you at
home, if not made in Denmark, were probably brought to you by Maersk, the world’s largest
shipping company, the modern Danish Viking fleet.

Though Denmark is one of the world’s smallest countries, yet it stands — along with your
country — among the greatest. On top of a thousand years of outreach from Denmark, your
visit to the Danes is most welcome. On your approach to Copenhagen airport you had a view
to wind turbines harvesting green energy, you saw record breaking bridges, and perhaps you
got a glimpse of the island Ven where the nobleman Tycho Brahe literally speaking changed
our view of the world through perfection of astronomical observations with his naked eye. In
Copenhagen you may appreciate a walk in the fairytale amusement park 77VOLI, and in the
Copenhagen harbour you may have a rendezvous with a Little Mermaid.

Of all things in Denmark you will surely enjoy the conference and doctoral courses Materials,
Systems and Structures in Civil Engineering, MSSCE 2016 which are held in conjunction with
the 70th annual RILEM week. On this occasion RILEM celebrates its 70 years birthday and
thus maintains generations of experience. However, new activities and the in-built diversity
keep RILEM fresh and dynamic like a teenager.

The event takes place in northern Copenhagen, Lyngby, at the campus of the Technical
University of Denmark, 15-29 August 2016. MSSCE 2016 aims at extending the borders of
the RILEM week by including doctoral courses, by involving a palette of RILEM topics in the
conference and workshop activities, and by collaborating with other scientific organizations.
The insight and outlook provided by this event make it RILEM’s technical and educational
activity window.

It is a pleasure to share with you what is unique to RILEM and Denmark!

Ole Mejlhede Jensen, Technical University of Denmark
Honorary president of RILEM 2016, Chairman of MSSCE 2016
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CEMENT CONCRETES WITH ALKALI-SUSCEPTIBLE
AGGREGATES

Pavel Krivenko

(1) Kyiv National University of Construction and Architecture, Scientific Research Institute
for Binders and Materials, Ukraine

Abstract

The paper presents the results of study on the influence of metakaolin additive on volume
stability and strength characteristics of alkali activated portland cement concrete with alkali-
susceptible aggregates with basalt as example. The structure- forming processes in an
interfacial transition zone of the concrete "alkali activated portland cement — cast basalt bar"
have been studied. The results of study allowed to reveal a positive effect arising from
corrosion of the alkali- susceptible basalt bar in case of modification of the alkali- activated
portland cement by a metakaolin additive. These conclusions are supported by data on
interaction of structure forming processes in the interfacial transition zone and physico-
mechanical characteristics of the concrete made with the alkali- susceptible aggregate (cast
bar from basalt rock). A mechanism of AAR in case of alkali- susceptible aggregates in
alkali- activated portland cement concretes modified by active Al,O3; — containing additive
(metakaolin) has been described and discussed in details.

1. Introduction

The fact that aggregates for concrete containing amorphous silica in the form of opal can enter
into reaction with the alkalis (Na,O, K,0) contained in the cement was first discovered and
studied by STANTON [1]. As a result of this reaction a concrete expands in volume, cracks
appear in it and its load carrying ability declines.

The results of experimental studies held by many researchers [2—5] allowed to formulate basic

fundamentals of the mechanism of alkali- aggregate reaction (AAR):

e a cement itself, concrete additives and external aggressive environment are a source of
alkalis;
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o allowable contents of alkalis in portland cement (calculated on Na,O—equivalent (Na,O +
0.658 K,0) is restricted by a value < 0.60%. In case of blended cements this value may
reach 2%;

e the expansion process is accompanied by osmotic pressure, which is created by a viscous-
flow (plastic) gel of the alkali metal silicate formed as a result of reaction. The gel acts as
a semi-permeable membrane, through which ions of OH", K*, Na~ can penetrate in a
direction of a surface of the reaction- susceptible aggregate. First of all, the alkali metal
silicate fills in the surrounding pore space, and only after a pressure of expansion occurs;

e an important role in the above described process is played by a free Ca(OH),, present in
the cement stone, which, first of all, enhances semi-permeable properties of the
membrane, secondly, enables the formation of additional quantities of alkali as a result of
exchange reactions between Ca(OH); and alkali metal salts, which can be introduced into
the concrete within various additives (plasticizers, accelerators of hardening, anti-freeze
additives, etc.)[5];

e minimization of the expansion effect is reached through an introduction into the cement
composition of various active mineral additives of sedimentary and volcanic origin
(limestone with small amounts of amorphous silica, zeolites, perlite, tuff, pumice, etc.),
as well as of man-made origin (fuel ashes, metallurgical slags, amorphous silica, etc.).

An effect of these additives is based, first of all, on their high reactivity with regard to alkali
metal hydroxides. This promotes a homogeneous distribution of the reaction products in a
concrete, thus preventing a harmful attack of alkalis of coarse alkali-susceptible aggregate.
Secondly, pozzolana additives bind free Ca®'- ions. This results in the decrease of
Ca0/SiO,-ratio and stable binding of Na* and K* within the C-S-H-phases.

The described views on the mechanism of AAR were accepted by scientists for many years as
basic prerequisites for developing recommendations as to prevention of hazardous
consequences of this reaction and did not allow to substantiate the application of new cements
(alkali activated ash- and slag cements, geocements, geopolymers, etc.), within which the
contents of alkalis are considerably higher than those of traditional cements.

Nevertheless, known in the art are attempts to explain corrosion processes in case of alkali-
susceptible aggregates in the presence of alkalis not only from the point of view of
quantitative contents of alkalis and free Ca(OH),. So, MALEK and ROY [6] studied a role of
Al,O3, being dissolved from a feldsparthoid stone and established that with increase in
Al,03/SiO; the AAR transforms from a destructive into constructive one. Later, the results of
works reported in [7-11] showed that a possibility of formation in the interfacial transition
zone of the alkaline or mixed alkaline — alkaline earth aluminosilicate hydrates depends not
only upon aggregate type, but composition of the aluminosilicate component of the alkali
activated cement. A conclusion was drawn that by regulation of the Al,O3 -content within the
aluminosilicate component of the cement by introduction of the active Al,Os-containing
additives it became possible to prevent destructive consequences of the AAR in concretes
even with high content of alkalis in the cements under study. This may be applicable in equal
extent to the alkali activated portland cement.
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Purpose of the study were comparative tests of volume stability and to reveal specific features
of corrosion processes in case of alkali- susceptible aggregates taking place in the concretes
made from traditional portland cement and alkali activated portland cement and to study a
possibility to prevent destructive processes in concretes made from cements with the
increased contents of alkalis due to introduction into the cement composition of Al,Os-
containing additive — metakaolin.

2. Raw materials and testing technique

Used in the studies as aluminosilicate component of the alkali activated portland cement was
a strength class 42,5 ordinary portland cement. A specific surface of the portland cement was
under control with the help of a Blaine apparatus and varied within the range of
320...350 m%/kg.

In testing compressive strength, a basalt rock (fraction < 2.50 mm) was used as aggregate. A
glassy bar from cast basalt was used to simulate an interfacial transition zone and to study it.
A ratio between the cement and aggregate was taken as 1:3.

Used as alkaline activator in the cement was sodium soluble glass (SG) in a form of solution
with silicate modulus Ms=2.87 and p=1300 kg/m°.

A metakaolin was used as an active mineral additive. A quantity of the metakaolin additive in
the cement was 15% by mass. A specific surface of the metakaolin was of around 1860 m?/kg.
Chemical composition of raw materials is given in Table 1.

Table 1: Chemical composition of raw materials.
Oxide content, % by mass
©) (@) o @) © =
$8 & 2% g3
Basalt (natural rock) 50.20 14.00 6.34 0.24 8.35 6.60 0.71 2.27 0.08 0.55
cast basalt (from melt)  50.00 15.30 6.23 0.30 9.21 558 0.77 2.18 0.15 -
portland cement 2180 530 490 - 65.90 11.10 0.22 0.99 0.20

metakaolin 55.10 3540 427 - 301 092 - - 0.28 0.07

Raw material

SiO,
Fezo3

o
<

The interfacial transition zone was studied with the help of a scanning electron microscopy.
Thin sections were cut from the specimens “cement-aggregate” — 1:2 to study an interfacial
transition zone. Above, elemental distribution in the interfacial transition zone and its
microhardness were studied.

The study of hydration products in the interfacial transition zone between the alkali-
susceptible aggregate and the cement stone was done with the use of X-ray analysis. One
more model of the interfacial transition zone (the specimens containing a mix of ground basalt
powder and the cement taken in a ratio 1:1 mixed with the soluble glass) was used in the
study. Curing conditions — 360 days of continuous treatment at t= 3843 °C and RH= 100%.
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Determination of strength was done on beam specimens 25x25x255 mm (cement: aggregate=
1:2 by mass). Two days after the specimens were taken from the molds and placed for further
hardening at t = 38 °C and RH ~100% into thermostats.

Linear deformations were measured using a digital strain gauge to an accuracy of up to
0.01 mm. Basic measurement was taken 2 days after the molding immediately after the
specimens were taken from the molds. Curing conditions — the same as used in the
determination of strength.

3. Results and discussion
3.1 Volume stability and strength.
The results of changes in strength characteristics and deformations of the specimens are given

in Table 2.

Table 2: Strength and deformations of the specimens made from portland cement.

Compressive/flexural strength, MPa, Deformations: shrinkage (-)
Nos Composition after, days /expansion (+), mm/m, after, days

28 90 180 270 360 28 90 180 270 360

portland cement 72.30 74.30 74.00 75.30 73.00

L im0 730 10.30 1000 890 810 041 -018 -0.02 +0.06 +0.14
2 3°.5t2'%"3 VK 540 710 700 630 850 016 ~0.10 -006 ~0.02 +0.0
st o 8 IBTELDEBOID 020 1000 s 028 0
4 portland cement104.40 119.80 127.20 130.70 131.00 010 —008 —0.03 —0.01

+SG+MK 630 720 750 7.40 7.60 019

Remarks:
1. SG — soluble glass with Ms = 2.87 and p = 1300 kg/m®.
2. MK — metakaolin in a quantity of 15% of the total cement mass.

As is clearly seen from the results given in Table 2, values of the expansion deformation of
the specimens tend to decrease with introduction into the cement composition of active Al,O3
within the metakaolin.

It is clearly seen that with increase in quantity of active Al,Oz even with the increased
contents of Na,O in the mixtures the specimens maintained their volume stability (Table 3).

The specimens without metakaolin additive (Compositions 2 and 4) after one year of storage
have the highest values of expansion compared to those with metakaolin additive. Above, as a
result of expansion the first specimens showed a tendency to continuous decline of strength
characteristics (Compositions 1 and 3), whereas the specimens 2 and 4 showed a tendency to
constantly increase of strength characteristics.
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Table 3: Characterization of cement compositions.

Nos Cement compositions Na,O — content %, by mass Al,O3/ SiO;
1  portland cement + H,0O 0.60 0.242
2 portland cement+MK +H,0 0.51 0.366
3 portland cement + SG 1.70 0.210
4 portland cement+MK+ SG 1.61 0.325

3.2 Interfacial transition zone

The presence of active Al,O3 intensifies structure formation processes in the interfacial
transition zone “cement stone — aggregate”. This is confirmed by the results of studies of
physico-mechanical characteristics of the interfacial transition zones and visual observation of
changes in it state on the model system “cement—basalt bar”.

Microphotos of the interfacial transition zones show flow of destructive processes in case of
portland cement without metakaolin additive (Fig 1).

Figure 1. Microphotos of the interfacial transition zone of the model system “cement stone —
basalt bar”: 1 — cement stone; 2 — interfacial transition zone; 3 — basalt bar.

a — cement composition: “portland cement + water”; b — cement composition: “portland
cement + soluble glass (Ms= 2.87; p = 1300 kg/m®)”

It is clearly seen that the interfacial boundary has lost its geometry and clearness as compared
to its primary state, the edges of basalt are “eaten” (eroded), and the interfacial transition zone
is rather wide and filled with products of corrosion of whitish colour. Microcracks stretching
in the direction perpendicular to basalt aggregate and which are evidently caused by the
increasing pressure in the interfacial transition zone are clearly visualized in the body of
cement stone. The metakaolin additive somewhat changes picture for better (Fig. 2). No
microcracks are seen. The products of corrosion are present but in lower quantities and edges
of the basalt aggregate are more clear and not so heavily eroded (“eaten”) by corrosion, as in
the first case.
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Figure 2: Microphotos and elemental distribution in the interfacial transition zone of the
model system “cement stone — basalt bar”: 1 — cement stone; 2 — interfacial transition zone; 3
— basalt bar.

a — cement composition: “portland cement + metakaolin + water”; b — cement composition:
“portland cement + metakaolin + soluble glass (Ms=2.87; p = 1300 kg/m?)”

4. Structure formation processes in the interfacial transition zone.

In compliance with the data of X-ray analysis, a phase composition of the hydrated
dispersions in the interfacial transition zone of the concrete made with the cement
composition 1 (Table 2) is represented briefly (Fig. 3, Curve 2), by the following reaction
products: CgS3zH (d = 0.335; 0.284; 0.246; 0.237; 0.225; 0.180 nm), C,SH (d =0.284; 0.270;
0.246; 0.190; 0.180 nm), CsS;H (d = 0.560; 0.284; 0.184 nm), Ca(OH), (d = 0.487; 0.311;
0.261; 0.193; 0.180 nm), CaCO; (d = 0.303; 0.229; 0.210; 0.193; 0.188 nm). Weak lines of
the phase corresponding to the C,AH, type (d = 0.717; 0.376; 0.266; 0.258; 0.246 nm) were
identified. An X-ray amorphous phase of the calcium silicate gel, which can be formed in the
interfacial transition zone and to weaken it, was not identified in the X-ray pattern. However,
judging by the elemental distribution in the interfacial transition zone and with account of a
relatively high value of expansion (+0.44 mm/m), this possibility may exist and is supported
to a great extent by the increased contents of Ca and Si in the interfacial transition zone. As it
is seen from the microphotos, the interfacial transition zone is not clear, thus supporting this
assumption.

The use of the alkali activated portland cement (Table 2, Composition 3) results in changes in
the diffraction picture of the model of the interfacial transition zone (Fig. 3, Curve 5). So, the
hydration of the cements deepens, what is seen from the reduction of intensity of the initial
diffraction lines. A re-distribution of the phase formation in the direction of synthesis of the
more low-basic calcium silicate hydrates CSH(I) (d = 0.283; 0.270; 0.247; 0.179 nm),
tobermorite (d = 0.560; 0.307; 0.299; 0.283; 0.227; 0.208; 0.183 nm) types takes place. The
lines corresponding to Ca(OH), are completely absent. This allowed to make a conclusion
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about synthesis of sodium and mixed sodium- calcium aluminosilicate hydrates, what is
confirmed by the analysis of the X-ray patterns (Fig. 3). The lines corresponding to
Na;0O-Al,03-4Si0,-2H,0 (d = 0.560; 0.343; 0.293; 0.252; 0.174 nm),
2Na;0-2Ca0-5Al1,05-10Si0,-10H,0 (d = 0.654; 0.467; 0.353; 0.283; 0.270 nm) are clearly
identified in Curve 5. The expansion of the interfacial transition zone due to formation of the
above mentioned hydration products is clearly seen in the microphotos, thus, with account of
physico- mechanical characteristics, testifying about a constructive corrosion of the basalt bar
in the interfacial transition zone “cement stone — basalt bar”. Introduction of the metakaolin
additive to pure portland cement (without alkaline activation) (Table 2, Composition 2) does
not affect essentially a diffraction picture (Fig. 3, Curve 4). However, as it is clearly seen
from, a content of Ca and, hence, of the hydroxide-ions tends to decline essentially in the
interfacial transition zone, thus reducing considerably risk of flow of corrosion processes in
the interfacial transition zone associated with destructive processes.

i = 20 15 10 5

Figure 3: X-ray patterns of the interfacial transition zone of the model system “cement stone —
basalt”: 1 — initial system “portland cement + basalt”; 2 — “portland cement + basalt + water”;
3 — initial system “portland cement + metakaolin + basalt”; 4 — “portland cement +
metakaolin + basalt + water”; 5 — “portland cement + basalt + soluble glass”; 6 — “portland
cement + metakaolin + basalt + soluble glass”
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This correlates well with a sharpness of the interfacial transition zone in the microphoto
(Fig. 2a), as well as with the data given in [11], according to which the presence of active
alumina in portland cement stone reduces considerably a concentration of alkalis in its pore
space. The presence of alkalis does not exclude transformation of clay minerals of the
interfacial transition zone into more stable minerals of the zeolite type [12, 13].

The introduction of the metakaolin into the alkali activated portland cement (Table 2,
Composition 4) is found to suppress almost completely corrosion of the basalt bar. The line of
contact in the microphotos is sharp and clear (Fig. 3). Zeolite-like hydration products of the
Na,0-Al,03-4Si0,:2H,0 (d = 0.569; 0.343; 0.293; 0.251; 0.174 nm),
Na;0O-Al,03-3Si0,-2H,0  (d = 0.653; 0.587; 0.436; 0.286; 0.219 nm),
2Na,0-2Ca0-5Al1,03-10Si0,-10H,0 (d = 0.654; 0.467; 0.353; 0.285; 0.269 nm) types are
clearly identified in the X-ray patterns (Fig. 3, Curve 6), what is confirmed by the increase of
contents of Al**and Na* and decrease in the Ca** content in the interfacial transition zone.

5. Mechanism of AAR prevention in the presence of metakaolin

A mechanism of AAR in concrete is described in details in [14, 15]. The AAR in concrete
takes place in case of alkali susceptible aggregates and when concrete works in high humidity
service conditions. However, deterioration of concrete as a result of corrosion induced by
AAR takes place only in cases when quantities of alkali in concrete exceed limit values.
Alkalis can be formed both in the process of cement hydration according to the following
scheme: Na;SO4+Ca(OH),+2H,0 — CaS0,4-2H,0+2NaOH(Na*,0H"), and can be brought in
from outside (for example, by alkaline activation of portland cement):
Na,O-nSiO,-mH,0+Ca(OH),—Ca0-nSiO,-mH,0+2NaOH.

An alkali metal hydroxide enters into reaction with alkali susceptible silicon dioxide (SiO,)
with the formation of silicic acid gel, which, by adsorbing water and calcium, will create
expanding pressure, resulting in deterioration of concrete
(2NaOH+nSiO,+mH,0—Na,0-nSiO2-mH,0).

In the presence of Ca(OH),, an alkali metal silicate gel can form C-S-H- phase and this is
accompanied by further release of greater and greater quantities of alkali metal hydroxide:
Na,O-nSiO,-mH,0+Ca(OH),+ mH,0—Ca0-SiO,-mH,0O(stands for C-S-H)+2NaOH.

Some portions of alkalis are bound by C-S-H- phases; with decrease of Ca/Si ratio an ability
of C-S-H - phase to binding alkalis increases [16]. With addition of metakaolin to cement
composition an interaction mechanism will change. This can be attributed, first of all, to its
(metakaolin) ability to bind the formed gel of Na,O-nSiO,-mH,O and free alkali metal
hydroxide (NaOH) with the formation, as was shown by the studies, of alkaline
aluminosilicate hydrates: Al;03-2Si0,+2NaOH+mH,0—Na,0-Al,03-2Si0,-mH,0;
Al,03-2Si0,+ Na,0-nSiO,-mH>0— Na,O Aleg-(ﬂ"’Z)SiOz-leHgO.

Moreover, C-A-S-H- phases can be formed in a cement stone in the presence of Al,03-2SiO,.
These phases are able to bind greater quantities of alkalis compared to C-S-H- phases [17]



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Service Life of Cement-Based Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

according to the following reaction: CaO-nSiO,-mH,0+ Al;03-2Si0,+2NaOH+kSiO,— CaO
Na,0O-Al;03:-(n+2+k)SiO; (m+1)H,O (C-N-A-S-H) — phase with the formation of stable in
volume zeolite-like compounds. That is why a Al,O3/SiO, ratio can serve as additional
criterion for prediction of AAR. Above all, metakaolin additive is, similar to silica fume, a
pozzolanic additive, allowing to bind large quantities of portlandite by low basic C-S-H-
phases.

Thus, as a result of binding the corrosion products into stable phases that do not swell the
metakaolin additive can provide volume stability of the alkali activated portland cements and
concretes with alkali susceptible aggregates. A schematic representation of mechanism of
AAR and measures on its prevention is represented in Fig.4.

Na*, K*, ca® Al,03-2Si0,
@ OH" metakaolin @

RzO(RO)~mA|203-nSiOz-kHzO@
Ca0-mSiO,-nH0

@RZO-nSiOZ-mHzol
gel

SiOz-amorphous — source
of amorphous silica

cement stone

Figure 4: Reaction “alkali —susceptible silica — metakaolin”.

6. Conclusions

The results of the study suggested to show efficiency of introduction of active alumina in the
form of metakaolin into cements with the increased contents of alkali, thus allowing to
regulate structure formation processes in the interfacial transition zone “cement stone — alkali
susceptible aggregate” in the direction of formation of the alkaline or mixed alkaline-alkaline
earth aluminosilicate hydration products. Formation of the latter results in the reduction of
expansion deformations until allowable values or even completely avoiding them.
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Abstract

The paper covers results of studies on porosity, freeze/thaw resistance of alkali-activated slag
cement (AAC) concrete depending upon composition of AAC and chemical admixtures.
Freeze-thaw resistance was assessed by a number of cycles of alternate freezing/thawing in
aqueous solution of NaCl at t= - (50 = 5) °C until 5% loss of compressive strength. This
strength loss can be attributed to accumulation of deteriorations caused by cyclic volume
deformations occurred in concrete structure in the process of ice formation. With increase of
slag content in AAC from 50 to 100% and corresponding increase of alkaline component
content a volume of open capillary pores tended to decrease with formation of more quantities
of micro- and conditionally closed pores. Effect of polyethers as admixtures was greater,
whereas, effect of polyesters was “suppressed”. Change of alkaline component from sodium
carbonate to sodium silicate in AAC resulted in increase of concrete porosity. With reduction
of volume of open capillary pores the volumes of ice formed in the AAC concrete tended to
decrease, similar to stresses which could cause changes in the AAC concrete structure, thus
“spoiling” its freeze/thaw resistance.

1. Introduction

A need in alternative types of cements is explained by the fact that portland cement is
characterized by high consumption of natural resources and energy, accompanied by carbon
dioxide emissions [1].

The use of ground granulated blast furnace slag allows for not only reducing energy
consumption in cement production. Blast furnace cement has several advantages over
portland cement: high resistance in soft and sulfate waters, high heat resistance, low heat of
hydration (low heat cement) and shrinkage [2, 3]. However, concretes made from the cements
with high slag contents (blast furnace cement) are characterized by low early strength and are

11



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Service Life of Cement-Based Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

sensitive to attacks of freeze/thaw resistance, especially under exposure of de-icing salt
solutions.

One of the ways to avoid these disadvantages is to add to traditional blast furnace cement the
alkali metal compounds in order to produce alkali-activated slag cement (further, AAC) the
hydration products of which provide high strength and density of the resulted cement stone
and to minimize contents of portland cement clinker in the cements [4, 5, 6].

A key factor of physical nature which determines performance properties and durability of
concrete is its porosity. However, if strength of concrete depends on a total porosity,
freeze/thaw resistance and durability are determined chiefly by a capillary porosity. The
reason for these phenomenons is the effect of capillary pores, which is caused by dependence
of a freezing point from pore size [7].

In general, the incorporation of alkali metal compounds into the blast furnace cement shifts of
ratio between macro- and micro-porosities towards the formation of micro- and conditionally
closed pores, resulting in higher freeze/thaw resistance of concrete [8]. In this case, in order to
make concrete technology simpler, and to obtain better performance properties, the use of
plasticizers is a necessity. However, plasticizers that are traditionally used in making portland
cement concretes are not suitable for the alkali-activated cement concretes because in the
alkali-activated cement matrix they behave in a different way and an alkaline medium causes
degradation of traditional plasticizers [9, 10, 11].

The results of study held on various plasticizers in the AAC concretes are reported in [12].
These results can be explored for a choice of chemical nature of main active substance of
plasticizers to be suitable for the AAC concretes depending upon slag contents and,
accordingly, contents of alkaline component.

The purpose of this study was to reveal an impact of slag contents in the AAC on water
absorption, open capillary porosity and conditionally closed porosity of the plasticized AAC
concrete as a function of its freeze/thaw resistance.

2. Raw materials and testing techniques

The alkali activated cements varying in slag contents between 50 and 100% as per national
standard of Ukraine were used [13].

Ground granulated blast furnace slag (further, slag) and portland cement clinker (further,
clinker) were used as aluminosilicate components of the AACs, their chemical compositions
are shown in Table 1. The comparative low content of glass phase in slag (56%) was in
accordance with [13] and can be explained by high basicity modulus of slag (M}, = 1.1)
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Table 1: Chemical composition of AACs components.

Component Oxides, % by mass LOI
SiO;  ALO; Fe,O3 MnO  MgO  CaO  Na,O  SOs

clinker 2130 570 4.62 - 1.20 6590 030 0.86 0.12

slag 39.00 590 030 050 5.82 46.94 - 1.54 -

Soda ash (Na;COs) and sodium metasilicate pentahydrate (Na,SiO;-5H,O) were used as
alkaline components. In the production of the AACs under "all- in- one" technology (alkaline
components in the form of solids) it is required to use sodium lignosulfonates (further, LST)
in order to provide the required setting times and strength. In order to intensify a grinding
process and to prevent sorption of moisture from air and preserve properties of the AAC an
admixture of ethyl hydro-siloxane polymer was also used.

The AAC compositions are shown in Table 2. Fineness of the AACs (measured as specific
surface by Blaine) was 4500 cm?/g. The contents of alkali metal compounds (alkaline
activators) were taken over 100% of the aluminosilicate components in accordance with [13].
In order to change a consistency of the AAC concrete mixtures from class S1 (that of the
reference composition) to class S4 at ambient temperature of 20+2 °C, complex admixtures
(further, CA) based on LST in combination with corresponding plasticizing admixtures (taken
in quantities of 1.5% by the AAC) were used.

The plasticizing admixtures varied in nature of main active substances: 1 — surfactant based on
polyacrylate esters, Type PA (traditional superplasticizer "Dynamon SR 2”, Mapei); 2 -
surfactant based on polyethers (polyethylene glycol “PEG-400", JSC "Barva"); 3 - surfactant
based on sodium gluconate (“Mapetard SD 20007, Mapei), which is traditionally used as a
retarder.

Table 2: Compositions of the AAC.

# of composition Basic composition
1 50% slag, 50% clinker, 2% Na,COs, 1% LST
2 50% slag, 50% clinker, 3% Na,Si03-5H,0, 1% LST
3 69% slag, 31% clinker, 2,5% Na,COs;, 1% LST
4 69% slag, 31% clinker, 3,5% Na,Si03-5H,0, 1% LST
5 88% slag, 12% clinker, 3% Na,COs, 1% LST
6 100% slag, 4.7% Na,COs, 0.8% LST

In these studies in order to determine the influence of variables (cement composition and
nature of main active substance of admixtures) on capillary porosity and freeze/thaw
resistance of the AAC concrete, one cement composition was chosen. The standard
composition of the AAC concrete was taken in accordance with [14], kg/m®: cement - 350;
silica sand - 740; granite gravel: 330 (5/10) and 780 (10/20).

Water absorption and porosity of the AAC concretes were studied in accordance with

methodology of the national standard of Ukraine [15]. According to this method, the concrete
cubes (100 mm) after 28 days were dried up to a constant weight at t= 10510 °C. Then, the
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specimens were saturated with water until a constant weight would be obtained at t=20+2 °C.
The values of porosity were calculated from the values of average density and water
absorption of the concrete specimens.

Freeze/thaw resistance was studied in accordance with third test method prescribed by the
national standard of Ukraine [16]. According to this accelerated method, the concrete cubes
(100 mm) were saturated with a 5% solution of NaCl at t= 18+2 °C and after that were
subjected to freezing at t= -50 °C. Thawing was done in a 5% solution of NaCl. A class of
concrete in freeze/thaw resistance was designated as a number of alternate freezing and
thawing at which a mean compressive strength decreased by no more than 5%. The
freeze/thaw resistance of concrete was assessed by the correspondence between permissible
number of freezing-thawing cycles on the used accelerated method and on first (basic) method
prescribed in mentioned standard.

3. Research results

As a result of the study a conclusion was drawn that changes in slag contents, type and
content of alkaline component affected porosity and consequently freeze/thaw resistance of
the AAC concrete depending on the nature of main active substance of plasticizer.

The use of polyester - based CA in the AAC concretes containing 50% of slag and 2% of soda
ash (composition #1) lead to slight increase in water absorption and open capillary porosity of
the AAC concretes (Fig. 1; Fig. 2) to 3.7% and 8.8%, respectively, compared to those of the
reference composition: water absorption of 3.4% and volume of open capillary pores of 8.1%.
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Figure 1: Water absorption of the AAC concretes vs. type of surfactants as ingredient of CA
and slag contents in the AACs, % (see Table 2): a) #1, #3, #5, #6; b) #2, #4.

With increase in slag contents in the AACs up to 88% the effectiveness of modification of the
AAC concretes by this CA tended to significantly decrease and was accompanied by decline
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in properties, i.e. higher water absorption (up to 4.7%) and volume of open capillary pores (up

to 11%).
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Figure 2: Volume of open caplllary pores (I) and conditionally closed pores (IT) of the AAC
concrete vs. type of surfactant as ingredient of CA and slag contents in the AACs, % (see
Table 2): a) #1, #3.#5, #6; b) #2, #4.

Substitution of anionic part of alkaline component from carbonate to silicate resulted in the
higher values of water absorption and porosity of both reference and modified AAC
concretes. For example, when used AAC with slag content of 50% (composition #1) water
absorption and volume of open capillary pores was 3.4% and 8.1% respectively. When soda
ash was changed with sodium silicate pentahydrate (composition #2) the water absorption and
the volume of open capillary pores of concrete increased to 3.7% and 9.0% respectively.

At the same time, there was observed a general tendency to reduction of volume of the open
capillary pores of the reference AAC concretes with increase in slag contents and,
accordingly, with increase in the required alkaline component contents of the AACs (Fig. 2).
This fact can be attributed to changes taking place in pore structure towards the formation of
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micro- and conditionally closed pores which determine the formation of more dense and
impermeable concrete structure with simultaneous increase of its performance properties.

Modification of the AAC concretes by addition of polyester-based admixtures in case of the
AAC compositions #1 and #3 (50% of the slag) provided class F200 in freeze/thaw resistance
(Fig. 4), i.e. highest class for the most demanding concrete structures in unheated buildings
undergoing alternate freezing-thawing and operating at ambient temperature t = -20...-40 ° C
(exposure class XF4). However, with increase in slag contents up to 69% the efficiency of
modification by this admixture tended to decrease: the volume of capillary pores increased
(up to 9.6%) and freeze/thaw resistance declined (class F150).

Therefore efficiency of the admixture Type 1 as ingredient of CA in the AAC concretes
depends on the AAC composition. At slag contents up to 50% and with corresponding
concentration of alkaline component the CA provided changes in consistency of the AAC
concrete mixtures from S1 to S4 class with maintaining physical properties of the AAC
concretes nearly at the level of the reference composition and without decline of freeze/thaw
resistance. However, the increase in slag contents up to 88% in the AACs resulted in decrease
in efficiency of the mentioned CA: deterioration of pore structure and decline of freeze/thaw
resistance.

The use of polyethylene glycol as ingredient of CA in case of the AACs containing 88% of
slag did not significantly affect pore structure of the resulted concrete (Fig. 1, Fig. 2). Water
absorption increased from 3.1% to 3.3% and porosity from 7.4% to 7.8%, respectively, as
compared to those of the reference composition. This helped to obtain a dense structure of the
plasticized AAC. The admixture of this type as ingredient of CA with the AAC composition
#5 (88% of slag) provided class F 200 freeze/thaw resistance for the AAC concrete (Table 3).
With increase in slag contents in the AAC up to 100%, structure indexes of the AAC
concretes did not significantly change: water absorption increased from 3.0% (of the reference
composition) to 3.2%; the quantity of open capillary and conditionally closed pores increased
from 7.3% to 7.7% and from 2.4% to 2.8%, respectively. This allowed obtaining the modified
AAC concretes containing 100% of slag (composition #6) with class F200 in freeze/thaw
resistance (Table 3) due to additionally generated artificial air pore volume.

Substitution of soda ash by sodium metasilicate pentahydrate as alkaline component of the
AACs leads to the higher values of water absorption and open capillary porosity of the
modified AAC concretes. With slag contents of 50% in the AACs water absorption tended to
increase from 3.3% (composition #1) to 3.5% (composition #2); the volume of open capillary
pores tended to increase from 7.9% to 8.4%, respectively. A similar trend was observed with
the increase in slag contents in the AAC up to 69%: water absorption of the modified AAC
concrete was 3.2%, with sodium metasilicate pentahydrate in the AAC cement (composition
#4) — 3.9%, volume of open capillary pores of the modified AAC concrete was 7.7%, with
sodium metasilicate pentahydrate in the AAC (composition #4) — 9.2%.

Thus, in contrast to the polyester-based CA the effect from the polyether-based CA on

plasticizing and formation of the concrete pore space increased proportionally to the growth
in slag contents and, correspondingly, in alkaline component content in AAC.

16



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Service Life of Cement-Based Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

Application of sodium gluconate as ingredient of CA positively affected formation of pore
structure of the modified AAC concretes (Fig. 1, Fig. 2). Addition of admixture of this type to
the AAC concretes in case of the AACs with 50...69% of slag allowed obtaining values of
water absorption close to those of the reference composition. However, modification of the
AAC concretes by this admixture with simultaneous increase in slag contents up to 88% gave
a significant increase in water absorption of the AAC concretes (4.3%) compared to the
reference composition (3.1%).

A similar trend was observed for changes in porosity of the AAC concretes plasticized by
sodium gluconate as ingredient of CA. With 50% of slag in the AAC the volume of open
capillary pores in the AAC concrete was 8.1% (reference) and 7.9% with the admixture. With
increase in slag contents up to 69% the volume of these pores tended to decrease. However,
the addition of this type of admixture to the AAC concretes with 88% of slag in the AAC
deteriorated pore structure and volume of the open capillary pores increased up to 10.1%.

The sodium gluconate-based CA added to the plasticized AAC concretes provides them a
compliance with a class F200 in freeze/thaw resistance in case of the AAC with 50...69% of
the slag (Table 3). However, even with 88% of slag in the AAC the freeze/thaw resistance of
the plasticized AAC concrete tended to decrease to class F150 and loss of strength after 5
cycles of alternate freezing/thawing cycles exceeded 5%.

Table 3: Freeze/thaw resistance of the AAC concretes.
Cement  Type of admixture Loss of strength after number of Number of  Class in

composition freezing/thawing cycles cycles by freeze/thaw
(see Table 2) by third (accelerated) method, % first (basic) resistance
3 4 5 method
4] polyester 1.4 4.4 4.9* 200 F200
sodium gluconate 0.6 2.4 4.2% 200 F200
# polyester 0.9 3.1 5.0* 200 F200
sodium gluconate 1.0 2.6 4.4* 200 F200
3 polyester 1.6 4.9%* 8.1 150 F150
sodium gluconate 1.1 3.2 4.7* 200 F200
44 polyester 1.9 5.0% 9.9 150 F150
sodium gluconate 0.8 2.9 5.0% 150 F150
45 polyether 1.0 2.8 4.9* 200 F200
sodium gluconate 1.5 4.9% 7.9 150 F150
#6 polyether 0.9 2.3 4.7* 200 F200

* - permissible value

The relationship between porosity (P) and freeze/thaw resistance (F) of the plasticized AAC
concretes is shown in Fig. 3 and Fig. 4. The curves F = f(slag content) and P = f (slag content)
reflect the greater volume of open capillary pores and, respectively, decline of freeze/thaw
resistance of the modified AAC concretes.
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Freeze/thaw resistance of the modified AAC concrete (Table 3) was found to be dependent on
type of porosity. Increase in volume of the open capillary pores and respective reduction in
conditionally in volume of closed pores resulted in the lower freeze/thaw resistance (Fig. 3,
Fig. 4).
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Figure 3: Open capillary porosity (P,), conditionally closed porosity (P.) and freeze/thaw
resistance (F) of the AAC concretes plasticized by sodium gluconate vs. slag contents in the
AAC (see Table 2): a) #1, #3, #5; b) #2, #4.
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Figure 4: Open capillary porosity (P,), conditionally closed porosity (P.) and freeze/thaw
resistance (F) of the AAC concretes vs. main active substance of plasticizing admixture as
ingredient of CA and slag contents in the AAC (see Table 2): a) #1, #3; b) #5, #6.

Thus, it can be concluded about multifactor influence of AACs composition on the porosity
and, consequently, on the freeze/thaw resistance of AAC concretes.

Increase in slag content from 50% to 100% and corresponding maintenance in content of

alkaline component in AACs cause reduction of water absorption of AAC concrete. At the
same time the volume of open capillary pores decreases and thus the volume of conditionally
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closed pores in AAC concrete rises. This is due to fact that the hydrated AACs contain higher
volume of gel pores compared than portland cement [17]. Accordingly, with increase in the
content of alkaline component in AACs formation of gel with conditionally closed pores
occurs with greater speed. This phenomenon determines formation of a more dense and
impermeable structure of AAC concretes accompanied with higher freeze/thaw resistance.

In addition, it is possible to control the porosity and accordingly freeze/thaw resistance of
AAC concretes by addition of placticizing admixtures with various nature of main active
ingredient, which must be selected depending on composition of AACs. In case of the AACs
with 50...69% of slag the maximum efficiency has sodium gluconate, i.e. salt of carbonic acid
and alkali, and at 88...100% of slag in AACs the polyether as polyethylene glycol is effective.
At the same time, polyacrylate esters, which are traditionally used in concretes based on
portland cement, can be ineffective in AAC concretes due to destruction of their molecular
structure in hydration medium of AACs.

4. Conclusions

Regularities of formation of pore structure of the AAC concretes were found to depend on
slag contents and type of alkaline component of AACs. The possibility of obtaining AAC
concretes with high freeze/thaw resistance from the concrete mixes with high slumps was
shown. In general, the increase in slag contents in the AACs associated with higher contents
of the alkaline component resulted in the lower volumes of open pores and higher volumes of
conditionally closed pores. This phenomenon can be attributed to volumetric loss of ice
resulted in the higher freeze/thaw resistance of the AAC concretes. Change of anionic part of
the alkaline component from carbonate to silicate improved water absorption and porosity of
the reference and plasticized AAC concretes.

The polyester-based admixtures were found to be effective in the AACs only to some extent.
With increase in contents of slag and alkaline component the application of admixtures based
on polyethers and alkaline salts of carboxylic acids in the presence of sodium lignosulfonate
was found to result in the formation of artificial pore structure of the plasticized AAC
concretes. This phenomenon was found to create additional air space allowing water to
expand during freezing and therefore the weakening of concrete structures under cyclic
freezing and thawing was lower.
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Abstract

The formation and degradation of cementitious materials are largely controlled by the
nanostructural evolution of hydration products. Modelling such evolution across multiple
length and time scales is a great challenge. Here we present a new Kkinetic approach to
simulate the nucleation, dissolution, and aggregation of cement hydrates nanoparticles. The
approach is based on a Kinetic Monte Carlo algorithm in which the rates of the transitions are
obtained via a new coarse-graining procedure. The rates account for free energy changes due
to both mechanical interactions and chemical reactions. The methodology is able to address
the long timescale of cement formation and captures various possible mechanisms of
nucleation and growth of the hydrates. By coupling chemistry, mechanics, and long
timescales, this work is a first step towards simulating cement hydration and degradation.

1. Introduction

The hardened cement paste is the glue of concrete. It forms upon chemical reaction between
dry cement powder and water [1]. This hydration process leads to the precipitation from ionic
solution of several hydrated phases (HP). The HP progressively fills the space and induces the
liquid-to-solid transition known as setting. In ordinary cement pastes, the main HP is calcium-
silicate-hydrate (C—S—H) and at least 50% of the total hydration reaction takes place during
the first 24 hours after mixing dry cement with water. Setting typically occurs during this
stage, which is known as “early hydration” [2].

There is a considerable scientific and technological interest in controlling the early hydration
and setting of the cement paste. In the last decades, this led to a number of models and
simulation approaches whose target is to predict the early hydration based on the chemistry
and mix design proportions of the paste. These models consider length scales above the um
and use a combination of thermodynamics and chemical kinetics in order to reproduce the
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microstructural evolution of the paste [3-8]. Their results can fit well the rate of early
hydration from isothermal calorimetry experiments. These models however have the
limitation of considering the HP as homogenous domains, without information on the
underlying texture at sub/micrometre length scales (except for user-defined parameters that
sometimes are employed to mimic the anisotrpic formation of needles and foils [9]). Missing
the sub-micrometre texture is a particularly limiting for the C—S—H hydration product,
whose network of mesopores with size 1-50 nm dictates largely the macroscopic response to
humidity cycles and creep [10-14].

Simulating the formation of HP at the sub-micrometre level is a challenging task. In the last
decade, several authors have shown that aggregating nano-units of 1-10 nm lead to model
structures of the cement HP that display many of the experimentally measured structural
features and mechanical properties [15-23]. Some of these models have also attempted to
describe the process of HP formation by precipitation from solution. However, the timescale
of cement hydration is of the order of 24 hours while nanoparticle simulations are limited to
dynamic processes in the timescale of nano-to-micro seconds or, on the other extreme, to
equilibrium studies in the infinite-time limit. To overcome this limitation, the simulations to
date have either introduced constraints on the mechanisms of particle aggregation, or applied
ad-hoc nonlinear mapping between simulation steps and time [17, 19-21]. None of the
simulations to date can predict the mechanisms of HP nanoparticle formation and aggregation
directly from the chemistry of the aqueous solution.

In this work, we propose a new approach to simulate the formation of cement HP at the
mesoscale of 1-t0-500 nm. Our approach is based on Kinetic Monte Carlo (KMC) simulations
of nanoparticle insertion and deletion. The rates of insertion and deletion are calculated using
a new coarse graining scheme that considers both Classical Nucleation Theory (CNT) and
crystal growth theory. First results show that the rates can address the long timescale of
cement hydration and consider the interplay between chemical driving force and mechanical
interactions between the nanoparticles.

2. Methodology

The simulations of HP formation start with an orthogonal box that is empty except for a 30
nm thick layer that represents the surface of a cement grain (see Figure 1). The cement layer
is discretized using 10 nm spherical particles that are fixed, i.e. not displaced nor removed
during the simulations. It is implicitly assumed that the box is filled with aqueous ionic
solution, whose supersaturation £ with respect to HP formation is known.

After a certain number of KMC steps, a certain number of HP spherical particles will have
formed in the box (see Figure 1). The next KMC step computes first the rates of all possible
particle deletions and then the rates of all possible particle insertions. The insertion is tricky
because there are infinite possible positions for a new particle. In order to manage this, we
create many trial HP particles and allow them to move a bit in order to find a local minimum
of interaction energy with the other existing particles (HP and layer; no interactions between
two trial particles, because they do not exist yet; see Figure 1).
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Figure 1: (a) Layer of particles representing a cement grain surface, in red, and hydration
phase HP particles formed near it, in blue. (b) Same configuration showing also the trial
particle for KMC insertion in yellow.

The rate of particle insertion is coarse grained from the molecular scale following the classical
theories of Classical Nucleation Theory (CNT) and crystal growth [24]:

- Viox (1 (Sgcur 1 (Reare [(rAQurctAUsy )7
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0
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Details on the derivation of Eq. 1 and on the corresponding equation for the deletion rate R
are given in ref. [25] (notice that the chemical conditions considered for the simulations in
this paper will be such that the number of dissolution events will be negligible alongside their
effect on the rate, so the results that we will show will be reproducible even without
implementing a deletion step at all). In Eq. 1, C,, is the concentration of possible particle
nucleation sites in solution (e.g. the concentration of ions), Ve is the volume of the
simulation box, and M is the number of trial particles assumed as uniformly distributed in
Viox- In the curly bracket, the first term is the characteristic time to form a critical nucleus as
per CNT, while the second integral term is the time to grow the radius of the critical nucleus
by single-molecule growth reactions until reaching the wanted particle size R,q. (here
diameter = 10 nm, thus Ry, = 5 nm). Z is the Zeldovich factor, expressing the probability that
a critical nucleus will indeed start growing rather than dissolving back. AGeyr is the
difference in free energy between critical nucleus and solution. For spherical particles:

4
AGCNT = §”R131uclkBT ln(_ﬁ) + 4”R121ucly + AUnucl (2)

Ryuer 1s the radius of the critical nucleus, given by the condition dAGeyr/ dR = 0, kg is the
Boltzmann constant, 7" is the temperature in Kelvin degrees, and y is the interfacial energy
between cement HP and water. AU, is the change in total interaction energy in the system
in case the critical nucleus appears; its relationship to the nucleus size depends on the type of
interaction potential employed. Here we use a pairwise interaction potential Uj(r) that
depends only on the distance r between the particles and has been shown to capture well the
mechanical properties of cement HP at the 500 nm mesoscale [13, 18, 23]:
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U;j(r) = 4e(R®) [(Z—R)ZS - (Z—R)H} 3)

r r

&(R) is the energy strength, which is assumed to scale as the volume of the particle. A
different hypothesis on the scaling of ¢ is discussed in ref. [25], in relation to the prediction of
the rate of early cement hydration.

Going back to Equation 1, a is the linear size of a molecule of cement HP (here we assume a
=0.645 nm, thus > = 0.267 nm’, as for C—S—H [26]). ro’ is a kinetic constant (rate per unit
surface) that contains the activity coefficient of the activated complex and the standard free
energy barrier of the C—S—H formation reaction [24]. 4Q;,, and AU, are the change of
particle surface and interaction energy caused by one molecular reaction of HP product
forming on the surface of a growing nanoparticle. Each molecular reaction changes the
particle volume by @ and consequently the radius R; both 4Q;,, and AU}, therefore depend
on the current R. The rate of particle deletion can be obtained in a very similar manner as R”
and contains neither the supersaturation term S nor the sampling-related prefactor before the
curly brackets. Deletion will be considered in the simulation but the rate expression is omitted
here for brevity and because we will only consider values of beta that are sufficiently high for
deletion to be negligible.

To simulate the formation of cement HP, we consider y = 86.7 mJ/m” [26]. The interpretation
of experiments based on CNT indicates that the size of the critical nucleus in cement hydrates
is as small as one single molecule [27]. This means that the CNT term in Equation 1 is small
compared to the crystal growth term (the integral one) and we will neglect it. For cement
hydration, both C., and ro* are unknown, hence the two will be combined and treated as a
single effective parameters that is used to fit the right timescale (actually, if one decides to
identify C., with the concentration of calcium or silicon ions in solution, then literature data
could be used to set a value for it, e.g. [28]). It is important to notice that differently from the
existing simulations, the only scaling of time here is linear. This means that any nonlinearity
in the rate can only be a true reflection of the formation mechanism and is not imposed ad-
hoc.

The particles of cement hydrates that we insert during the simulations are monodisperse even
though just after insertion, a small random change of the diameter by 5% is imposed to avoid
crystallization. It is known in the cement literature that realistic details of the heterogeneities
at the sub-micrometer scale can only be captured using polydiperse nanoparticles [16, 23],
and there are experiments that suggest that anisotropic shapes of the particles are more
realistic [29]. However, spherical and monodisperse particles are sufficient to discuss the
qualitative kinetics of collective precipitation-aggregation mechanisms, as shown in the
literature [19] and in line with the objective of this work.

As a final note for this section, it is interesting to note that the coarse grained rate expression
in Equation 1 combines some terms that are related to the chemical kinetics of the process
(e.g. ro") with other terms that are related to the thermodynamics. Among the latters, there are
terms that are related to the chemistry of the system (e.g. ) and terms that are related to the
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mechanical interactions between particles (e.g. 4U;.). The proposed scheme therefore
combines chemistry and mechanics over the large timescales of chemical kinetics.

3. Results

The KMC approach presented here has been used to study the effect of the interaction
potential and initial system configuration on the mechanism of growth-by-aggregation of the
cement HP. Here we are interested only in the qualitative trends of rates as a function of time,
and how these relate to the mechanisms of precipitation that are triggered. Converting the
qualitative results into quantitative rates would require a model calibration to define the ro°
terms in Equation 1; this is left to another manuscript currently under review [21] The results
for three scenarios are shown in Figure 2:

a) very large ¢ in Equation 2, taken from ref. [ 18] where it was shown that such a large ¢
captures well the mechanics of the C—S—Hj; in this first case the interaction between
cement surface particles and cement HP particles is taken to be as strong as the
interaction between two HP particles;

b) same as the previous scenario, but this time the ¢ between cement surface and HP
particles is smaller than the that between two HP particles (25% of it to be precise)
except for a small region in the middle of the cement surface where a full 100% of the
HP-HP interaction is maintained; this small region serves as a preferential site for
nucleation of the mesoscale HP domain;

c) a 3 orders of magnitude smaller ¢, taken from atomic force microscopy experiments
[30].
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Figure 2: Results from our simulations with different initial conditions (a) strong
interactions between nanoparticles and homogeneous cement surface; (b) strong interaction
and surface with one preferential site for HP particle formation; (¢) weak interactions.
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The snapshots in Figure 2 show that the first scenario leads to a layered growth of the HP
domain, formed by aggregated nanoparticles. For this scenario we kept f constant in time and
very large, in order to avoid particle deletion. The layered growth results into a constant rate,
very different from what is expected during early hydration (see simulation and experimental
values in Figure). Notice that the size of the HP domain simulated here is in the same order as
that observed experimentally during early hydration, i.e. ~500 nm, so it makes sense to aim
for a rate curve that is similar to the one measured experimentally from calorimetry).

The second scenario, with the favourable nucleation site, gives a much better result, with a
roughly hemispherical domain growing radially. The increasing surface of the hemispherical
domain is at the origin of the acceleration in the rate curve. Indeed, in the KMC algorithm the
total rate is the sum of all particle insertion rates, and an increasing surface of the HP domain
implies that more trial nuclei can find a favourable spot that leads to a high rate. When the HP
domain crosses the periodic boundary on the cement surface, the lateral impingement causes
the rate peak, similar to the calorimetry experiments. The continuous decrease of rate after the
peak is due to the fact that, for this simulation, we took a supersaturation /5 that decreases with
time, as known for the cement solution and as quantified in ref. [31].

Finally, the third scenario with much weaker strength of the interactions causes the
mechanisms of HP formation to change from heterogeneous on the cement surface to
homogeneous in the bulk. This also leads to a rate curve that agrees qualitatively with the
experiments. In this case however the peak occurs when the space gets filled, which implies a
quantitative dependence of the area under the rate curve (number of HP particles inserted) and
the amount of water in the cement mix (viz. the size of the simulation box perpendicular to
the cement surface). Such dependence would contradict the experiments [8], but the problem
can be avoided assuming that the homogeneous nucleation is limited to a small region near
the surface of the cement grain, as proposed in ref. [20]. This constraint might indeed
originate from a gradient of supersaturation in the simulation box, sustained by a diffusive
process of the ions in solution, which move from the cement surface toward the bulk solution.
To explore this possibility, future work should couple the simulations presented here with the
type or reaction-transport simulations mentioned in the introduction of this manuscript [7,8].

4. Conclusion

We have presented a new approach to simulate the precipitation of nanoparticle of cement
hydrates from aqueous solution and their aggregation to form mesoscale domains. The
approach is based on new coarse-grained expressions for the rate of particle insertion and
deletion, which are derived from the theories of classical nucleation and crystal growth. The
rate expression involve one kinetic parameter ro  which has physical meaning but is often hard
to measure. ro* determines a linear scaling of time, which means that even if it is not
quantified, all the nonlinearities in the rate of HP formation obtained from the simulations are
still a true reflection of the predicted mesoscale mechanism only. Another important feature
of our coarse-grained rates is that they combine chemistry and the mechanical interactions
between nanoparticles, creating new opportunities to study technologically important
phenomena where chemistry and mechanics play together, e.g. crystallization pressure and
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dissolution-induced creep. Finally, simulation results show that our approach can predict
various mesoscale mechanisms of HP formation and clarify how these affect the hydration
rate. Overall, this is a first step in developing nanoscale simulations that can contribute to the
challenge of understanding and controlling the formation, setting, and chemo-mechanical
degradation of concrete.
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Abstract

Onshore reinforced concrete structures are vulnerable to deterioration due to carbonation.
Condition assessment is a vital task, which helps to determine the reliability of structural
elements over the remaining service life. This study assesses the condition of reinforced
concrete structural elements (i.e. consoles) which are 53 years into their service life. The
reinforced concrete consoles, exhibiting no visible signs of corrosion, were chosen to measure
carbonation depths. In addition, non-destructive testing method: half-cell potential
measurements were taken over the surfaces of the consoles. A full-probabilistic service life
prediction model was used to calculate the expected service life, and a comparison was made
based on the actual carbonation depth measurements.

1. Introduction

Condition assessment of the existing reinforced concrete structures is an important task in the
planning of maintenance and modification activities. Reinforcement corrosion can be
considered as one of the potential mechanisms which affect the durability of reinforced
concrete structures. There are many reasons for the corrosion of steel reinforcement, with
carbonation and chloride-induced corrosion being dominant mechanisms among them.
Therefore, it is important to choose the dominant phenomenon based on the exposure
condition of the structure. Hence, in this study, the diffusion of CO, is considered as the
dominant transport mechanism for the corrosion in steel reinforcement of residential
buildings.

Deterministic and probabilistic models have been developed for service life design, to predict
the time to initiate corrosion and the time to propagate corrosion. However, the probability
based models can help to make more realistic decisions than deterministic models. Therefore,
in this study, the full probability based model given in fib_bulletin 34 [1] is used to calculate
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the probability of corrosion initiation. In addition, there are various proactive and reactive
approaches developed for controlling the condition of reinforced concrete structures, such as
measuring carbonation depths, using non-destructive testing methods (i.e. Half-Cell Potential
(HCP) measurements), visual inspection, etc. In this, study, potential mapping has been
carried out over the surface of three consoles, and carbonation depths were measured at
selected locations. Moreover, this manuscript discusses a case study of three reinforced
concrete consoles in a residential building. In addition, it determines the probability of
corrosion initiation using the DuraCrete [2, 3] model and compares it with HCP data.
Moreover, the measured carbonation depths are compared with calculated average
carbonation depths.

2. Modelling of reinforcement corrosion due to carbonation

Carbonation is a chemical process, in which the carbon dioxide in air diffuses into the
concrete, dissolves in the pore solution, and reacts with calcium hydroxide, forming insoluble
calcium carbonate and water. This results in a reduced pH-value of the concrete, which is one
reason for initiating the corrosion of steel reinforcement. The level of damage due to the
corrosion of embedded steel in a concrete structure over time can be described using Tuutti’s
model [4]. Essentially, the model categorizes the service life of a structure into the corrosion
initiation period and the corrosion propagation period. This manuscript focuses on the
corrosion initiation phase.

Many researchers have used Fick’s second law to model the carbonation to the un-cracked
concrete, considering diffusion as the dominant transport mechanism. In this paper, the
DuraCrete [2, 3] model, derived using Fick’s second law, is adopted to include environmental
and material parameters, as given in Eq. (1).

X:(t) = \/2 w ke x ke (e * Rydeo + &) * Co x VE*W(1) (1

X, (t): carbonation depth (mm)

ke: environmental function (-)

k¢: execution parameter (-)

k: regression parameter (-)

Racc, o"': inverse effective carbonation resistance ((mm?/year)/(kg/m®))

g error term ((mm?/year)/(kg/m’))

Cs: CO; concentration of the ambient environment (kg/m?)

w(t): weather function (-), where w(t)=(to/t)", where to: time of reference (years), w: weather
exponent (-)

t: time (years)

Time to initiate corrosion (T;), when X.(t)= Xcover (cOncrete cover) is given in Eq. (2).
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X 2 1-2w
Tl —_ l cover (2)

2¢kerkex(Ke*Rydc o +€¢)*¥Coxto?™

3. Reliability concepts to model the corrosion initiation due to carbonation

The safety margin (M) or limit state function for corrosion initiation can be defined as Eq. (3),
where ‘¢’ is the exposure period, ‘X is random variables.

M=GX, =Tt 3)

Assuming that a system fails when corrosion initiation takes place, the probability of
corrosion initiation (Py) is evaluated by integrating G(X, ¢) < 0 over the failure domain,
considering the statistical distribution of each random variable. Eq. (4) shows how to estimate
’P¢’ using the joint density function fx(x;) with random variables [5].

Pr = [0 fx(eddx; = [, 1) fx(x)dx; = E[I(x)] 4

In addition, Monte Carlo simulation can be used to calculate ‘P by simulating the limit state
function for a range of sampling. In this approach, the mean value of /7 (x;) can be an estimator
for the probability of corrosion initiation as given in Eq. (5).

E[1(e)] = =i, 1(X) (5)
where I(x;) = {

1—>MSO}
0-M>0

In estimating ‘P/, it is vital to identify the basic set of random variables, of which
uncertainties have to be considered. Then, the randomness of all the variables is modelled,
recognizing the probability distributions of the variables. These probability distributions can
be defined by physical observations, statistical studies, laboratory analysis, and expert opinion
[5,6,7].

4. Case study: condition assessment of reinforced concrete consoles

4.1 Statistical quantification of random variables and prediction of corrosion initiation

Three consoles, with almost no visible corrosion damage, were chosen to be tested 53 years
into their service life. They are located on the fourth floor in a residential building in Bergen,
Norway (about 2-3 km away from sea and 50 m above sea level); one of the consoles is
shown in Figure 1. While assessing the present condition of the consoles, it is necessary to
collect existing data. The existing data includes general information about the structure,
material properties and exposure condition, documentation of former inspections/monitoring
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and documentation of former maintenance and repair. In the absence of information about the
actual cement type and water/cement ratio, cement type CEM I R and w/c 0.5 are chosen for
this analysis. The probability distributions for the random variables (R_jacc,, €, RHreal, Csatms
be, bw, Xeover) for Eq. (2) were chosen, taking into consideration the actual exposure condition,
as given in Tab. 1. Based on the exposure condition to rain, the probability of corrosion
initiation has been found for two cases: sheltered from rain and partially exposed to rain, as

shown in Figure 1.

Table 1: Statistical characteristics of variables

L\

Figure 1: Reinforced concrete Console 1 in the building

Parameter Distribution Mean Standard  Reference
deviation
R scc (107 *mm?/s/kg/m’) Normal 6.8(w/c=0.50 2.5 fib Bulletin 34[1]
and CEM I R)
& (mm?/s/kg/m’) Normal 315.5 48 fib Bulletin 34[1]
ki Normal 1.25 0.35 fib Bulletin 34[1]
{G-GRttread )\ RH, ey WBmax(w=1) 0.825 0.032 From weather
_<m) RH,er Constant 0.65 - station
f, Constant 2.5 - Jib Bulletin 34[1]
ge Constant 5.0 -
C=Cym +Csem(kg/m’) Csatm Normal 0.0008 0.0001 fib Bulletin 34[1]
Cs,em - 0
ke b, Normal -0.567 0.02 fib Bulletin 34[1]
t. (days) Constant 1 -
W(t) Exposed to rain to(years) Constant 0.0767 - fib Bulletin 34[1]
ToW Constant 0.010 -
by Normal 0.446 0.163 fib Bulletin 34[1]
Sheltered from rain ~ W(t) Constant 1
chver(mm) Normal 25 8
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Monte Carlo simulation was used to simulate the limit state function and to calculate the
probability of corrosion initiation using Egs. (4) and (5) for the statistical characteristics of
random variables given in Tab. 1. In this study, 10° simulations were performed using Matlab
software to calculate the probability of corrosion initiation. The probability of corrosion
initiation versus time (years) was plotted, as shown in Figure 2.
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Figure 2: Probability of corrosion initiation versus time

4.2 Determination of carbonation depths on-site

Initially, the location of the reinforcement was identified, and 10 holes were chiselled into the
concrete, as marked in Figure 3. The phenolphthalein test was carried out on site to measure
carbonation depths. Tab. 2 shows the mean carbonation depths measured at test locations in
each console, as indicated in Figure 3. The test locations ((a) to (j)) are chosen, about 22 cm
from the closet edge. Test locations (a) to (e) are considered as sheltered from rain, whereas
locations (f) to (j) are considered as partially exposed to rain.

B5em 110cm > : SEom 11(%cm >
T [ 22cm ;
: () @ ()
22cm !
XM @ (a) i e © @
@ b !
N J ’
NV
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(a)Front of a console (b)Back of a console
Figure 3: Sampling point of a console
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Table 2: Mean carbonation depth at locations given in Figure 2
Mean carbonation depth at locations shown in Figure 3

Sheltered from rain Partially exposed to rain
Location @ b @© @ (e) ® ©® m O O
Console 1 (mm) 7 7 6 10 7 2 4 6 7 4
Console 2 (mm) 5 7 8 5 7 3 3 4 5 4
Console 3 (mm) 6 8 10 5 7 3 5 8 6 4

4.3 Half-cell potential (HCP) mapping

Half-cell potential mapping (HCP) is a non-destructive method, which is widely used for
monitoring steel corrosion in concrete structures. However, there are no specific guidelines
available in the literature to interpret HCP measurements due to carbonation. According to
ASTM (1991) Standard [8], the results from a potential mapping process can be interpreted as
shown in Tab. 3, which is based on the findings from laboratory testing (partial immersion in
chloride solution) and outdoor exposure of various reinforced concretes structures above
ground level. The standard states that criterion given in Tab. 3 should not be utilized if
concrete is carbonated to the level of the embedded steel, unless either experience or
destructive examination of some areas, or both, suggest their applicability. Considering
measured carbonation depths (i.e. destructive examination) in Tab. 2, it can be seen that
concrete is not carbonated to the level of embedded steel. This is because the average concrete
cover to the reinforcement (25 mm) is deeper than the measured carbonated depths.
Considering that fact, Tab. 3 was used to evaluate HCP values due to carbonation. At 53
years of service life, the three consoles had 36 HCP measurements taken at 200 mm intervals
over each of their surfaces, using Cu/CuSO4 as reference electrode. Figure 4 shows the HCP
measurement over the surface of Console 2 as an example.

Table 3: Interpretation of half-cell potential values as per ASTM C876 [8]
Half-cell potential (mV) relative to percentage chance of active corrosion
Cu/CuSOy reference electrode (HCP)

<-350 >90%
-300 to -200 50%
>-200 Less than 10%

5. Comparison of calculated values with field measurements

5.1 Comparison of measured and calculated carbonation depths

Considering the mean value of each random variable in Eq. (1) and Tab. 2, the mean value of
the carbonation depths vs time have been plotted as given in Figure 4 for the area sheltered
from rain and the area partially exposed to rain. It can be seen that, at 53 years, the calculated
mean value of the carbonation depth is 18 mm for the area sheltered from rain, which is
higher than the measured average carbonation depth (X1=7 mm). For the locations in the area
which is partially exposed to rain, the calculated mean carbonation depth is 8.7 mm, which is
also higher than the measured carbonation depth (X2=4.5 mm, as shown in Figure 5).
However, both measured and calculated carbonation depths are below the mean value of
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cover thickness, which indicates that corrosion has not initiated yet, despite the building being
53 years of age.
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Figure 4: HCP measurement over Console 2
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Figure 5: Carbonation depth versus time
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5.2 Comparison of estimated probability of corrosion initiation with field investigations
Considering Tab. 3, the overall weighted probability of corrosion initiation for each console is
estimated, and the results are given in Tab. 4. According to Tab. 4, it can be seen that the steel
reinforcements in each console have overall less chance (about 10% - 19%) of corrosion
initiation. In addition, it can be seen that the area which is considered as partially exposed to
rain has 10% to 19% chance of corrosion initiation. However the area which is considered to
be sheltered from rain has10% chance of corrosion initiation. In this case, HCP mapping
gives unrealistic results. In addition, the estimated probability of corrosion initiation at the age
of 53 years, given in Figure 2, is 22.5% for the area sheltered from rain and 4% for the area
exposed to rain. The field investigated corrosion initiation probabilities are lower than those
for the area sheltered from rain and higher than those of the area with partial exposure to rain.

Table 4: Summary of HCP measurement over consoles

Frequency of occurrence of HCP value
Percentage Console 1 Console 2 Console 3
Half-cell potential chance of (a) (b) (a) (b) () (b)
(mV) (Re. Cu/CuS0O4 corrosion

reference electrode) initiation
<-300 90% 0 0 0 0 0 0
-200 to -300 50% 0 0 0 4 0 2
>-200 10% 18 18 18 14 18 16

Overall weighted probability of 10%  10%  10% 19% 10% 14 %
corrosion initiation

(Note: (a) area sheltered from rain and (b) area partially exposed to rain)

6. Discussion and conclusion

Carbonation can be considered as the dominant mechanism for the corrosion of reinforcement
in residential buildings. Hence, the carbonation depths were measured in three consoles of no
visible corrosion in a 53-year-old residential building, considering exposure to rain and
shelter from rain. It could be seen that the measured average carbonation depth at the side
sheltered from rain was 7 mm (X1) and that of the side partially exposed to rain was 4.5 mm
(X2). Considering the mean values of random variables, the calculated mean carbonation
depth is 18 mm for the side sheltered from the rain and 8.7 mm for the side partially exposed
to rain. It could be seen that the calculated mean carbonation depths are higher than the
measured carbonation depths. Moreover, painting of the surface may hinder the carbonation
process, resulting in lower measured carbonation depths than expected. Furthermore, the
probability of corrosion initiation was estimated using Monte Carlo simulation; results were
22.5% at 53 years for the area sheltered from rain. The HCP measurement at 53 years shows
that the percentage chance of corrosion initiation for the same area is 10-19%, which is lower
than the estimated probability of corrosion initiation. This implies that the estimated
probability of corrosion initiation provides a good safety margin in designing the concrete
cover.
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Abstract

In massive tunnel structures, early age cracking can lead to a loss of serviceability of the
structure due to leakage. Therefore, a realistic calculation of the temperature and stress
development caused by heat of hydration is necessary to ensure an economic design. This
paper presents an application example for the control of early age cracking in a massive
tunnel structure. Experimental investigations are carried out to characterize the
thermomechanical behaviour of the concrete at early ages. This includes the testing of the
adiabatic heat release, the development of the mechanical short term properties (compressive
strength, tensile strength and Young's modulus) and the autogenous shrinkage. The
experimental results are used to perform numerical simulations of the temperature and stress
development in the tunnel structure. In addition, the temperatures and strains in the structure
are metrologically monitored to validate the simulation results.

1. Introduction

In massive concrete structures, the temperature development caused by heat of hydration in
combination with restraint of the structure can cause cracking at early ages. To avoid cracking
or limit the crack width with reinforcement, a realistic calculation of the temperature and
stress development is needed. For such a calculation, several factors affecting the material and
the structural behaviour have to be taken into account. These factors have been studied
extensively in the last decades to improve the description of the material properties since early
ages, e.g. [1-4]. Several different modelling approaches and numerical tools for the
description of the thermo-chemo-mechanical behaviour of concrete structures have been
derived from these studies, e.g. [5-10]. Numerical models that account for all the influencing
factors provide a realistic description of the structural behaviour but are at the same time
computationally expensive and need an advanced theoretical knowledge from the user to
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produce reliable results. Therefore, in engineering practice it is more common to use
simplified modelling strategies due to their easier inclusion into the planning process.

The present paper describes the application of such a simplified modelling strategy for the
control of early age cracking in a massive tunnel structure. In the course of the extension of a
highway in Berlin, a part of this highway is built as a tunnel with four lanes in each direction.
The tunnel is constructed as cut-and-cover tunnel, where the excavation is supported with
slurry walls and an underwater concrete slab founded on piles. The cross section of the tunnel
is shown in fig. 1. The tunnel is built in independent segments with a length of 10 m. Each
segment is constructed in three stages: First, the foundation slab is cast, followed by the
middle wall. The outer walls and the top slab are cast together in the third stage.
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F iéure 1: Cross section of the tunnel structure

As the tunnel is exposed to groundwater, special attention has to be paid to the water tightness
of the structure. Due to the large thickness of the walls and slabs there is a high risk of
cracking due to restraint stresses caused by heat of hydration and shrinkage. To avoid leakage
of the structure, the evolution of restraint stresses has to be taken into account for the design
of the reinforcement.

Hence, a comprehensive experimental program has been carried out to obtain an accurate
description of the concrete’s material behaviour at early ages. This includes the testing of the
adiabatic heat release, the evolution of the compressive strength, the tensile strength and the
Young's modulus and the autogenous shrinkage.

The experimental results act as input parameters for the subsequently performed numerical
simulations. Staggered temperature-stress simulations with three dimensional finite element
models were performed. With the results of the numerical simulations, the cracking risk due
to restraint stresses can be estimated and an economic design of the reinforcement needed for
crack width control can be ensured.

2. Material properties

2.1 Concrete mix design

A concrete of strength class C35/45 is used for the tunnel construction. Table 1 shows the
mixture for 1 m? fresh concrete. For reasons of fire protection, an amount of 2 kg/m?
polypropylene (PP) fibres is added to the mix. These fibres reduce the risk of explosive
concrete spalling due to fire impact, because they melt at about 170°C and increase the gas
permeability of the concrete [11]. In this relatively small dosage applied here, PP-fibres do
not influence the properties of the hardened concrete, but the fresh state properties. The
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addition of PP-fibres leads to a higher water demand and increases the risk of bleeding. Thus,
a special mix design is required. A high content of fly ash is added to ensure the stability of
the paste. A low heat slag cement (CEM III/A 32.5 N-LH/NA) is chosen to keep the heat
evolution as low as possible and thus to reduce restraint stresses at early ages.

Table 1: Concrete mix
Cement CEM III/A 32,5 N-LH/NA  [kg/m’®] 340

Fly ash [kg/m?] 135
Gravel 0/16 [kg/m?] 1617
Water [kg/m?] 182
Superplasticizer [kg/m?] 2,7
PP-fibres [kg/m?] 2,0
w/c-ratio (kpa = 0,4) [-] 0,46

2.2 Heat of hydration

The heat of hydration of the concrete was measured using an adiabatic calorimeter. The
results are shown in fig. 2. The low heat slag cement in combination with the high amount of
fly ash leads to a moderate heat release.
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Fig. 2: Heat of hydration

To take into account the effect of temperature on the reaction rate, a maturity approach based
on the Arrhenius formula is used [12]. The real concrete age ¢ is transformed into the
equivalent age t,, using the relation

t

~ By (1 1
feq = feXp (F (293 K 273K + T(T))) dz, )

0

in which E, is the activation energy and R is the ideal gas constant (R = 8,314 J/(mol K)). The
activation energy mainly depends on the cement type. A constant value of E, = 40 kJ/mol is
assumed for the calculations. The equivalent age t,, defines the time that is needed at 20°C to
reach the same hydration degree as under the given temperature history T'(t).
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2.3 Mechanical short term properties

The compressive strength, the tensile strength and the Young’s modulus in tension have been
tested at ages of 1, 2, 3,4, 7, 14 and 28 days. The compressive tests were performed on cubes
with an edge length of 150 mm. The tensile strength and the Young’s modulus in tension have
been tested on cylindrical specimens (d = 80 mm, h = 300 mm) in direct tensile tests. Fig. 3
shows the test results.

The combination of slag cement and fly ash leads to a relatively slow evolution of the
compressive strength which still shows a significant increase for ages greater than 14 d. The
tensile strength and the Young’s modulus evolve quicker and reach their final value earlier.
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Fig 3: Evolution of compressive strength, tensile strength and Young’s modulus

The calculation of restraint stresses requires a continuous description of the evolution of the
mechanical properties. Therefore the exponential function
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B
f(teq) = fio exp (A () ) @

is fitted to the experimental results, see fig. 2. The corresponding model parameters are listed
in table 2.

Table 2: Model parameters for the description of mechanical short term properties

fo [Nfmm?] A T[] B[] tic [d]
compressive strength 64.9 -3.1 -0.65 1.0
tensile strength 2.25 -6.7 -2.64 1.0
Young’s modulus 31500 -2.0 -1.42 1.0

2.4 Autogenous shrinkage

The autogenous shrinkage has been tested on horizontal specimens with a cross section of
100 mm x 60 mm and a length of 1000 mm. The specimens can move totally free on a layer
of neoprene and are sealed with PE-foil and a metallic mould against moisture loss. The
shrinkage strain is measured at the ends of the specimens with a highly sensitive LVDT.

The strain evolution shows an intense swelling in the first 1.5 days followed by a continuous
shrinkage, see figure 4. The swelling at the beginning compensates a part of the subsequent
shrinkage, but for the evolution of stresses the shrinkage becomes more important, because
the Young’s modulus is significantly higher in this phase.
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Figure 4: Autogenous shrinkage

2.5 Viscoelasticity

Early age concrete shows an intense viscoelastic behaviour that decreases continuously with
the progression of the hydration process [2,13,14]. The viscoelastic behaviour greatly
influences the evolution of stresses in restrained construction parts. Because no experimental
results are available for the concrete used here, assumptions were made to take into account
the viscoelastic behaviour for the calculation of stresses. The data from [14] was used as a
reference because it describes the creep behaviour of a concrete with the same cement type
and a similar strength evolution. The double power law (DPL) [15] is used to define the creep
coefficient:
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et t) =@t (E—t)" (3)

In this equation, t is the concrete age and t; the concrete age at loading. ¢,, m and n are
model parameters that define the magnitude and the shape of the creep curves. The assumed
values of ¢, m and n are listed in table 3.

Table 3: Parameters for DPL
?1 m n
0.37 0.10 0.17

3. Numerical simulations

3.1 Finite element model and calculation procedure

The temperature and stress evolution in the tunnel structure has been analysed using the finite
element software TNO Diana. The calculations were carried out as staggered analyses, which
means that the temperatures are calculated first and act as loading in the subsequent structural
analysis. For the thermal analysis the measured hydration heat from fig. 2 was implemented
as heat source. The heat exchange with the surrounding air has been modelled with
convective boundary elements that take into account the formwork or other surface treatments
through an adaption of the film coefficient. For the ambient temperature, the following
scenario was assumed: The concrete casting is performed during mild winter weather (10°C).
The fresh concrete is assumed to have a constant temperature of 20°C. After five days of
curing, a sudden start of winter occurs and the ambient temperature decreases linearly to -7°C.
This scenario can be treated as worst case scenario, because the cooling down of the air leads
to an additional contraction of the concrete that increases the magnitude of restraint stresses.
To take into account the phased construction, separate models were used to perform the
temperature and stress calculations. In each model, the experimentally determined material
properties of the early age concrete were implemented directly into the simulation. The
material properties of the previously cast segments were assumed to be constant and equal to
the values at 28 days, because the intervals between the construction phases are relatively
long.

The simulations do not take into account cracking even if the calculated stress exceeds the
tensile strength. This simplification is accepted because a description of the strain-softening
behaviour needs complex experiments and its implementation into numerical simulations is
computationally expensive. Thus, the stress evolution calculated after the exceeding of the
tensile strength is not realistic because cracking leads to a redistribution of the stresses.
Nevertheless the calculated stress distributions can be used to identify zones with a high risk
of cracking, which was shown in a comparative study in [16].

Because of the symmetry, only a quarter of the total system has to be modelled for the finite
element analyses. Fig. 5 shows the finite element mesh for the construction phases of the
middle wall and the outer walls together with the ceiling slab. All construction parts are
assumed to be monolithically connected. The nodes at the lower surface of the underwater
concrete slab are assumed to be fixed in each direction.
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Figure 5: Finite element mesh for the casting of the middle wall (left) and the casting of the
outer walls and the ceiling slab (right)

3.2 Temperature evolution

Fig. 6 shows the temperature distribution for the two investigated construction phases at the
time when the maximum temperature is reached. The maximum temperature in the middle
wall occurs 2 days after casting and reaches a value of 44.2°C. In the outer walls, the
maximum temperature is 49.0°C which occurs at an age of 2 days and 6 hours. The maximum
overall temperature occurs in the ceiling slab directly above the middle wall, because this part
of the construction has the largest thickness. A maximum value of 57°C after 2 days and 20
hours was calculated for the ceiling slab.
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Figure 6: Temperature distribution in the middle wall (left) and the outer walls and ceiling
slab (right) at the time when the maximum temperature is reached.

3.3 Stress evolution

The restraint of the thermal deformations by already hardened parts of the construction leads
to the formation of compressive stresses in the warming phase and tensile stresses in the
cooling phase. In addition, the temperature gradients between the core and the surface lead to
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eigenstresses in the cross sections. The largest values of tensile stresses that may cause
cracking are thus expected during or after the cooling down of the structure.

Fig. 7 shows the distribution of stresses in the longitudinal direction in the middle wall at an
age of 28 days.
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Figure 7: Stress distribution (longitudinal direction) in the middle wall 28 days after casting

Due to the restraint by the already hardened slab, the highest tensile stresses occur in the
symmetry plane near to the joint. The large contraction caused by the cooling down and the
shrinkage of the concrete leads to the excess of the tensile strength in big parts of the wall.
From the results of the stress calculation, it has to be assumed that vertical cracks from the
joint between slab and wall up to more than half of the height of the wall will occur.

A similar stress distribution can be observed in the outer walls, see fig. 8. The ceiling slab is
restrained both in longitudinal and transverse direction. The highest tensile stresses in
longitudinal direction occur directly above the walls, because these areas correspond to the
areas with the maximum temperature and are at the same time highly restrained due to the
monolithical connection with the walls. The part between the walls shows a lower tensile
stress level that does not exceed the tensile strength. In the transverse direction, high tensile
stresses that exceed the tensile strength occur nearly in the whole ceiling slab. These stresses
are mainly caused by the rigid connections between the slab and the outer walls.
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The results of the stress simulations reveal that all parts of the tunnel construction are
subjected to a high risk of cracking due to restraint. To limit the crack width and ensure the
serviceability of the structure, the resulting stresses must be taken into account for the design
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of the reinforcement. The design of the minimum reinforcement according to the German
version of Eurocode 2 [17] is mainly affected by the tensile strength at the time of cracking
that may be derived from the calculated stress evolutions. In the parts of the structure where
no cracking has to be expected, the minimum reinforcement can be reduced related to the
calculated stress level.

To ensure the correctness of the numerical investigations and the reinforcement design,
monitoring measures for the temperature and strain evolution in the most critical parts will be
installed in the construction phase.

4. Conclusions

In this paper, an application example for the control of early age cracking in a massive tunnel
structure based on experimental investigations and numerical simulations was presented.

An experimental program was carried out to characterise the material behaviour of the
concrete at early ages. This included the testing of the heat of hydration, the evolution of the
compressive strength, tensile strength and Young’s modulus and the autogenous shrinkage.
For reasons of fire protection, a special concrete mix with PP-fibres was used. The high fly
ash content in combination with a low heat slag cement lead to a relatively slow evolution of
the mechanical properties and a long lasting growth of the compressive strength. The concrete
showed a significant autogenous shrinkage that was compensated partly by a swelling at the
beginning of the reaction.

The experimental results were used as input parameters for numerical simulations of the
temperature and stress evolution in the tunnel structure. The results of the thermal analyses
show that the maximum temperature inside the concrete structure goes up to 57°C for the
assumed boundary conditions. The restrained contraction of the structure due to the intense
cooling down and the simultaneous shrinkage of the concrete lead to high tensile stresses and
consequently to a high risk of cracking.

To ensure the water tightness of the structure these stresses must be taken into account during
the design of the reinforcement. Because the boundary conditions have been assumed for the
worst case scenario, a high amount of reinforcement is necessary for crack width control. To
ensure an economic design, further simulations will be carried out to check if a reduction of
the reinforcement is possible when the construction process is optimised. This will include
investigations on the influence of the climate during construction and the sequence of
construction phases. Additionally, the temperature and strain evolution will be metrologically
monitored during construction to check the reliability of the numerical results.
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Abstract

Two independent approaches to predict the restraint-induced macrocrack patterns in walls
have been recently proposed by the authors [1, 2]. The model of Knoppik-Wrobel and
Klemczak [1] is fully numerical whereas the approach of Schlicke and Tue [2] is a simplified
engineering model on the basis of analytical considerations. Both approaches are macroscopic
solutions aiming at a robust prediction of macrocrack patterns with respect to its main driving
forces. Both accept a certain level of simplification to ensure a broad applicability, however,
their reliability was verified by satisfying results of recalculations of practical observations, as
presented e.g. in [4, 6].This contribution presents both approaches and compares the results of
each for a given example. Besides computational aspects, mechanical background of the
restraint-induced cracking is outlined with special regard to relevant material properties,
geometry and restraint situations.

1. Fundamentals on hardening-induced macrocrack formation in walls on foundations

1.1 Driving forces

Concrete is a material which gains its strength and stiffness due to cement hydration. In
concrete elements with significant dimensions this leads to remarkable temperature histories,
beginning with self-heating due to the heat release of the highly exothermal hydration and
limited conductivity of concrete. Subsequently, the hydration reaction rate decreases and the
element cools down to the ambient temperature level. In case of walls on foundations, the
accompanying temperature deformations are restrained by the rigid connection between both
components, which leads in the warming phase to compression in the wall. By cooling down,
the imposed compressive stresses are decreased again. However, since also the concrete
stiffness evolves strongly at the same time, compressive stresses due to warming are
significantly smaller than tensile stresses due to cooling down. Autogenous shrinkage,
decreasing viscoelasticity of aging concrete and the difference between concrete temperature
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at setting and ambient temperature level increase these tensile stresses additionally. The final
resultants of these stresses are a tensile force and a positive bending moment in the cross
section of the wall (M, Mw) which are superimposed by negative bending moment over the
combined cross section of the wall and foundation due to activation of self-weight (A4g).
Fig. 1 illustrates this context schematically.

Figure 1. Hardening-induced stress resultants in a wall on a foundation

Besides, transient influences on the temperature and moisture field of the cross section cause
internal restraint. Temperature and drying differ significantly between the surface and the
interior of the wall, but the accompanying deformations are fully restrained in the uncracked
state since the cross section remains plane, which leads to self-balanced stresses or the so-
called Eigenstresses. For better understanding, Fig.2 shows the described parts of a
hardening-induced stress distribution.

centric restraint self-balanced
and bending restraint siresses

Figure 2. Hardening-induced stress resultants in a wall on a foundation

1.2 Crack formation process

From macroscopic point of view, crack formation starts if the present tensile strength is
exceeded in a single material point (o(y,z) > ft(y,2)). As long as Eigenstresses are predominant
in this stage, only microcracking — respectively small, locally restricted cracks — occur.
However, this type of cracking comes along with softening of the cross-section and beneficial
compressive Eigenstresses decrease. In the worst case, only stresses due to stress resultants
remain. If these stresses reach the tensile strength of the cross-section, macrocracking is to be
expected (o + omy + ouz > fam). Figure 4 in [3] illustrates this context.

The risk of macrocracking is usually reduced by Eigenstresses, however, as soon as
microcracking occurs, the risk of macrocracking increases. This effect is intensified by further
Eigenstresses over the width, which are not illustrated in Fig. 2 for clearness reasons.

With respect to the final stress distribution without Eigenstresses as shown in Fig. 1 (right),
the formation of macrocracks starts theoretically in the bottom part of the wall. But in these
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parts the stiffness of the foundation will reduce the crack width considerably. Only if the
macrocrack proceeds over the height of the wall, they become visible. For an efficient design
it is very desirable to know whether these macrocracks will stop at a certain height or proceed
over the whole wall as well as what is the distance to the next macrocrack. Thus, significant
factors influencing these aspects are discussed in the following section.

1.3 Relevant influences on the final macrocrack pattern

The material, technological and environmental conditions determine mostly the magnitude of
strains and strain rate, and as such define whether the cracks form or not. The final pattern of
cracks depends mostly on geometry, dimensions and restraint conditions.

In general, the maximum tensile stresses in a base-restrained element occur in the plane of
symmetry in length direction. This is also where first cracks are formed and where they reach
the greatest heights. For the same material, technological and environmental conditions the
height of this crack would depend solely on the restraint situation dependent on the £4 and EI
as well as L/H ratios.

Depending on the cracking potential of hardening concrete and geometrical characteristics of
the wall, further primary cracks can successively develop in the wall. In shorter walls, these
cracks reach lower heights due to a smaller effective L/H ratio. The cracks are usually vertical
in the central part of the wall and slanted near the edges where the rotational restraint
becomes more significant. Horizontal cracks can be formed at the joint if shear stresses at the
joint exceed the bond strength. A comprehensive description of cracking pattern in walls on
foundations is presented in chapter 2 of [4].

1.4 Modelling

The modelling of hardening-induced macrocrack patterns of walls on foundations is a
complex matter. The major challenge is to combine complex time- and stress-dependent
material behaviour with crack formation on structural level. Only a modest number of
contributions exist, whereby the fundamental work by Rostasy and Henning [5] is certainly to
be seen as one of the most important ones. Next to this, the authors of this paper proposed two
approaches independently of each other. Other pertinent proposals are not known.

2. Numerical prediction of hardening-induced macrocrack formation in walls

2.1 Model used

The model used was based on the proposal of Knroppik-Wrobel and Klemczak [1].
Calculations were performed with a computer implementation of this phenomenological
model that allows for thermo—mechanical analysis of walls on foundation taking into account
the effect of hydration heat, temperature development, ageing, creep, soil-structure
interaction and behaviour of concrete after damage.

The analysis was performed in two steps. In the first step non-linear and non-stationary
thermal fields were determined in concrete elements and subsoil, respectively:

cppT = div(d grad T) + q,(¢t,T) )
cppT = div(d grad T) 2

51



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Service Life of Cement-Based Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

where T is temperature, K; ¢, is specific heat, ki/(kg-K); p is density, kg/m® A is thermal
conductivity, W/(m-K) and q,,(¢t, T) is the rate of hydration heat generated per unit volume of
concrete, W/m®. The function of hydration heat time-development was described with the
approximation function of equivalent age, t,:

Q(t,T) = Quprel~nte™! @3)

where Qq,; is the total amount of hydration heat, J/g, and a;, a, are calibration coefficients
dependent on the type of cement. 3" type boundary conditions were used. The aim of this
study was to investigate mechanical behaviour of the wall, thus physical analysis was limited
to thermal analysis. The authors are, however, aware that other influences such as autogenous
and drying shrinkage as well as coupling of these phenomena are not less important.

The imposed thermal strains were treated as volumetric strains and they were calculated based
on the changes of temperature:

de, = [depx deny dey, 0 0 0] (4)
depx = dep,, = dey, = ar AT 5)

where a7 is the coefficient of thermal expansion, 1/K.

Viscoelasto—viscoplastic material model with the modified 3-parameter Willam-Warnke
failure criterion (MWWS3) was used for hardening concrete following Klemczak [7] and
elasto—plastic material model with the modified Drucker—Prager failure criterion was used for
soil (see [4]). Detailed formulations of these models are given in [1] and [4]. The possibility
of crack occurrence was defined with the damage intensity factor (DIF):

T
0<DIF =<1 (6)

f
Toc

-

Graphical interpretation of DIF is shown in Fig. 3. When DIF = 1, it is equivalent to
formation of a crack in the direction perpendicular to the direction of the principal tensile
stress. Smeared cracking pattern was used. When failure is reached, material exhibits
softening behaviour. In the model, deviatoric and volumetric softening was applied with
hardening and softening laws adopted following Majewski [8].

failure surface ﬂ Toct

f
Toct

\ Toct
stress path
r \ Om_

Figure 3. Graphical interpretation of damage intensitﬁactor (DIF)
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2.2 Reference case and limitations of the model

For the reference case, a wall on foundation was chosen with the dimensions as specified in
Fig. 4. Material, environmental and technological data used are given in Tab. 1. The wall was
concreted 3 weeks after the foundation. The structure was kept in formwork during the whole
analysis. The initial temperature of concrete was 7; = 25°C and the ambient temperature was
T, = 20°C. The initial temperature of soil was equal to the ambient temperature. Final
geometry of the wall and input data were chosen after extensive parametric study.

L=10.5m (5.25m)

Bye=0.7m (0.35m)
L]

Fre=3.0m

r=d4,0m {2.0m)
-

e i

B

Lg=12.9m (6.45m} i ™ be=6.4m (3.2m)
a) longitudinal view yz plane, x = 0 b) transverse view xy plane, z = 0
Figure 4. Analysed wall on foundation: geometry and FE mesh for ¥ of wall. Reference case

hg=12m hp=0.Tm
o —

_.,__
[ 2

L e &

Table 1: Parameters used in the study.

THERMAL PROPERTIES

parameter unit value
Thermal conductivity, 1 W/(m-K) 2.6
Specific heat, ¢, kJ/(kg-K) 1.0
Density, p kg/m® 2500
Amount of cement, C., kg/m® 340
Total heat of hydration, Ot Jg 400
Coefficients a; and a, - 470,-0.1
Coefficient of heat exchange, a, W/(m?-K) 4.0
Thermal expansion coefficient, ar 1K 10°
MECHANICAL PROPERTIES

parameter unit value
Final value of compressive strength, /z,2s MPa 38
Final value of tensile strength, f,2s MPa 2.9
Final value of modulus of elasticity, E. 25 MPa 33
Coefficient s for cement - 0.25
Coefficient n for tensile strength - 0.6
Coefficient » for modulus of elasticity - 0.4
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During the parameter study some limitations of the model were encountered which needed to
be addressed. The following issues should be mentioned:

Finite Element mesh. To capture the most important phenomena, the mesh was densified in
the areas of expected damage intensification, i.e. at the joints between the subsequent
elements (soil — foundation — wall) and over the width of the wall. Especially a small element
size in the core of the wall was needed to realistically simulate the decrease of Eigenstresses
during the cracking process. In this regard the model is mesh-dependent, so the same size of
finite elements was used in all the analysed models to allow for comparison among them.

Group control of elements. In the model, mechanical properties of hardening concrete
(strength, elastic modulus) vary in time according to the assumed ageing functions but,
because of computational limitations, the aging of each element could not be simulated
independently. To still achieve representative results, groups of elements with comparable
aging were defined and mechanical properties assigned according to the mean values of the
equivalent age. With respect to the very smooth cooling phase (the wall was continuously
kept in the formwork for the whole time), it was adequate to divide the wall only into 4
groups: groups for surface elements (to the depth of 5 cm) and core elements. The elements at
the axis of symmetry at the length were also assigned to 2 separate groups to avoid numerical
problems at the beginning of cracking. Besides, two additional groups of contact elements
were introduced: between the soil and the foundation and between the foundation and the
wall. The groups of elements are marked with different colours in Fig. 4.

Cracking. The model assumes smeared cracking, whereby a set of finite elements in which
DIF reached 1 in tension was considered as cracks. The first crack was always induced in the
plane of symmetry by a reduced tensile strength of 0.95-f,5, which ensured the worst-case
scenario to happen.

Softening behaviour. If the actual stress state of an element reaches the failure surface, DIF’
reaches the value of 1 and concrete exhibits softening behaviour in this element according to
the assumed softening law. Although this softening behaviour can be observed in the results
of this study, the extent of this effect seems, from the authors’ point of view, to be
underestimated. Thus, verification and recalibration of the softening function is required
before further investigations.

2.3 Results

Figures 5 and 6 show development of cracks indicated by damage intensity factor (DIF) in the
reference wall (of 10.5 m length). Areas of expected cracks are marked in red. Figure 5 shows
a map of DIF right before the primary crack starts to develop in the axis of symmetry of the
wall. It can be observed that some locally restricted damage has already developed in the
interior of the wall which complies with the before explained influence of Eigenstresses.

Directly after the state of Fig. 5 a primary crack forms in the axis of symmetry between 16
and 18 days. The final state is shown in Fig. 6 and it can be seen that this crack goes through
the whole thickness of the wall. The softening behaviour which can be observed in the
vicinity of this crack starts directly at the beginning of formation of this crack at 16 days.
Moreover, the crack develops from the interior towards the surface of the wall as the wall is
kept in the formwork, so any pre-damage on the surface due to temperature shock after early
stripping was avoided. The crack reaches on average ~50 % of the height of the wall. As it
should be expected from the length-to-height ratio of the wall (L/H = 3.5), the crack does not
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reach whole height and no further primary cracks are formed. Besides, a horizontally running
damage intensity concentration can be observed near the edge of the wall due to shear.

(1]
-|" ™
kv
0.5
ile]

a) yz, x = 0 (interior) b) xy, z = 0 (axis of symmetry)
Figure 5. Map of DIF in the L = 10.5 m wall at the age of wall ¢ = 15.5 days

== B b

a) yz, x = 0 (interior) b) yz, x = 0.5 bw (surface) b) xy, z=
Figure 6. Final map of DIF in the L = 10.5 m wall at the age of wall 7 = 18 days

Figures 7 to 9 present analogical simulation of damage development in a long wall with the
length of 21 m (L/H = 7, so twice of the reference case). In Fig. 7 it can be seen again that
when the first primary crack develops, softening occurs in its vicinity. It must be noted that
the crack in the long wall starts to develop sooner than in the short wall, at the age of wall of
4.5 days. The crack progresses at the thickness of the wall and at its height. It gets its final
shape at the age of 8.7 days when it reaches whole height of the wall, which was to be
expected for the higher L/H.

a) yz, x = 0 (interior)
Figure 7. Map of DIF in the L = 21 m wall at the age of wall # = 5 days

b) xy,z=0

Figure 8 shows the DIF map at the age of 12 days. Intensive damage was indicated in the
interior of the wall which represents microcracks due to Eigenstresses. Besides, a fully-
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developed separating crack is visible at the surface in the symmetry axis which “splits” the
wall in two halves. After the first primary crack, the remaining half of the wall still has an L/H
of 3.5 so ongoing cooling forms another primary crack at the age of 12.7 days (Fig. 9).

a) yz, x = 0 (interior)

) vz, x = 0.5 by (surface)
Figure 8. Map of DIF in the L =21 m wall at the age of wall # = 12 days

a) yz, x = 0 (interior) b)xy,z=4m

¢) yz, x = 0.5 by (surface)
Figure 9. Final map of DIF in the L = 21 m wall

The distance from the axis of symmetry to this crack amounts ~4 m, which is ~1.3-Aw.
Softening is observed in the vicinity of this crack, too. In contrast to the corresponding wall of
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L/H = 3.5, this crack reaches on average ~80 % of the height of the wall. This difference may
result from the fact that the crack is formed earlier, so the strength of the concrete is lower.

3. Analytical prediction of hardening-induced macrocrack formation in walls

The analytical approach to determine the macrocrack pattern of walls on foundations was
comprehensively explained by Schlicke and Tue in [2]. The basic idea is to relate the distance
between primary cracks to the length needed to build up the restraint stresses again. From the
theoretical point of view, this length strongly correlates with the height which the primary
crack reaches. Thus, the stress at the top of the macrocrack or will be determined according to
the remaining concrete area above the top of the crack /g to compare the resulting curve with
the present tensile strength /. In all cases where or(%Rr) falls below the tensile strength, a stop
of the cracking will be assumed at this height; in any other case a continuous crack over the
wall height will be assumed.

If the crack height is known, the distance between the geometrically set primary cracks will
be assumed to have a size of I = 1.2-h¢. The application of this approach for the numerically
studied systems is shown in Fig. 10. The considered stress resultants were determined fully
analytically on the basis of an equivalent deformation impact ¢, taking into account the
temperature field changes due to hydration heat release uniformly distributed in the cross
section, stiffness evolution and viscoelasticity for the given material parameters in Tab. 1.
Details on the approach used are given by Schlicke in [9].

I tam=33.10°% LiH=235 LMH=T LH=35 LiH=23
N.,I:;muu M= 1.64 MN M, = 6.58 MN My = 1.684 MN M, = 154 MN
My = GBOMN Ny = 23y Ny = by Py =23y P = 112y
Symimiet ry
Mo ¢ 1.2+ hw i 1.2 b e 1 iy

Ll

F

o () O (e}
Macrocrack formation T iRl RR ! I L0
by graphical solution: | her \ fer on = 2.9 Nfmm?
f, [ _/: Mo
o @ 4
Gy = B0 Owe =T.9 O = 7.6 Mimm'

Figure 10. Analytically determined primary crack patterns of the numerically studied cases

4. Discussion and conclusions
The paper presents a comparative study on early-age cracking process with two independent

methods recently proposed by the authors [1, 2]. Although the proposed models accept a
certain level of simplification, the comparative study gives an acceptable agreement. Both
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solutions indicate a separating crack over the whole height in the symmetry axis of the wall
with L/H =7 as well as a further stopping crack in the distance of /;;=(1.25+0.05) - 4w with a
height of ~2/3 Aw. A questionable continuation of the analytical approach would indicate
another stopping crack at L/H = 2.3 with a height of 1/2 4w, but this is unlikely due to the
weaknesses of the remaining wall length.

From the authors’ point of view the achieved consistency between the numerical and
analytical approach confirms the appropriateness of the included simplifications. In detail this
refers to the role of Eigenstresses, which are remarkably reduced when any microcracking
occurs, so that the process of macrocrack formation is driven predominantly by the stress
resultants of the uncracked state AND the conceptual model to derive the distance between
the primary cracks from the height reached by the previous crack is adequate. Of course,
reinforcement will decrease this distance slightly and cracks which just reached full
separation without reinforcement might be stopped somewhat before.

Apart from the comparison between the two models, the insight into the structural behaviour
of a wall on a foundation is very valuable for deformation based design concepts as presented
by Schlicke and Tue in [3] or Knoppik-Wrobel in [4].
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Abstract

Although concrete is the most widely-used materials in construction in the world, its delayed
behavior (shrinkage and creep) is still poorly understood. Shrinkage has negative impacts on
concrete structures: cracking, prestress loss etc. Shrinkage (autogeneous, drying and thermal)
restraint occurs at different scales. At the mesoscopic scale, shrinkage of cement paste is
restrained by aggregates: debonding at cement paste/aggregate interface and inter-granular
cracks may occur. At the macroscopic scale, gradients of temperature and relative humidity,
restraint by adjacent elements (previously cast slabs, concrete lift etc.) and by reinforcement
may induce also debonding and cracking. Effects are various. A decrease of stiffness and load
bearing capacity occurs. Penetration of aggressive species (carbonation, chloride etc.) is
promoted due to the increase of transport properties (permeation and diffusivity). Finally, if a
tightness is required and ensured only by concrete (nuclear reactor containment, tunnel lining,
dams, wastewater treatment plant, etc.), it can be compromised. Some examples will be
presented through experiments and numerical simulations, and will concern early-age and
long term behavior, at different scales. A focus will be addressed on some issues still
unresolved.

1. Introduction

At early-age in massive concrete structures, cracking may occur during hardening. Indeed,
hydration is an exothermic chemical reaction (temperature in concrete may overcome 60°C
[1-3]. Therefore, if autogenous and thermal strains are restrained (self restraint, construction
joints), compressive stresses and then tensile stresses rise, which may reach the concrete
strength and induce cracking in a real structure. For instance, Ithuralde [3] observed several
crossing cracks (opening up to 0.5 mm) in a 1.2m width concrete wall (representative of
French nuclear power plant containment), cast on a concrete slab. At long term, since drying
is not uniform, gradient of drying shrinkage induces tensile stresses at the surface equilibrated
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by compressive stresses in the core. For structures like tanks or nuclear containment vessels,
this cracking may significantly increase concrete permeability and reduce tightness. For other
massive structures (bridges, tunnels...), the serviceability may be reduced due to the
penetration of aggressive species (such as carbon dioxide, sulfate and chloride ions).

Cracking highly depends on creep (essentially basic creep in massive structures). However,
the question whether creep strains are the same in compression (such tests are “classical”’) and
in tension (difficult to perform) is not fully resolved. This literature review highlights the fact
that there is no consensus in scientific community regarding basic creep in tension. Moreover,
at early age, concrete structures can reach 60°C and thus, an important effect of this
temperature evolution is expected on the concrete behaviour and especially on the basic creep
strains rate.

The behaviour of heterogeneous materials, as cement-based materials (concrete, mortar)
depends on the behaviour of each phase of this material (cement paste and aggregates
mainly), which can be very different depending on the loading. Tensile stresses are thus
induced in the cement paste surrounding aggregates. They are also counterbalanced by
compressive stresses in the aggregates (self-equilibrated state of stresses again), leading to
debonding at the cement paste/aggregate interfaces and to the growth of intergranular cracks.
To accurately predict the mechanical consequences of induced cracking, it is required to
develop of a powerful numerical tool to account for the influence of drying loadings on the
mechanical response. Indeed, several features should be considered, such as, drying, drying
shrinkage, basic and drying creep (which relaxes inducing stresses), cracking in tension.

The first part will be devoted to modelling at macroscopic scale. Influence of boundary
conditions and basic creep strains at early age (age effect and temperature effect), including
coupling between cracking and creep, and dissymmetric effect in compression/tension. This
study is based on the RG8 experiment (CEOS national project, [4]) and on a concrete mix
which is representative of a nuclear power plant which are used for numerical simulations.
Effectf of drying on the behavior of reinforced concrete structures will be also studied.

In the second part, restraint of shrinkage by aggregates will be investigated. Numerical
simulations are compared to experimental results using digital images correlations on
controlled heterogeneous specimens from a cylindrical aggregates obtained by coring and a
cement paste cast around. Digital images correlation allows for extracting cracking patterns as
crack openings and displacement field (after post processing), which is more exhaustive than
the use of global data from local sensors (drying shrinkage for instance). The numerical
simulations show the great and positive impact of creep strains, which must be taken into
account. If creep is not taken into account, cracking is overestimated largely (which may
induce a large decrease of mechanical properties) after drying, which is not consistent with
experimental data.
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2. Macroscopic scale

The influence of the delayed strains is numerically quantified on the studied concrete
structures. The total concrete strain is calculated according to:

&= gelas + gds + gau + g/h + gbc + 8dc + gltc (1)
Where &.uss En; Eans Emnsy Ebes Edes Enc are the respective elastic, drying shrinkage, autogeneous
shrinkage, thermal strain, basic creep, drying creep strain and thermal transient creep.
Classical models for drying, hydration and temperature predictions are used.

The damage model proposed by Mazars [5] has been slightly modified [6]. In this model, a
scalar mechanical damage variable is associated to the mechanical degradation process of
concrete induced by the development of microcracks. The relationship, between apparent
stress ¢, effective stress 6, damage D (depending also on tensile strength f;), elastic stiffness
tensor E and the previously defined elastic strain, reads:

o=(1-D)& and & = E¢ @)

elas

According to the softening behavior, an energetic regularization [7] prevents of mesh
dependency. All the main constitutive relationships can be found in [2] and [10].

2.1. Early-age behaviour

2.1.1 Influence of thermal boundary conditions

Investigating the maximal temperature reached at early age can be a good way to study the
massive structure sensibility to cracking (due to restrained thermal and autogeneous
shrinkage) and delayed ettringite formation (DEF). Besides, the early age cracking can be a
consequence of a high temperature gradient between the core and the surface of an element.
Both effects have been studied for a massive wall (thickness: 1.2m; height: 2m; length: 20m,
see Figure 1) and with the assumption that the wind direction is parallel to the wall.

Figure 1: Maximal temperature Tmax reached in a massive wall (thickness 1.2m) with respect
to wind velocity and external temperature.

In this study, only the external conditions (wind velocity and external temperature) are
sources of variability but for an application to a real case, materials properties variability must
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also be taken into account (total heat release, concrete thermal conductivity,... [8]). Besides,
the initial concrete temperature has a significant effect on the maximal temperature but to
avoid this third parameter, we used a relationship between the external temperature 7., and
the initial concrete one T},;, proposed by Torrenti and Buffo-Laccarriére [8].
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Figure 2: Temperature difference between the core and the surface in a massive wall
(thickness 1.2m) with respect to the wind velocity and of the external temperature.

The results of this study are resumed on figure 1 and 2. One can see on the figure 2 a slight
effect of wind velocity on maximal temperature. This can be explained by the fact that, as the
thermal concrete conductivity is rather low, the thermal exchange conditions at the core are
close to adiabatic ones. On the contrary, the evolution of the maximal temperature due to the
external temperature is quasi-linear. This can be explained by the fact that the initial
temperature is assumed to be a linear function of the external temperature. On contrary to the
previous results, the wind velocity has a high effect on "temperature gradient”" (Figure 2),
whereas the external temperature has a slight one. This indicates that with regards to these
two phenomena, there are no optimal casting conditions (autogenous and drying shrinkage are
not considered).

2.1.2 Dissymmetry of creep: effect on stresses

There is no consensus on the tensile creep of concrete at early-age and at long term. In most
cases, only compressive creep tests are performed, since they are easier to perform. Besides,
stresses (compression/tension) may change during service life of concrete structures. In order
to show the impact of this dissymmetrical behavior, material parameters were identified on
experimental results for creep of Briffaut et al. [9] (see the results in Figure 3 at left). Then,
numerical simulations were performed on a 1.2 m thick concrete structure [3]. The results
shown in Figure 3 (right) highlight a difference which is greater than the difference between
the results obtained with and without the taking into account or not of creep (after 10 days).
However, the difference occurs only after 4 days.
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Figure 3: Comparison between simulated (thick lines) and experimental evolutions of strains
(left). Stress and temperature evolutions versus time in a 1.2 m thick massive wall [3] (right).

2.1.3 Simulation of RG8 specimen: influence of creep and creep/cracking coupling
Numerical simulations are performed on a large beam specimen realized for ConCrack
international Benchmark (for Control of Cracking in Reinforced Concrete Structures, [4]).
After casting, the structure is thermally isolated and protected from drying during 48 hours.
Then, the isolation and the formwork are removed and the structure is kept during two months
outside. During all the test, longitudinal strains of the structure are globally restrained by two
metallic struts.

Numerical simulations on an active thermal ring test [9] and on RG8 beam [4] show that the
coupling between creep and cracking should be taken into account in order to retrieve
experimental simulations (i.e. the occurrence of 1 crack at least). Indeed, as displayed in
Figure 4 and Table 1, no cracking is predicted with an approach where creep is not coupled
with damage (3 cracks appear during the experiment at different times). Taking into account
creep reduces drastically the crack opening. However, it should be emphasized that only 2
(considering the symmetry) cracks occur, as 3 cracks (the first one in the center of the
specimen) have been reporting during the experiments.
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Figure 4: Damage field on the RG8 beam for different creep approach: 1 = without creep, 2 =

Creep without coupling with cracking, 3&4 = creep coupled with cracking for 2 different
meshes (3 is not displayed but it is very similar to 4).
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Table 1: Predicted crack opening for different models

. Creep without Creep coupled Creep coupled
Model Wltho(‘it) creep coupling with with cracking, with cracking,
cracking (2) mesh 1 (3) mesh 2 (4)
Crack opening 359 0 158 152
[um]

2.2. Effect of drying at long term

The effect of drying shrinkage is illustrated on a RC-tie specimen (w/c = 0.48, section of
10x10 cm?, 1 m long reinforced with a steel bar of 12 mm diameter, see [10]). Ninety days of
drying are taken into account (only a quarter is meshed). Figure 5 shows the damage and axial
stress fields after 90 days. Along the interface, it can be observed a slight concrete
degradation (D around 0.3) due to the strain incompatibility between concrete and the couple
rebar-interface. However, considering a uniform drying shrinkage strain, the rebar restraint
induces significant tensile quasi-uniform axial stresses in the specimen. The axial stresses are
equal to about 0.75 MPa (=1/4 of the tensile strength). The mechanical response of the tension
test will be therefore influenced by the “‘initial’’ state of stress in the specimen.

Axial stress (Pa)

]
1 Sk iy

Figure 5: RC tie: experimental set-up; stress and damage fields in concrete, after 90 days in
drying conditions (quarter of structure) — the steel rebar and the interface are not represented.

The tension test is then numerically carried out. The mechanical response is plotted in Figure
6. The response is greatly impacted by the drying shrinkage strain in the specimens. The first
cracking force decreases by about 30%, in accordance with the initial internal stresses before
loading. The first crack establishes the course of the further crack initiations. It is also
observed a slight loss of initial stiffness if drying. That is explained by concrete degradation at
the steel—concrete interface before loading (Fig. 5).
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Figure 6: Numerical tension test on RC ties, with or without considering drying (among
90 days).

Finally, the presented results show the importance of considering the delayed strains in
structural analysis. It mainly controls the first crack initiation along the specimen. However,
the restraint phenomenon is reinforcement-ratio dependent. A specific analysis must be
therefore conducted for each specific structure.

3. Mesoscopic scale

3.1. Description of the test

A cement paste with a water to cement ratio of 0.57 containing different contents of sandstone
cylindrical aggregates (with different diameters) is used as a ““‘model’” material mix [11]. The
specimen are demoulded and protected from drying by a plastic foil recovered by an adhesive
aluminium layer. The impermeability of the system has been checked by measuring its weight
evolution.

Thin layers of these mesostructures (10 mm width) are cut from each block of mesostructure
(100 x 100 x 50 mm’®) after 28 days of hydration. The aggregates position is determined
precisely so as to be able to mesh easily these mesostructures for the numerical simulations.
Three thin layer mesostructures constituted of cement paste only are also cast so as to assess
cement paste behaviour during drying without interaction with aggregates effects (and check
that drying shrinkage gradient does not lead to cracking. The tests were carried out at 25°C
and 45 % of relative humidity.

A monitoring of the displacement field for the different mesostructures has been performed
using a digital camera (CANON EOS 350D), at the rate of one shot every 10 min during the
48 first drying hours, on one of the drying surfaces. The evolution of the displacement field
on the observed surface is determined by Digital Image Correlation (DIC) using the Correli-
Q4-LMT software developed in our laboratory (Besnard and Hild, [12]). The observed
surface is previously recovered by a spraying paint so as to obtain a random texture in order
to increase the correlation technique performance.
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3.2. Numerical simulations
The simulation of the mesostructure “1D28” (one aggregate of 28 mm is located in the middle
of the specimen) is performed. Different scenarios have been considered:

e FE (Finite Element) boundary conditions: only rigid body motion are prevented, by
eliminating 2 translations and 1 rotation (2D);

e DIC (Digital Image Correlation) boundary conditions: experimental displacements
(Ux and U,) are imposed in the four edges. Note that one has to project the
displacements from the DIC to the generated mesh by the finite element code.

Another numerical simulation has been added,, where creep has not been taken into account.
The results are summarized in Figure 7. It should be noted that only the numerical simulations
with the DIC boundary conditions and with the take into account of creep has converged.

2 dayy 0.75 days FE boundary
Experimants conditions with creep
l LE10 ' 22104
| - I
-4.5.10* H LB
&
0.1 days DIC boundary 1 derys DIC boundary
conditions no creep conditions with creep
H . l 2a00* l art
‘ |
“ 4.5.10% 43104

Error:5 W

Figure 7: Evolution of vertical displacement for the mesostructure 1D28: comparison between
experiments and numerical simulations.

The difference between experimental and numerical displacements corresponds to the square
difference of both horizontal and vertical displacements in the whole surface:

e | i I i G )
U
where '

-] vy + ey by o

U and UyF £ are horizontal and vertical displacements predicted by finite element
calculations, U,”" and UyDIC are the experimental displacements determined by DIC.
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The numerical simulations show that the take into account of creep and the use of DIC
boundary conditions give an error of about 5 %. One major horizontal crack at the right side
as the experimental result is obtained. But, another one is also visible at the left, which is not
so visible in experiments. In the case where creep is not taken into account, several significant
cracks are predicted very rapidly leading to no convergence. In the case where only rigid body
motions are prevented, the calculation also does not converge, but the cracking pattern is also
very different from experiments, as expected. Therefore, in this case, it is very important to
impose experimental boundary conditions in order to make a relevant comparison with
experiments. But it is not sufficient; a relevant model (including creep) should be also used.

4. Conclusion and perspectives

With the sake of durability, the modeling of reinforced concrete structures is more and more
focused on their cracking behavior. Specific attention is devoted to the influence of the
concrete delayed strains on the mechanical response of structures. The restraint of shrinkage
shows a significant effect on the cracking behavior. It has to be taken into account in order to
accurately design reinforced concrete structures.

In the first part, numerical simulations were performed on different concrete structures (RGS8
beam, a massive wall, a RC tie) to analyze the effect of creep including the dissymmetry
compression/tension and the coupling with cracking, the effect of thermal boundary
conditions including the effect of wind and the reinforcement. They show:

e The coupling between creep and cracking allows partially for retrieving experimental
results on the ring test and the RG8 beam experiment;

e At early-age, there is a sign change of stresses (compression followed by tension) in
restrained massive structures. Taking into account dissymmetrical creep in tension and
compression leads to results which are noticeably different from results obtained with
considering equal creep in tension and compression;

e Wind has a negligible effect on reached maximal temperature, but a significant effect
on temperature gradient;

o Initial state of stress caused by shrinkage restraint should be taken into account in
order to assess the mechanical behavior of RC structures

In the second part, investigation of the prediction of drying in a “model” heterogeneous
material has been undertaken, constituted of cylindrical aggregates surrounded by cement
paste. Drying shrinkage is restrained by the aggregates, which leads to cracking perpendicular
to the aggregate and debonding. Digital Image Correlation has been used in order to get
access to the displacements fields. Numerical simulations show that convergence is easily
obtained for the studied mesostructure, and that the cracking pattern is much more in
accordance between experiments and simulations. It has been also showed that a relevant
model should also be used: indeed, when creep is not taken into account, divergence occurs
rapidly, and too much damage is predicted.
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Abstract

The ongoing mega project of Hong Kong — Zhuhai-Macau (HZM) sea link project consists of
sea bridges of 28.8km, an immersed tube tunnel of 6.8 km and two offshore artificial islands.
One of the major challenges of this project is to ensure a service life of 120 years for the
concrete structures in a rather aggressive marine environment. This paper gives a
comprehensive presentation on the durability design and the durability assessment for the
concrete elements and structures in the project. For the durability design, the general
philosophy and approaches are given for the concrete elements, and model-based design is
conducted for the carbonation-induced and chloride induced corrosion of steel rebars. The
durability requirements are obtained from this model-based design process. During the
construction phase, the durability requirements are represented by quality control parameters,
and in-situ tests are performed to collect the data for these parameters. On the basis of the
statistical properties of these parameters, the achieved durability extent of concrete elements
is evaluated through a systematic durability assessment process. On the basis of the
assessment results, a preliminary maintenance planning is formulated for the service life

1. Project introduction

The HZM project links the cities of Zhuhai and Macau on the South-eastern coast of China
mainland and the city of Hong Kong (HK) across the water region of Ling’ding Ocean. The
total length of project is near 36km, consisting of sea bridges of 28.8 km, two offshore
artificial islands and an immerged tube tunnel of 6.8 km. The traffic capacity is 6 lanes in dual
direction with a design speed of 100km/h. The design working life of the whole project is 120
years [1]. The preliminary study of project began from 2008 to 2010, the detailed study phase
started from 2010 and construction works are expected to end in 2017. The general view of
HZM project is illustrated in Figure 1.
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Figure 1: General view of HZM sea link project

The sea bridges consist of four navigable spans and non-navigable spans of 28.8km. The
structure for the three navigable spans is cable-stayed bridge while the Hong Kong side span
adopts continuous beam structure. These spans are connected by 110m non-navigable spans
of continuous beam with steel box-girder. Except for the pylons and auxiliary piers in the
navigable spans, all the piers and the bearing-platforms of sea bridges are prefabricated in
segments and assembled in place. The immerged tube tunnel is made of concrete, consisting
of four in-place segments (112.5m each) and 27 prefabricated segments (180m each). The
cross section of the tunnel tube is 38mx11.4m with wall thickness of 1.5m. The prefabricated
segments of immersed tunnel are made in factory near the project site and transported to the
project site by floating-sinking method. Two artificial islands are constructed serving as the
connections between the sea bridges and the immersed tunnels. The area of artificial islands is
nearly 200,000 m?, constructed with the help of cofferdam made from sand-filled steel tubes.

The HZM project is exposed to the subtropical marine monsoon climate. The annual average
temperature is between 22.3~23.1°C. The annual average humidity is between 77%~80% with
large seasonal variation. The sea water salinity is 32.9 for eastern part and 25.4 for western
part (bottom on sea bed), and lowest salinity is recorded as 8.1 and 10.4 for eastern and
western regions. The concentration of CI” in sea water is between 10700~17020 mg/L and the
sulfate ions (SO4%) between 1140~2260 mg/L. The pH values of sea water are between
6.65~8.63. On the basis of hydrology data, the exposure zones are evaluated as: atmospheric
zone (>+6.26m), splashing zone (+6.26m~-0.40m), tidal zone (-0.40m~-2.10m) and
immerged zone (<-2.10m).

2. Durability design for 120 years
2.1 Design philosophy

For the concrete structures exposed to the marine environments of project site, the possible
deterioration mechanisms include: the carbonation-induced corrosion of reinforcement steel
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by CO; in atmosphere, the chloride-induced corrosion of reinforcement steel by the chloride
in sea water, the physical and chemical attack of salts (SO4*, Mg”") in sea water and soils.
Moreover, the alkali-aggregate reaction and the delayed-ettringite formation (DEF) should be
avoided given the crucial function of concrete elements. The global philosophy of durability
design with respect to these deterioration processes is to formulate the requirements on both
material and structural levels, combining the material design with the structural design to
achieve a working life of 120 years. For the raw materials of structural concretes, the mass
ratio of calcium aluminates (C3A) in cement is controlled to 5%-8%; the SO; content is
controlled to below 4% of binder; the aggregates are required to be not alkali-reactive and the
alkali content of concrete is controlled to 3kg/m’. By these specifications, the risks of salt
attacks and internal expansion reactions are regarded low enough to be acceptable.
Accordingly, the carbonation-induced corrosion and chloride-induced corrosion remain as the
most critical processes for durability design.

The design working life of whole project is 120 years. Aiming at this target, the durability
design at structural level should firstly determine the working lives for structural elements on
the basis of their structural importance and technical feasibility. The principal elements adopt
the same working life as whole project, 120 years, and the secondary or replaceable elements
can adopt shorter lives. For these elements, the maintenance and replacement schemes should
be specified in design phase. Durability limits states (DLS) are needed for quantitative
durability design [2]. These states are specified as the minimum acceptable performance
levels for different durability processes [3]. For carbonation-induced and chloride-induced
corrosion processes, two DLS can be defined: (a) corrosion initiation; (b) corrosion to an
acceptable extent. In the project, PC elements, principal RC elements and RC elements with
high maintenance difficulty should adopt DLS (a) while secondary RC elements can adopt
DLS (b).

2.2 Model-based design for chloride ingress

The design model for chloride induced corrosion is adapted from the widely used analytical
model of Fick’s second law [4,5]. With the DLS specified as the corrosion initiation, i.e. DLS
(a), the design equation in partial factor format writes,

C X3 — AX
G =—=-yC,|1-erf d d

Ve 2\/(}/DDgl)'(}/n7])'tSL

Here, C.s stand for the threshold chloride concentration for steel corrosion and the concrete
surface chloride concentration (%binder) respectively; X4"*" and Ax4 are the concrete cover
nominal thickness and its construction error (m); D¢" is the chloride diffusivity of concrete at

a given age (m*/s); 7 is the ageing factor of concrete chloride diffusivity (-); tse is the design
service life of structural elements; erf is the mathematical error function. The terms, ycsp, [
are the partial factors for the corresponding parameters. The ageing factor 7 describes the
gradual decrease of concrete chloride diffusivity with time,

>0 (M
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n(t,.t) = D, (%Col = (%) with 7(t,,t > 30 years) =;(t,,t =30 years) )

Here, the term n is the exponential coefficient for the ageing law and D¢’ the concrete
diffusivity at age to. Since it is not rational to assume this densification is to develop
infinitively, this decrease law is truncated at t = 30 years to ensure the conservative design.

To apply this design model, the characteristic values for the parameters and their
corresponding partial factors should be determined for the concrete structures in HZM
project. To this purpose, the statistical properties are regressed for the design parameters, Ce,
Cs, X4, Dci” and n, from the long-term exposure tests on a similar exposure site (Zhanjiang
Exposure Station) and structural inspections during the recent 30 years. The detailed
statistical properties and the regression details were reported in [6,7]. On the basis of the
obtained statistical properties, the partial factors and characteristic values for design
parameters are calibrated through a fully probabilistic scheme for a target reliability index of

B=13[7].

2.3 Model-based design for carbonation
The carbonation model is an extended form of the widely used square time law for
carbonation depth X, [4,5], and the design equation is expressed in partial factor format as,

G, =X =X (tSL) =X =W, 2ke [Lj kc (kt R/_\ICC,07R & ) "Ceop Iy 20 3)
Vru

Here, W, is the weather function expressing the influence of atmospheric precipitation on
concrete carbonation process (-); Ke is the environmental factor of humidity with detailed
expression in (fib 2006) (-); K. is the curing factor defining the influence of curing time during
concrete hardening (-); (kR Acc,o_l'f‘&‘t) is the carbonation resistance of concrete in natural
environment; R ACC,O'I is the concrete carbonation resistance in accelerated test conditions
(20°C, RH=65%), in (mmz/year)/(kg/m3); ki is the regression parameter between the two
resistances; ¢ is the error term; Cco, is the CO5 concentration in atmosphere (kg/m®) and ts.
is the design life (year). The terms yrur are partial factors for relative humidity and concrete
carbonation resistance. The equation (3) takes the corrosion initiation as DLS.

The design value of cover thickness X4 refers to X4"*"-Ax4. The statistical properties for the
parameters needed for partial factor calibration can be found in [5]. Four representative cases
are considered: interior surface and exterior surface of concrete elements for service lives of
50 years and 120 years. Compared to interior surface, exterior surfaces have elevated
humidity and lower weather function due to rain exposure conditions. For CO, concentration,
a high concentration of 32.8x10™, four times of design value, is also retained to consider the
possible CO, accumulation in the tunnel by automobile exhaust. The characteristic values of
concrete cover thickness X4"°™ and the carbonation resistance R ACC,O'l are retained as design
parameters.
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2.4 Durability requirements

The preliminary concrete proportioning sets the water to binder ratio (w/b) around 0.35 for
structural concretes in HZM project, and both fly-ash and slag are used in binder. After
model-based design through (1), (2) for chloride ingress and (3) for carbonation, it is found
that the thickness and quality of concrete cover is controlled by the chloride ingress process,
and the final requirements from model-based approach are given in Table 1.

Table 1: Model-based durability design results for concrete structures in HZM project (design
life ts. =50, 120 years, /=1.3)[6].

Design Control
tsL DLS Xd, valulgz Dgssd valule2 Dgssm
(year) (mm) (107" m9s) (107 ms)
28d 56d 28d 56d
Salt fog 120 (a) 45 30 20 60 4.0
Splashing 120 (a) 80 30 20 6.0 40

CO, 120 (a) 35 - - - -
Salt fog 120 (a) 45 30 20 6.0 40
Salt fog 120 (a) 50 35 22 70 45
Splashing 120 (a) 85 3.5 22 70 45

CO, 120 (a) 35 - - - -
Salt fog 120 (a) 50 35 22 7.0 45
Splashing 120 (a) 85 35 22 70 45
Immerged 120 (a) 65 3.5 2.2 7.0 45

nom

Element Exposure

Box girder (exterior)

Box girder (interior)

Pier, Pylon (exterior)

Pier (interior)

Bearing platforms

Bored hole pile Immerged 120 (a) 65 35 22 7.0 45
RC facilities Splashing 50 (a) 60 35 22 70 45
(artificial islands) CO, 50 (a) 20 - - - -

Tunnel tube .
(exterior) Splashing 120 (a) 80 35 22 70 45
Salt fog 120 (a) 50 35 22 70 45

Co, 120 (& 30 - - - -

Tunnel tube (interior)

On the basis of the design results for chloride ingress, the values of required cover thickness
and chloride diffusion coefficient are obtained, modulated and given in Table 1 for the main
concrete elements. These results provide the basis of durability requirements for RC elements
in HZM project. The rapid chloride migration (RCM) test conform to NT Build 492 [8] is
used to measure the chloride diffusivity in construction phase. However, the design values
from (1) cannot be used directly for the quality control by RCM method because the D¢’ in
(1) is the apparent chloride diffusion coefficient regressed from in-situ exposure tests at a
given concrete age while RCM measures a short term migration coefficient under an electrical
field. The former is a non-steady state diffusion (NSSD) coefficient while the latter is a non-
steady state migration (NSSM) coefficient. Thus it is necessary to establish a relationship
between the NSSD design value and the NSSM quality control value. To this aim, concrete
materials in the Zhanjiang Exposure Station are reconstituted in laboratory, and the NSSM
coefficients are measured by RCM method at 28d and 56d. Using the correlation between
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these two groups of coefficients, the design values are converted to the corresponding RCM
values for quality control in Table 1.

3. Quality control in construction

3.1 Control criteria

The acceptance criteria are set up respectively for the compressive strength and the chloride
diffusivity. For the compressive strength, both the average and the minimum values for a
given specimen group are controlled. For a group containing 5 or more specimens, the
acceptance criterion is expressed as,

m

=S 2 foes Foumin 2 fo —Co “

feu feu cuk? "cu,min

Here, Myy,Steq are respectively the average value and standard deviation of compressive
strength of specimens, fo,x and fo,min are respectively the characteristic value for required
compressive strength (strength grade) and the minimum strength of specimens, oy is the
assumed standard deviation of compressive strength. The coefficient C depends on the
number of specimens: C=0.7 (5-9), 0.9 (10-19), 1.0 (>19). For specimen groups containing 2-

4 specimens, the following criteria apply,

m, > f

fcu cuk + 0-07 fcu,min 2 fcu,k _0'50-0 (5)
The acceptance criteria for chloride diffusivity from RCM method are formulated on the
similar basis. According to the technical document [9], the following requirements apply to
specimen groups containing 5 or more specimens,

D <D

Mg, +So < D +Coy, (6)

nssm,k » Cl,max nssm,k
Here, mcy, Scy are respectively the average value and standard deviation of chloride diffusivity
of specimens, Dysmix and Deimax are respectively the characteristic values for required RCM
chloride diffusivity and the maximum value of diffusivity, o¢ is the standard deviation of
chloride diffusivity regressed from laboratory specimens with enough number. The
coefficient C takes the same value as (4) in terms of specimen number. For specimen groups
containing 2-4 specimens, the following criteria apply,

m., <D

-0y, D < Dyimi +0.50, @)

nssm,k Cl,max

Note that the design results Dygm in Table 1 should be used as the characteristics value Dpssmk
in (6) and (7).

3.2 Chloride diffusivity

The in-situ data of chloride diffusivity of structural concretes were collected from the on-site
laboratories for different concrete elements in different contract bids. The chloride diffusion
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coefficients were measured on concrete specimens under standard curing conditions (20°C
and RH > 95%) for given ages, 28d and 56d, by RCM method.

For tunnel segments, the target mean values for Dysm are respectively 6.5%10"?m%s and
4.5%x107"*m?/s for 28d and 56d. The mean values of measured Dyssm are 4.68x10"*m%/s (28d)
and 2.95x10™"?m?s (56d), much lower than the required values. The variation coefficient of
this Dpssm 18 9.9% (28d) and 8.7% (56d), smaller than the expected level of 20% in design
phase, especially for 56d age. For concretes in bridge structures, much lower mean values,
compared to the required values, are obtained for both prefabricated and cast-in-place
elements. The D,sm dispersion of prefabricated bridge elements is very near 20% for both
28d and 56d ages, but the variance ranges from 4% to 44% for cast-in-place elements. Most
diffusivity values conform to the complaince critera (6) and (7).

3.3 Concrete cover thickness

The concrete cover was measured through the common midpoint (CMP) method and the
principle of CMP method detects the depth of reinforcement bars through transmitting an
electromagnetic wave pulse and receiving the reflected waves from the steel bars by two
adjacent antennas. The measurement error of the device used in HZM project is evaluated as
around 3mm through the comparison with the measurement on extracted cores from test
segments of tunnel. For information, the compliance criteria for the construction errors of
concrete cover are within -5mm/+18mm.

For the prefabricated tunnel segments, the required values for thickness are respectively
50mm (intrados) and 70mm (extrados). The measurements show that the mean values are
53.5mm (intrados) and 73.4(extrados) and the construction error, corresponding to the
distance between 5% percentile value and mean value, is 5.8mm (intrados) and 6.4mm
(extrados), slightly larger than the expected construction tolerance, 5.0mm, for prefabricated
elements. For the cast-in-place concrete elements in bridge structures, the design value for
concrete cover thickness for bridge decks is 45mm, and the measured mean value attains
50.5mm with only 1.11mm as standard deviation (SD) value; the design thickness for piers, in
splashing zones, is 70mm and the measured values have 80.0mm as mean value and 6.74mm
as SD value. The design values for bearing platforms, in immerged and splashing zones, are
respectively 60mm and 80mm, and their measured values have mean values of 71.0mm and
95.5mm and SD values of 6.85mm and 4.22mm.

4. Durability assessment

4.1 Assessment model

The assessment model for chloride-induced corrosion is also adapted from the analytical
model of Fick’s second law, similar to the design model in (1). With the corrosion initiation
specified as DLS, the assessment equation writes,

Xg

2,/Dc°ln(t0,t)t

G=(C,-C,))—=(C,~C,)|1-erf >0 (8)
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with Cy standing for the initial chloride concentration in concrete (%binder). Hereafter, this
model is to be used through full probabilistic approach to evaluate the failure probability of
durability,

Pr (tSL) = pr0b|:G (tSL) < 0] ©

The service life is judged to be satisfied or not by comparing the failure probability at ts;, with
the target failure probability Prreet. Thus, the assessment model contains six parameters: Cer,
Cs, Co, x4, Dt and n(or 7). The statistical properties of the parameters C..; and ageing
exponent n have been investigated in depth on the basis of the long-term exposure tests in
design phase [7], and the same statistical properties are retained in durability assessment. For
the initial concentration Cy, a rectangle, or uniform, distribution is calibrated for the structural
concretes from the chemical analysis of raw materials. For the chloride diffusivity DClO, the
collected data are used to update the statistical properties, and the collected data are also used
to update the statistical properties of concrete cover thickness.

In the construction phase, different protection measures are adopted, including the silane
impregnation on concrete surface, epoxy-coating on steel bars, stainless steel bars, coating on
steel surface and cathode protection of steel bars in concrete elements. These measures are
adopted to increase the durability safety margin and/or to compensate the possible adverse
effect from construction defects. In durability assessment, these measures are taken into
account after the following assumptions: (1) the silane impregnation is assumed to delay the
accumulation of chloride on concrete surface to its stabilized value by 10 years in the
assessment; (2) the epoxy-coatings have no impact on the corrosion initiation of
reinforcement steel bars in the durability assessment; (3) the C. of stainless bars is
conservatively taken as 5 times the value of the conventional carbon steel bars; (4) the
cathodic protection passivates completely the reinforcement steel once it is put into function,
keeping the steel in passivation during its active duration.

4.2 Assessment through full probabilistic approach

The fully probabilistic analysis for the durability assessment of RC/PC elements is realized
through Monte-Carlo simulations. A computer-based program is developed especially to
perform the probabilistic assessment. In the simulation, six parameters are considered as joint
occurrence random variables. For a given exposure age, the Monte-Carlo simulations are
performed to calculate the failure probability of (9), and 1,000,000 samplings are used to
ensure the solution of “real” probability. Accordingly, the failure probability is solved with
time from t=0 to t=120 years. Some assessment results are presented in Figure 2 for bridge
elements in splashing and tidal zones.

Globally the concrete elements all achieve reliability index above 2.0 at 120 years. The bridge
elements in atmospheric zones have very low failure probability, i.e. py <10~ at 120 years and
the corresponding reliability index £>3.0. The silane impregnation is generally adopted as
protection measure for elements, the stainless bars are adopted for pylons and the epoxy-
coated bars are used respectively for decks and box girders. The bridge elements in
splashing/tidal zone, piers and bearing platforms, have satisfactory durability safety margin:
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the cast-in-place piers and bearing platforms, using both stainless bars in first reinforcement
layer and surface silane impregnation, have quite high reliability index, £>5.0; the
prefabricated piers adopt epoxy-coated bars in first reinforcement layer and surface saline
impregnation, achieving =2.32 at 120 years.

0

10

Failure probability p, (-)

10°
0 10 20 30 40 S50 60 70 80 90 100 110 120
Service life 7 (year)
Figure 2: Failure probability of concrete elements in HZM project through Monte-Carlo
simulation for bridge elements in splashing and tidal zones.

The bridge elements in immerged zone also have satisfactory durability safety margin: the
cast-in-place platforms use stainless bars and surface silane impregnation and the failure
probability is very low; the prefabricated platforms use epoxy-coated steel bars instead thus
have a reliability index /=2.81 at 120 years; the bored hole piles achieve f=2.42 at 120 years
without special protection. For prefabricated tunnel segments, the reliability index is
evaluated respectively as $=2.81 (interior) and =2.13 (exterior) at 120 years.

5. Preliminary maintenance planning

A preventive maintenance strategy is adopted, intervening in the deterioration of concrete
elements in early stage. The basic maintenance planning considers mainly two aspects: the
durability performance level of elements denoted by failure probability pf or reliability index
PsL at 120 years, and the structural importance of elements. The maintenance techniques
consist in performing the surface chloride extraction by electrochemical method and applying
silane impregnation on the surface of elements periodically. The maintenance period is
recommended to be 20-40 years: the intervention period 20 years is recommended for the
elements without stainless steel bars and the period of 40 years is attributed to the elements
using stainless bars due to their much lower failure probability (<10°®). For tunnel segments, a
cathodic protection system has been installed to protect the steel bars against the unexpected
durability failure. The activation time is preliminarily set as 100 years, corresponding to the
failure probability ps=1%. It should be noted that this basic maintenance scheme is to interact
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with the durability inspection/ monitoring data and the real-time durability assessment during
the service life.

6. Summary

This paper introduces the HZM sea link project in construction, covering the durability design,
quality control, durability assessment in construction and the maintenance planning of
concrete structures in the project. The durability design establishes firstly a general
philosophy and divides the requirements onto material and structural levels, and then employs
model-based methods to determine the quantitative design parameters for durability. On the
basis of the quantitative requirements, the quality control is performed with concrete
compressive strength and chloride diffusivity as control parameters. The on-site data were
collected for the chloride diffusivity and concrete cover thickness. Using these data, the
statistical properties for variables in chloride ingress model are updated, and a comprehensive
durability assessment is given through a full probabilistic method. The assessment shows that
the durability safety margin is satisfactory, with fs;>2.0 at 120 years. A preventive
maintenance planning is recommended for the RC elements.
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VERCORS MOCKUP - FIRST EXPERIMENTAL RESULTS AND
SYNTHESIS OF THE BENCHMARK

Benoit Masson (1), Manuel Corbin

(1) EDF SEPTEN, Villeurbanne, FRANCE

Abstract

EDF VERCORS is focusing on the behavior of a large prestressed concrete structure.
VERCORS's concrete is studied by numerous researchers of COST project and EDF offers
three benchmarks about civil works calculations: early age, aging and severe accident. This
paper summarizes the results shown during the workshop (March 2016) following the first
benchmark. The next benchmarks are scheduled in 2017 and 2021.

1. Introduction

As part of EDF’s continuous effort on the safety and life extension of its Nuclear Power
Plants fleet, an experimental mock-up of a reactor containment building at 1/3 scale [Figure
1] has been built at “EDF Lab Les Renardiéres” near Paris (France).

Height from gusset
to the top [m]: 20.79

Internal radius of
cylinder [m]: 7.30

Thickness of cylinder
[m]: 0.3

Free volume inside
containment [m’]:

3160

r -
{
1. =TT

Figure 1: VERCORS scheme
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Materials of the model have been selected to be as much similar than the ones used for
construction of full scale containments as possible, in terms of mechanical and thermal
behavior as well. Concrete class is 34/37 MPa. Nevertheless, the concrete mix microstructure
cannot be perfectly scaled due to aggregates size.

The prestressing tendons layout is exactly scaled, including any deviations around
penetrations: tendons spacing is divided by three, and the ducts diameter is scaled as much as
reasonably possible for the contractor (®50mm). Every tendon has been cement grouted as in
full scale structures, excepted instrumented ones (four vertical and two horizontal) in order to
follow the prestress delayed losses, or to simulate tendons breaks. The prestressing tendons
are composed of class 1860 MPa strands T15 (nominal cross section S = 139mm?). Each
tendon has been tensioned at 1488 MPa at active extremities before anchorage slip, as in full
scale structures. The number of strands composing each tendon is governed by the following
design principle: the initial compressive state of concrete shall be equal to the one in the full
scale containment walls, when tensioning phase is just over. Consequently, at one third scale,
tendons section is divided by nine, so that each tendon is made with 4 T15 strands, instead of
37 T15 in the full scale structures.

Steel class 500 MPa has been used for the reinforcement of concrete in the mock-up
containment walls. Design principles for the reinforcement are the followings: rebars spacing
and diameters are scaled to keep the same ratios p (%) as in full-size structures. In typical
areas of the cylinder, reinforcement principles are alternatively HB 6/8 @6.7cm in horizontal
direction at both inner and outer face, and HB 8/10 @0.75° in vertical direction. In the dome,
reinforcement principles are also alternatively HB 8/10 @9.8cm at both faces. Stirrups are
made with HB 5. Length of the rebars and the number of overlapping zones are not scaled for
practical reasons. Concerning concrete cover, exact scaling is not possible due to the
aggregates size.

The mock-up is finely instrumented so that its behavior is monitored from the beginning of
the construction. The monitoring system is composed with:
o 1 meteorological station
o for the ambient air measure : 10 thermometers, 10 relative humidity sensors, 1
atmospheric pressure gage, 1 flow meter
o 12 pendulums (4 plumb lines with each 3 tables of aiming at different heights on 4
vertical lines)
o 4 vertical Invar wires
o 336 Embedded strain meters
o 211 Thermometers PT100
o 2 km of optic fiber
e 31 TDR (Time Domain Reflectometry) sensors
o 30 « pulse » sensors (permeability measure)
o 6 dynamometers for instrumented tendons
« 160 strain gauges on rebars

The mock up construction has been completed at the end of 2015 [Figure 2]. All over the
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research program, several measurements will be collected every day on each sensor.
Hundreds of samples of concrete have been prepared and tested to determine their material
behaviors and parameters, including hydration, strengths, fracture energy and elastic
properties, drying, shrinkage (autogenous and drying), creep (basic and drying) and
permeability.

The main objectives of the project are to study:
o the behavior at early age,
o the evolution of the leak tightness under the effect of aging (drying effects are about 9
times faster on the mock up because of scale effects),
o the behavior under severe accident conditions for which the thermo-mechanical
loading is maintained for several days.

The experimental campaign consists of a daily measurement (four measurements a day) of the
whole sensors and in a periodic air pressure test (scheduled every 13 months) of the mock-up.
During this test, the containment is pressurized at 5.2 bar absolute (pressurization at 200
mbar/h and plateau at 5.2 bar abs during 24 hours before deflation at 150mbar/h), all sensors
are interrogated each hour and the leakage is measured.

EDF proposed in 2015 a first benchmark dedicated to early-age, mechanical and leak
tightness behaviors.
Two other benchmarks are planned in the future:
e In 2017, to assess the impact of two successive identical loadings (pressurization tests)
on a concrete structure and to take into account the aging, in particular long term creep
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and shrinkage.
e In 2021, to predict the behavior under severe accident conditions.

This paper is dedicated to the results of the first workshop where 14 teams (over 46 registred
for the benchmark [Figure 3]) have presented their blind results (only a part of the results is
presented).

Origin of the participants

Total
¥' 46 participants registered
¥" 19 countries involved spread
over 3 continents
v 50% of the participants from
design offices
v 50 % of the participants from
universities or research centers

Figure 3: Repartition of the registered participants

2. Benchmark VERCORS 2015

2.1 Theme 1: early age

The topic is the prediction of the gusset behavior at early age, from the pouring to ten month
(end of construction of the whole containment). The results expected were temperature
evolution, strains, stresses and cracking patterns.

2.1.1 Temperature evolution
For the first phase, 11 participants have proposed a temperature evolution in the gusset
[Figure 4]. A short summary of the results is presented in this paper.

We can note that the temperature values were underestimated during the first 50 hours and
that the experimental temperature plateau (between 10 and 35 h) was not found [Figure 5].
This can be due to a poor evaluation of the heated air temperature around the gusset. The
obtaining of the plateau is directly linked to the duration of the air heating around the gusset.
The thermometer providing us with the heated air temperature around the gusset has
malfunctioned. Due to this unreliable measurement, new boundary conditions have been
proposed by EDF to the participants. Participants were free to use any numerical calibration:
the adjustment should only regard the boundary conditions of the gusset during heating. The
results were better.
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Figure 4: Position in the gusset of the sensors concerned by the theme 1
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Figure 5: Preliminary results - Temperature given by participants in the gusset (G1 and F1)

2.1.2 Evolution of tangential strains in the gusset

Four teams (Team 25, Team 40, Team 44 and Team 50) have submitted tangential strain
values in the gusset.

It shows that almost Teams overestimate the experimental strains for all sensors. The team 50
gives the best results [Figure 6].
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Figure 6: Tangential strains in the gusset at 4 days after pouring

2.1.3 Evolution of stresses in the gusset

5 participants (Team 21, Team 25, Team 40, Team 44 and Team 50) have given stresses
values in the gusset, mainly after 4, 12 and 30 days (and 10 months for Teams 21 and 50). No
experimental measure is available for the stresses.

Team 40 has provided the evolution of tangential stresses in the gusset during the first days
after concreting. It shows that the maximum tensile stresses are obtained almost 2 days after
concreting (> 3MPa in G1 and G2). This means that the cracking occurs almost 2 days after
the pouring, while the temperature decreases. Team 40 recommends not taking into account
stresses values after the cracking for early age calculation but only the stresses evolution
between the pouring and the cracking. In fact, stresses values have no physical meaning when
cracking occurred.

At four days after pouring [Figure 7], 3 participants (Team 21, Team 25 and Team40) have
tensile stresses in the entire gusset (from 0,4 to 2,7 MPa). For these teams, the lower part of
the gusset is more tensioned than the upper part.

The 2 other participants have lower tensile stresses and even a compressive stress, especially

for Team 44 showing about 3 MPa compressive stress in F1 (and lower compressive stress in
G1).
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Figure 7: Tangential stresses in the gusset at 4 days after pouring

2.1.4 Cracks in the gusset

The tables [Table 1&2] below give the experimental cracks evolution in the gusset between
the concreting of the gusset and the end of construction (before pre-stressing). These cracks
were highlighted during visual inspections of the mock-up, 5, 12 days and 8 months after the
pouring. All cracks are vertical. The two tables below synthesis the main characteristics of the

cracks evolution.

Table 1: Main characteristics of the cracks on the inner face of the gusset

Intrados
spacing in number of
Time total length in mm | max opening in mm mm cracks
t0 + 5 days 4990 0,1 ~1200 18
t0 + 12 days 8490 0,2 ~1200 22
t0 + 30 days wall not accessible
t0 + 8 months no inspection conducted

Table 2: Main characteristics of the cracks on the outer face of the gusset

Extrados
spacing in number of
Time total length in mm | max opening in mm mm cracks
t0 + 5 days 6325 <0,1 ~1200 17
t0 + 12 days 9940 0,1 ~1200 23
t0 + 30 days wall not accessible
t0 + 8 months 16000 0,2 ~1200 30
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Only three participants have submitted some results about cracking in the gusset: Team 50,
Team 25 and Team 40. Each team uses a different methodology. Although, comparing results
is difficult. Only Team 50 and Team 40 have given some quantitative results about number of
cracks, spacing between cracks or openings.

All teams give results after 4 days of concrete pouring. At 4 days after the pouring, the
spacing between two cracks is about 0.8-2m (cf. team 40 and 50), while in situ observations
show a spacing of 1.2 m. Therefore, the width of the cracks at 4 days is about 0.07-0.1mm,
which is similar to what is observed in situ. Given to team 50, the maximum opening of the
cracks increases significantly from 0.1 at 4 days to 3.3 mm at 10 months.

2.2 Theme 2: prediction of the behavior of the containment wall

The predictions of the behavior of the containment wall were expected at different steps:
before prestressing, after prestressing and at 5.2 bar abs. during the pressurization test. The
strains and stresses in 10 points defined in the gusset, the cylindrical wall and the dome, and
cracking state evaluation (inner face cracks, outer face cracks and through cracks) were
expected.

The experimental data are below [Figure 8] (the results are limited to the cylindrical part in
this paper).

Cylindrical part strains from pouring to first pressurization test
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Figure 8: Cylindrical part strains from pouring to first pressurization test



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Service Life of Cement-Based Materials and Structures
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

The experimental results showed in this part [Table 3] correspond to the visual inspection
made after the first pressurization test. During this inspection, only cracks which had an
opening superior to 0.lmm were measured and mapped. The difference of cracking state
between these results and those showed in Theme 1 part can be explained by the fact that
during early age inspection, all visible cracks (without any criterion on the opening) were
measured and by the fact that prestressing can have closed some of the early age cracks.

Table 3: Visual inspection results on cracking; Total length and max opening measured.

Dome: Outer face | Dome: Inner face | Gusset: Outer face | Gusset: Inner face
Number 38 197 28 0
Total length (m) 13.73 138.07 24.63 /
Max length (m) 1.16 1.66 3.14 /
Average length (m) 0.36 0.70 0.88 /
Max opening (mm) 0.10 0.10 0.10 /

NB: The cracks identified in the dome inner face are located on precast slab forms and don’t
reflect the dome mechanical behavior.

Nine teams answered Theme 2. Their results are given and compared to experimental results
in this part. Teams 70, 50, 37 and 24 began their calculation since the raft concreting. Teams
49, 21, 15 and 14 took the end of containment erection date as starting date. Team 23 took the
raft concreting date as starting date, but didn’t provide values for strains and stresses at the
end of concreting date.

The experimental results represented in this part are strains corrected from temperature
effects. The teams are divided into two groups:
e Group 1, which includes teams which began their calculation since the raft concreting
(Team 70, 50, 37, 24, 23)
e Group 2, which includes teams which began their calculation since the end erection
(Team 49, 21, 15, 14)
These 2 groups are separated by a vertical red line on the following graphs.

2.2.1 Strain evolution results

The results are presented for the cylindrical wall strain evolution, in tangential directions. The
results are quite the same in vertical direction.

Teams’ results are scattered [Figure 9].

In both directions, all teams, except Team 15 for tangential strains, show a more or less high
shortening for all captors as experimental results.

Team 15 results for tangential strains show elongation for captors HS ET and H6 IT and a
very low shortening for HI ET.
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Except for Team 14, the right evolution is predicted between the end of the erection and the
end of prestressing, and between the end of prestressing and the pressure test. But the
amplitudes are not always well reproduced.
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Figure 9: H5 Extrados Vertical strains evolution

2.2.2 Prestressing effects in the cylindrical wall

On the following graph [Figure 10], experimental results are represented by a red horizontal
line. The experimental results represented in this part are strains corrected from temperature
effects. The strains represented in this part correspond to strains between the end of
construction and the end of prestressing. As the prestressing begins short after the end of
construction, it can be assumed that they correspond to the prestressing effects, but also
include some shrinkage and creep effects.

Near the inner surface (figure not presented here), the vertical (not presented here) and the
tangential measured strains are greater than near the outer surface. This is also obtained in the
simulation for Teams 24, 21 and 14. For Teams 50, 37, 23 and 15, the vertical strains are the
same near the outer surface as near the inner surface. In general, in both directions,
prestressing effects are underestimated by the teams, except Team 49 which overestimates
them. Team 15 results for tangential prestressing effects show elongation for captors H5S ET
and H6 IT and a very low shortening for HI ET. However in many cases, Teams 70 and 14
are closer than the others.
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Figure 10: HS Extrados Tangential prestressing effect

2.2.3 Strains between end of prestressing and 5.2 bar abs. plateau

On the following graph [Figure 11], experimental results are represented by a red horizontal
line. The experimental results represented in this part are strains corrected from temperature
effects. Experimental results take into account the effects of pressurization, but also creep and
shrinkage effects since the end of prestressing.

Experimental results take into account the effects of pressurization, but also creep and
shrinkage effects since the end of prestressing. In both directions, experimental results are
elongation strains.

In vertical direction, strains are globally well estimated: some teams overestimate elongation
a little, others underestimate it a little. In tangential direction, strains are globally well
estimated.

2.2.4 Stresses evolution results

For this part, experimental results are not available. Teams’ results are scattered. After
prestressing, in vertical direction, the results ranged from 3 to 12 MPa of compression taking
all captors together. In tangential direction, the results ranged from 5 to 15 MPa of
compression taking all captors together. At 5.2 bar abs., the results show that the wall stays in
compression. There is a large scattering between results; some teams estimated a compression
stress inferior to 1 MPa. Team 15 results are very strange for captor H6 IT in tangential
direction and are not represented on the graph: they show that pressurization leads to much
more compression (33 MPa) than prestressing.
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H5 ET : strains between end of prestressing and 5.2 bar abs. plateau
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Figure 11: HS Extrados Tangential strains between end of prestressing and 5.2 bars abs.
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2.2.5 Cracking state results

Eight teams answered this topic. All the results are given in the table [Table 4&5] below, even
if some of them are partial.

Experimental results correspond to the results of the inspection after first pressurization test.
In this inspection, cracks which had an opening inferior to 0.1mm were not mapped.

Table 4: Inner face cracks total length

Inner face cracks — Total length (meter)

Team Team | Team | Team | Team | Team | Team | Team | Team | Experimental
70 50 49 37 23 21 15 14 results

Gusset 0 1.0 0 19.32 | N/A | 0.97 4 N/A 0

Hatcharea | N/A | 1.5 0 0.00 | 46 | 290 8 N/A 0

Cylindrical | 5| 15 | o | 658 | 60 | 079 | 28 | N/A 0

part

Dome 0 | 00| 0 [000]| 00/ 0 g8 | Ny | 13807 (precast

slab forms)
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Table 5: Inner face cracks max opening

Inner face cracks - max opening (millimeter)

Team Team | Team | Team | Team | Team | Team | Team | Team | Experimental
70 50 49 37 23 21 15 14 results

Gusset 0 0.4 0 0.061 | N/A 0.12 N/A | 0.015 0

Hatch area | N/A 9.0 0 0 0.1 0.17 N/A 0.04 0

Cylindrical | =, 0.4 0 [0052| 01 | 012 | NA | 001 0

part

Dome 0 0 0 0 0 0 N/A none 0.10

Results (not presented in this paper) are available for outer face and for through cracks.

Experimental results show only cracks > 0.1 mm in dome inner face, dome outer face and
gusset outer face. Team results show cracks in hatch area outer face, gusset inner and outer
faces and in cylindrical part inner and outer faces. All team results show no cracks in the
dome inner face. Experimental results show that it is in this area that there are most cracks,
but it is on the precast part of the dome: they don’t reflect the dome mechanical behavior.

Team 50 overestimates cracks opening, other teams are close to experimental results.

Team 37 overestimates cracks total length, especially for hatch area outer face, other teams
globally underestimate it.

2.3 Theme 3: air leakage during the pressurization test

VeRCoRs mock-up first pressurization test has taken place from November 2nd to November
6th 2015. The global air leakage has been measured at the end of the 5.2 bar abs. plateau.
During the pressurization test, at the 5.2 bar abs. plateau, the containment wall has been
sprayed in order to locate leakage faults and quantify the flow through these defects.

The theme 3 of this benchmark consists in the prediction of air leakage during the
pressurization test, at the end of the 5.2 bar abs. plateau. The air leakage flow is expressed in
Nm*/h (Normo m’ per hour). The normal volume of a gas (expressed in Nm’) is the volume it
occupies in normal conditions of temperature and pressure: TN = 273.15 K (0°C) and PN =
1013.25 hPa (102 Pa).

The global air leakage is 7.7 Nm’/h. Only 4.384 Nm’/h have been measured during the
spraying phase of the pressurization test.

Six teams answer to Theme 3. Their global air leakage results are given in the following table
[Table 6] with the experimental results:

Table 6: Global air leakage results
Experimental | Team 14 | Team 21 | Team 23 | Team 37 | Team 49 | Team 50

Global air leakage 7.7 42.89 434 834 82.7 42 13.83
(Nm*/h)
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The experimental results show that approximately half of the global air leakage is in the
gusset. This result confirms that all the containment wall history, especially at early age,
matters in the air leakage study. Indeed, this result seems to show that early age gusset cracks
reopen during the pressurization test.

Global air leakage has been overestimated by all teams except by Team 49 which
underestimated it. Team 21 and Team 23 results are very high compared to experimental and
other Teams results. Only Team 21 has identified the gusset as the major contributor to the
global air leakage. Other teams predicted that its contribution would be very low. All teams,
except Team 50, identified the cylindrical part as a major contributor to the global air leakage
and overestimated its contribution. Dome contribution to air leakage has been globally well
estimated, except Teams 49 and 37 which overestimated its contribution. The hatch area
contribution to air leakage has been significantly overestimated by Teams 50 and 23. Other
teams didn’t identify hatch area as a contributor of the global air leakage.

The repartition given in the following graph [Figure 12] is in percentage of the global air
leakage.

Air leakage repartition
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Figure 12: Air leakage repartition (percentage)

3. Conclusions

Following the presentation of the results one can retain, from the first international benchmark
on the VeRCoRs mock-up, the good quality of the work done by the participants.

Regarding the theme “gusset at early age” (theme 1), the results provided show that the
temperature curves are close to experimental results despite some approximations in the
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starting data. This allows us to affirm that the tools and their uses are mastered to reproduce
the thermal aspect of concrete hydration reactions. For strains, the results are more scattered.
Strains provided by participants are always below the measured deformations. Participants
generally found the setting in tension of the gusset, even if the results are relatively scattered.
One team manages to predict fairly precisely when cracking occurs at early age. Predictions
about the cracking at early age in the gusset are good, but only few participants were able to
deliver results on this point. This shows that modeling the concrete behavior at early age is
still unconventional for civil engineers.

About modeling the containment behavior since its concreting to its first mechanical loading
(theme 2), the results provided are more numerous. These calculations are indeed more
common in the profession. Some participants have undertaken comprehensive and complex
calculations incorporating all the construction phases of the containment. Some have obtained
results very similar to experimental measurements, showing a good understanding of the
behavior of the structure. Nevertheless there are sometimes significant differences both
between the participants and compared with experimental measurements. The gusset area in
particular is complex to model and its behavior remains poorly mastered. To a lesser extent,
the dome can also result in more scattered results.

However, interpretation of these results is difficult in some cases because the compared
values include several phenomena with sometimes opposing effects (effects due to time /
mechanical loadings effects). So, it was not always possible to distinguish the source of a
significant deviation with other participants or in comparison to the experience.

For future benchmarks, it will be important to ask results in a very precise way to compare
and interpret more thoroughly the results transmitted.

One can also note that the results for cracks are distant from experimental results. In particular
one can notice:

- That, ignore the effects associated to early age is a gap in forecasting the state of
active cracking during pressurization, particularly in the gusset;

- That, built the determination of cracking on a postprocessing of the stress state based
on a linear calculation, can lead to overestimation of active cracking.

Efforts seem necessary to move forward on modeling strategies integrating nonlinearities
throughout the whole history of the building

Finally, the prediction of the leakage flow remains a difficult exercise. The results show a
factor of 1 to 200 between the lowest flow and the highest. However, this factor is much
better than that which was obtained in previous benchmarks on the subject of the leak through
a concrete wall.

This shows that this type of calculation becomes more controlled. However it appears clearly
that the determination of the cracking state is a major element to forecast leakage. VeRCoRs
should be a real way to further improve the air leakage prediction tools.
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Abstract

Corrosion of steel reinforcement is the main cause of damage for reinforced concrete
structures. Iron oxides produced during the corrosion process can induce concrete cracking,
loss of adhesion at the steel-concrete interface, loss of reinforcing bar cross-section and even
spalling of the concrete cover. In the presented research, the durability problems related to the
corrosion of the reinforcement are investigated by combining experimental and numerical
studies. However, this paper particularly focuses on the experimental methodology used for
the time evolution of damages (steel corrosion products formation and crack patterns) induced
by the accelerated corrosion test. The accelerated corrosion tests were carried out by applying
a constant current between reinforcement used as an anode and a counter electrode. To control
the corrosion process, electrochemical parameters (such as free corrosion potential,
polarization resistance, electrical concrete resistance) were measured. The purpose of this
paper is to determine the width and length of the cracks and their orientation according to the
current density and time.

1. Introduction

Corrosion of steel reinforcement is one of the main causes of deterioration of existing
reinforced concrete (RC) structures. The consequences of this phenomenon are degradation of
the steel/concrete bond, reduction of the steel rebar cross-section and concrete cover cracking
[1]. This last phenomenon results from the production of oxides which occupy a volume two
to seven times higher than the parent steel. Actually, when this production is greater than
diffusion of iron oxide in the concrete, pressure increases at the interface between the
surrounding concrete and the rebar [2] [3] and exerts tensile stresses in the concrete all along
the corroding reinforcements. If these stresses exceed concrete tensile strength, the cracking
initiates and propagates towards the outer surface leading to the delamination of the concrete
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cover [4] [5]. Due to the mechanical deleterious effect of the corrosion phenomenon, it is
important to develop non-destructive techniques as well as predictive numerical modelling to
assess the corrosion evolution of RC structures. This could help the structure's end users to
provide an efficient maintenance policy. The main issue of this paper is to design a specific
protocol to generate a "controlled" corrosion evolution versus time in order to bring some
experimental evidences on the concrete cover cracking process due to corrosion and to
determine relevant input parameters for the numerical modelling.

2. Experimental program

2.1 Materials and specimens

Twelve single-rebar specimens (500x125x100mm®) were casted with a 600mm long and
20mm diameter steel deformed rebar. The reinforcement was positioned to obtain a 30mm
concrete cover at two sides of the beam [Figure 1]. The specimens designed with a not
symmetric location of the rebar aim to get closer to reality, to represent the heterogeneity of
the mechanical environment of the reinforcement in a structure. A Portland cement and
siliceous aggregates were used for the concrete composition with a water to cement ratio of
0.73. This ratio is representative of old reinforced concrete structures. Moreover, it allows the
penetration of the chloride ions during the accelerated corrosion test.

- |
- I |-
o

Figure 1. Schematic representation of RC specimens (dimensions in millimeters)

The cement type used for the concrete composition was CEM 1 52.5 CP2 NF according to
European standards. Concrete was prepared with aggregates having different particle size
classes ((0/0.315 mm; 0.315/1 mm; 0.5/1 mm; 1/4 mm; 2/4 mm; 4/8 mm; 8/12 mm; 12.5/20
mm)). Compressive and tensile strengths were measured on concrete cylinders (160mm in
diameter, 320mm in height) after 28 days according to NF EN 12390-3 [6] and NF EN 12390-
6 [7] standards. The mean compressive strength is 32 MPa =+ 2.46, the tensile strength is 2.6
MPa + 0.08 and the Young's modulus is 35 GPa + 1.58. The Poisson's ratio is equal to 0.15.

2.2 Accelerated corrosion tests and monitoring system

The set-up used for accelerated corrosion test and the monitoring system are illustrated in
[Figure 2]. RC samples were corroded using a power supply (Agilent 6614C, 100V, 0.5A)
which delivered an imposed anodic current to the steel rebar. The counter electrode (cathode)
consisted in an inert platinum titanium mesh (275mm long, 75mm wide) placed into a PVC
tank containing the alkaline electrolyte (1 g/L of NaOH, 4.65 g/L of KOH, 30 g/L of NaCl)
which was glued on the top side of the concrete (in the middle of the specimen). All the
specimens were connected in series and a current density of 100 pA/cm? of steel (0.0172A for
a steel surface area of 172.8 cm?: diameter 20mm and length 275mm) was applied during the
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chosen exposure time (7d, 14d, 21d, 28d and 35d). At the end of each considered exposure
time, two specimens were disconnected from the electrochemical test set-up. One of the
specimens was used for the non-destructive electrochemical characterization and the other one
was dedicated to destructive measurements. The accelerated corrosion test was monitored
using a data acquisition unit (Keysight 34970A): temperature, delivered constant current, each
sample voltage and total voltage were recorded every two hours. Moreover, two cameras were
used for the digital image acquisition of the front side of the two specimens subjected to a 35
days accelerated corrosion test.

Data acquisition unit

Power supply

(Cameras

Figure 2. Accelerated corrosion and monitoring system

2.3 Electrochemical characterizations

In order to determine the corrosion state of the rebar before the accelerated test, half-cell
potential measurements (Ecor) linear polarization resistance measurements (LPR) and
impedance spectroscopy (Re) were carried out, using a potentiostat (Bio-Logic, PARSTAT
2263) and the usual electrochemical cell with three electrodes. The working electrode was the
steel rebar, the reference electrode was a KCI saturated calomel electrode (SCE, 242 mV /
SHE) and the counter electrode was a titanium platinum mesh [Figure 3]. The same
electrolyte as for the accelerated corrosion test was used. Then the corrosion current density
Jeorr (LA/cm?) was calculated based on the following equation:

Jeorr = Rp S (1)

with B a constant (26mV), Rp (ohm) the linear polarization resistance and S (cm?) the steel
surface (172.78 cm? in this study).
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Figure 3. Electrochemical setup

2.4 Observation of corrosion products, of steel/concrete interface and estimation of the
crack patterns

Visual observations

After the accelerated corrosion test, the specimens were observed and a special focus was
made on the top and the front sides because of their lower concrete cover (30mm). Cracks
opening were measured with a crack measuring magnifier (resolution 0.1mm) on these two
surfaces. Then the specimens were sliced (125x100x20mm?>), considering corroded areas as
illustrated in [Figure 4]. After 24h drying in an oven at 45°C, the slices were photographied
and examined in order to characterize the crack pattern (angle and length) [Figure 5]. To
determine the angular position, the methodology developed by Sanz-Merino [8] was adopted
[Figure 5-a]. To estimate the length of the cracks in each cross-sections, the photographs of
the cross-section and a circle graduated every centimeter were superimposed as shown in
[Figure 5-b]. Moreover, the corrosion products embedding the rebar and filling the concrete
cracks were analyzed. Then from both results an attempt was made to correlate what was seen
on the concrete surface in 2Dimensions (by the bridge's owner) and what happened inside the
concrete with an aim of 3Dimensions.

Scanning Electron Microscopy observations

The slices were then impregnated with an epoxy resin under vaccum (to prevent decohesion
between concrete and steel when the corrosion damage was severe) and then cut into samples
which dimensions (2x4.5x4.5cm’) fitted in the Scanning Electron Microscopy (SEM)
observation room. A first goal is to determine the corrosion product thickness and their length
circling the perimeter of the rebar. A second objective is to observe the crack pattern and the
transfer of the oxides through the cracks.
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PVC tank length =27.5 cm

Figure 4. Specimen sawing design (25 slices named Tn® according to the axis. Corrosion test
zone is between x=10 and x= 40 cm

b
Figure 5. Determination of the crack angul(ar) position (a) and the crack length (b) after the
accelerated corrosion test on the two sections of a slice
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3. Experimental results

3.1 Voltage evolution during the accelerated corrosion test
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Figure 6. Voltage evolution during the accelerated corrosion test

[Figure 6] shows the voltage evolution for each RC specimen subjected to the accelerated
corrosion test versus time. Before the test (time=0), the voltage reflects the electrical
resistance of the specimens which are in a close range from 2.5 to 3 V except for P004-7d
specimen (3.3V). During the test, three stages are observed. In the first stage, the voltage
increase (about 1V) may be explained by the formation of resistive iron oxides (passive layer)
[9], [10] around the rebar and also by the diffusion into the concrete and the filling up of the
concrete pores by the oxides in the vicinity of the steel. In the second step, the drastic voltage
decrease (50% loss) can arise from the concrete cracking and the steel / concrete debonding.
The last stage with a constant voltage (1.4V) appears for longer durations, 28d and 35d and is
likely representative of a constant impedance of the corrosion layer. These preliminary
observations need to be discussed considering the migration of the ionic species under current
and particularly the penetration of the chloride ions. Tests are under progress.

3.2 Corrosion rate and crack patterns
[Figure 7] shows the corrosion signs and the cracks observed for the top side and the front
side of the two specimens after an accelerated corrosion test of 21 days.

Regarding the top sides, specimen P-007 shows some corrosion product stains and a visible
crack roughly along the steel rebar whereas specimen P-008 is not damaged. Regarding the
front sides, the opposite behaviour is observed: specimen P-007 only exhibits a single spot of
corrosion product while specimen P-008 shows significant corrosion products along the crack
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that follows the rebar. An assumption to explain this difference could be that the aggregate as
well as the rebar's ribs are not homogeneously distributed and promote this heterogeneity.

Top side P-007-21d

Front side P-007-21d Front side P-008-21d
Figure 7. Qualitative results of the specimens after an accelerated corrosion of 21 days

[Figure 8] reveals that all corroded specimens for over 14 days have a Jcor €qual to 10 pA/cm?
approximately except the specimen P-004-7d corroded for 7 days. The proposed assumption
is that at 7 days chloride ions have not reached the steel/concrete interface yet and
consequently, the corrosion is still passive. To give an answer to this question, chloride
measurement ingress with AgNO; will be achieved on each slice. Regarding the crack width,
the behaviour of corroded specimens is different. As previously mentioned, all specimens are
not cracked on the same side. As already suggested, this difference could be ascribed to the
heterogeneity of the concrete (the random distribution of the aggregates into the cement
paste). Besides, the crack on the top side is wider than the one on the front side. This
observation might be attributed to the close localization of the counter electrode on the top
side of the specimen (by comparison with the steel rebar) that permits chloride ions to quickly
reach the rebar (modification of the physico-chemical conditions that locally enhances the
corrosion process).

[Figure 9] shows the evaluation of the crack patterns (angular position (a), length (b) and
width (¢)) for each of the 10 cross-sections of the five slices of specimen P-008-21d. The
cracks propagate from the steel/concrete interface to the concrete surface.
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Figure 8. Crack width evolution and Jeor (F'S:front side ; TS:top side)

As shown in [Figure 9-a], two groups of the position of the cracks near the steel surface are
observed oriented close to 40° and 120° according to the graduated circle (see [Figure 5-a]).
Two mains cracks seem to be displayed. Two sets of crack lengths could be identified, the
first one is between 2 and 3cm and the second one is between 1 and 2cm in [Figure 9-b]. The
lengths tend to fluctuate because of the distribution of the aggregates which influences the
crack path. The graph in [Figure 9-c] corresponds to crack widths and shows the observed
general trend. The crack widths are around 0.1 and 0.3mm.

The thickness of corrosion products is measured by Scanning Electron Microscopy and the
perimeter represents the length of the shape of the rebar according to the corrosion volume.

The minimum thickness of corrosion products varies from 50 to 57um and the maximum
thickness varies from 257 to 314um (see Table 1). The highest thickness is located in the
upper part of the steel rebar. This ‘expected’ difference could result from the distance between
the counter electrode and the steel surface area. The closer they get, the more the corrosion is
forced. The crack width located on the top side is wider than the one located on the front side
because the penetration path of the chloride ions to reach the steel surface area is the shortest.

Comparing the internal measurements ‘crack orientations’ and the widths measured on the
sliced samples to the external observations (corrosion products spots on the front side of the
samples), the surface observations do not reflect the internal corrosion state at the
steel/concrete interface.
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Figure 9. Quantitative results of internal cracks— 83 angular position, b) length and c¢) width

Table 1 : Thickness of the corrosion products layers and corresponding visual distribution of
evidences on the front side

Slices Maximum thickness of the Minimum thickness of the ~ Perimeter of the corrosion
corrosion products layers corrosion products layers ~ products layers Max/Min
(um) (um) (um)
P-008-21d-T10 257 57 2617/5233
P-008-21d-T13 314 63 5233/5233
P-008-21d-T16 257 50 5233/10467

4. Conclusions

In this work, cracks due to the corrosion of the steel reinforcement in concrete specimens
have been investigated using an accelerated corrosion test. This work exposes the finalized
methodology associated with the experimental program. The following preliminary results
can be drawn:

e There are three stages in the corrosion process: during the first stage, the increase of
polarization resistance may be explained by the development of resistive iron oxides
(passivation layer). The second stage could highlight the loss of the resistance of the
set due to respectively the concrete cracking and the decohesion between the steel and
concrete surface area. Regarding the third stage, the observed effect may be attributed
to the fact that the properties of corrosion layers remain unchanged. Then, the value of
the voltage at the end of the test certainly reflects the resistance of both cracked
concrete cover and iron oxide layer. After 7 days, an active corrosion is not clearly
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observed and this could be explained by the fact that chloride ions have not reached
the steel/concrete interface.

e The crack orientation, length and width are coherent for the same specimen corroded

for 21 days. This result has to be confirmed after achieving the measurements for the
other specimens.

e The corrosion-product spots on the surface of the samples do not reflect the internal

corrosion state at the steel/concrete interface of the specimen.

Some of the experimental results such as the thickness and the display of the oxide layer will
be used as input data for the numerical modelling. The other experimental results associated
to the crack patterns will allow a comparison between the experience and the modelling. To
improve the modelling of the corrosion product layer in the numerical simulation, an
experimental test is in progress to characterize mechanical properties of these products.
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Abstract

Physical sulfate salt attack (PSA) is one of the most severe and rapid deterioration
mechanisms that can take place in concrete. Yet there is no standard method for evaluation of
concrete resistance to PSA. Testing of concrete’s resistance to PSA has two main aspects —
exposure conditions and evaluation of deterioration. Evaluation of concrete’s resistance to
PSA often requires a long time, which is inappropriate for evaluation of concrete mixtures for
a construction project. Many studies report sulfate resistance based on subjective visual
ratings, which is inadequate as a durability design criterion. The objective of this research is
to identify exposure conditions and deterioration evaluation methods suitable for standard
testing that can be used for rapid comparison of mixture compositions, durability design, and
analysis of life cycle cost. Various methods for assessment of deterioration were applied using
selected exposure. It was found that 100 thermal cycles between 5 and 30 °C immersed in
30% sodium sulfate solution were sufficient to assess the resistance of a range of mortar
mixtures. The most suitable techniques for evaluation of deterioration rate was mass loss,
while fundamental resonance frequency and ultrasonic pulse velocity were found to be
unsuitable.

1. Introduction

Physical sulfate salt attack (PSA) is one of the most severe and rapid deterioration
mechanisms that can take place in concrete. Salt scaling, salt weathering, or salt hydration are
the terms that are often used for PSA [1]. PSA is sometimes confused with chemical sulfate
attack [2], [3]. Unlike in sulfate attack of chemical origin, no chemical interaction between
sulfate salts and cement minerals is involved in PSA [3]. Sulfate attack of concrete has been
the subject of extensive research, though the mechanisms of PSA were often overlooked [4].
A recent Portland Cement Association report on the results of testing concrete resistance to
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sulfate attack declares that the PSA damage of concretes can be significantly more extensive
than the damage caused by chemical sulfate attack [5].

It has been demonstrated by previous research that water to binder (w/b) ratio is the most
important parameter for the resistance to sulfate attack [5]. The current North American
standards limit w/b ratio to 0.40 and 0.45 in Canada [6] and USA [7], respectively, for the
severe conditions of sulfate exposure. However, the reduction of w/b ratio does not prevent
deterioration, though it enhances the resistance to sulfate attack [8]. Supplementary
cementitious materials (SCM) are often used to make concrete tolerant for sulfate rich
environment. While SCMs improve the resistance to chemical sulfate attack by diluting
aluminates in the binder, some literature sources report that they may even increase the
susceptibility to PSA [5], [9], [10]. So there is a controversy about the resistance of different
binders and mixture designs to PSA.

Currently, there are no standard methods for testing concrete resistance to PSA [2]. Existing
standard test methods ASTM C452 [11] and ASTM C1012 [12] were prepared for testing the
resistance of binders to chemical sulfate attack. In these standards, the expansion of mortar
bars is used as a measure of deterioration, while PSA is typically not associated with
expansion. The form PSA damage is usually the gradual surface scaling, much like the
damage caused by freezing and thawing [3]. This is because PSA causes damage by means of
the cycles of crystallization, dissolution and phase transitions of sulfate salts [13]. Testing of
concrete’s resistance to PSA has two main aspects — exposure conditions and evaluation of
deterioration. Historically, field testing was used for testing sulfate resistance of concretes [5],
[9], [8], [14]. Such tests could take from 8 to 40 years. Such long time is inappropriate for
evaluation of concrete mixtures for a construction project. Many such studies report sulfate
resistance based on visual ratings, which are subjective and inadequate as a design criterion
for durability. Thus it is of great interest to identify exposure conditions and deterioration
evaluation methods suitable for accelerated standard testing that can be used for rapid
comparison of mixture compositions, durability design, and analysis of life cycle cost.

Different accelerated exposure conditions for the testing of PSA resistance of concrete are
reported in the literature [13], [15], [16]. Typically, the most significant damage in PSA is
caused by phase transitions between sulfate salts: thenardite (Na2SO4) and mirabilite
(Na2S0O4-10H20) [13]. To activate this mechanism, either relative humidity (RH) or
temperature variations are needed. Thus, PSA testing exposures can be categorized into three
groups: wetting and drying cycles, partial submerged samples, and fully submerged samples.
In first group, changes in RH are triggered by wetting and drying cycles, inducing the phase
changes between mirabilite and thenardite. However, change of RH inside concrete or mortar
samples is slow, and significant time is required to reach RH equilibrium inside a sample. For
this reason, there will always be a moisture gradient through the sample cross-section, which
results in partial conversion of thenardite to mirabilite, and the testing time required to
achieve the damage level needed to quantify PSA resistance in a wide range of mixtures is
long. In partially submerged samples, the rate of deterioration may be fast, but the damage is
localized in the evaporation zone, which makes it difficult to quantify the resistance to PSA.
On the other hand, thermal cycling of fully submerged samples seems to be a very promising
PSA exposure, because thermal equilibrium can be achieved quickly. When temperature is
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reduced, e.g. from 30° C to 5° C, all thenardite absorbed inside the sample will convert to
mirabilite. The expansion caused by the crystallization and phase change during such thermal
cycles is significant (more than 3 times volume increase [13]) resulting in rapid deterioration.
Since the sample is submerged, the whole sample surface is exposed to the deterioration
process, so extent of damage is higher and easier to quantify. Folliard and Sandberg achieved
complete disintegration of 25 mm concrete cubes with w/cm ratio of 0.5 after only 30 thermal
cycles when submerged in 30% sodium sulfate solution. This exposure condition was
compared with other different exposures involving drying cycles, partial drying, with and
without thermal cycles. While particular damage was seen in all exposures, other exposures
didn’t cause such fast and extensive damage. Since the thermal cycling between 5 and 30 °C
in 30% sodium sulfate solution is reported as the one of the most severe exposures (due to
rapid crystallization of mirabilite [13]), this exposure condition was selected for the current
research.

In the field studies of sulfate attack, the extent of damage was often assessed using visual
rating [8], [9]. However, rating damage based on visual appearance is subjective, semi-
guantitative method, which is not suitable for PSA considering the surface scaling nature of
degradation. Considering the similarity of degradation mechanism and character of the
damage, methods used for assessment of concrete resistance to freezing and thawing, such as
mass loss, ultrasonic pulse velocity or fundamental resonance frequency appear to be
particularly promising for quantification of extent of damage and rate of deterioration in PSA.

The objective of this research is to identify exposure conditions and deterioration evaluation
methods suitable for standard testing that can be used for rapid comparison of mixture
compositions, durability design, and analysis of life cycle cost. For this purpose, mortars with
various w/cm ratio and different types and contents of supplementary cementitious materials
were subjected to the selected exposure conditions. Mortars were preferred over concrete
because of higher permeability, which shortens the testing time, and over cement paste
because of the presence of interfacial transition zones. High-sulfate resistant cement (ASTM
Type V) was used in all mixtures to reduce the possibility of chemical interaction between
cement and sodium sulfate. Various methods for assessment of deterioration were applied
using selected exposure. It was found that 100 thermal cycles between 5 and 30 °C immersed
in 30% sodium sulfate solution were sufficient to assess the resistance of a range of mortar
mixtures. The most suitable techniques for evaluation of deterioration rate was mass loss,
while fundamental resonance frequency and ultrasonic pulse velocity were found to be
unsuitable.

2. Materials and methods

2.1 Materials

High sulfate-resistant cement produced by Lafarge was used in all mixtures in order to reduce
the possibility of chemical sulfate attack. SCMs used in this research were Holcim GGBFS,
from Ontario, and FA type F from Avon Lake, Ohio, USA. Natural glacial sand of mixed
mineralogy from Sunderland Pit, Ontario, Ontario Canada was used in all mortars at a
constant rate of 45% by volume.
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The effects of w/b ratio, and cement replacement by slag and fly ash - on the resistance of
cement mortars to PSA were investigated. Sulfate resistant portland cement (ASTM Type V)
mortars with w/cm ratio of 0.35, 0.40, 0.45 and 0.50 were tested. Sulfate resistant cement was
used in order to minimize chemical sulfate attack. The effect of SCM on PSA was studied
using mortars with w/b ratio of 0.40. The replacement levels of cement by SCM were: 45 and
65% for GGBFS, and 20 and 40% for FA. The mix designs are shown in Table 2. The mass of
sand is given in oven dry condition, and additional water was added to compensate for water
absorption of 0.6% by mass.

Table 1: Mixture proportions [kg/m®].

Mixture SCM content, %
notation w/b Cement Water GGBFS FA Sand
Slag FA

M50 0.50 0 0 663 332 0 0 1182
M45 0.45 0 0 706 318 0 0 1182
M35 0.35 0 0 811 284 0 0 1182
M40 0.40 0 0 755 302 0 0 1182
SG45 0.40 45 0 406 295 332 0 1182
SG65 0.40 65 0 256 292 475 0 1182
FA20 0.40 0 20 594 297 0 148 1182
FA40 0.40 0 40 438 292 0 292 1182

2.2 Methods

For each mixture, three mortar prisms of 51 mm x 51 mm x 266 mm were cast for PSA
exposure. The specimens were demolded at the age of 1 day and kept in saturated lime
solution until 3 days. After 3 days of age the specimens were removed from the solution and
kept in sealed conditions at 23 °C until the start of sulfate exposure at 28 days. This curing
regime was selected considering common practice and standard requirements in North
America. For sulfate exposures CSA A23.1-14 [6] requires “additional” curing for the highest
level of sulfates that corresponds to 7 days of curing, though no wet curing is required. Sealed
curing would meet the CSA definition of additional curing. According to this Canadian
standard [6] “extended” wet curing of 7 days is only required for extremely severe chloride
exposure. Thus the curing conditions used here, wet curing until the age of 3 days and sealed
curing until the age of 28days, exceed the “additional” curing requirements of [6] but would
likely be inferior to “extended” curing.

Sulfate exposure involved thermally cycling mortar prisms submerged in sodium sulfate
solution. Thermal cycles were between 4 +1 and 32 +2 °C with maximum cooling and heating
rates of 2.5 and 4 °C/h, respectively. The duration of one full thermal cycle was 24 hours. The
concentration of sodium sulfate solution was 30% by mass and the solution was replaced
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every 5 cycles. The damage caused by PSA was assessed by means of mass loss. The
measurements were taken every 10 cycles.

Fundamental transverse, longitudinal, and torsional resonant frequencies of mortar specimens
was measured using forced resonance method according to ASTM C215 [17]. Ultrasonic
pulse velocity was measured in accordance with ASTM C597 [18] using transducers with the
resonant frequency of 54 kHz. Mass loss was measured using scales with the capacity of 3 kg
and precision of 10 mg.

3. Results and discussion

The deteriorated mortar samples after 100 thermal cycles are shown in Figure 1. As can be
recognized in Figure 1, the nature of damage caused by PSA is surface scaling. It can be seen
that tested mixtures exhibited degree of deterioration ranging from very high in mortar with
wi/b ratio of 0.50 to minor in the mortars with slag. However, besides the size change, it is
very hard to rate the degree of deterioration by visual appearance. The surface of all samples
was affected by PSA. If significantly larger samples would be used in testing, it would be
hard to quantify visually the difference between the resistance to PSA of these mixtures. For
this reason, the rate of deterioration due to PSA was also assessed using mass loss, dynamic
modulus of elasticity by measured by means of UPV, fundamental transverse frequency and
fundamental longitudinal frequency, and modulus of rigidity determined by fundamental
torsional frequency. The comparison of the mass loss and the durability factors determined by
these methods for mortar with w/b ratio of 0.50 is shown in Figure 2.

i!
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Figure 1: Deteriorated samples after 100 thermal cycles
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Figure 2: Comparison of different methods for evaluation of deterioration rate for mortar with
w/b ratio of 0.50.
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Figure 3: Durability factor based on fundamental transverse frequency
The mortar with w/b ratio of 0.50 was selected to show the differences between various
methods used to assess the rate of PSA, because it had the highest degree of damage, although

the same tendency was observed in all tested mortar mixtures. It can be seen in Figure 2 that
only mass loss reflects the full extent of degradation caused by PSA. It should be noted that
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durability factor based on a fundamental frequency may be calculate by different ways. For
example, in ASTM C666 [19], durability factor is calculated based on the ratio of the square
of the fundamental frequency after and before the detrimental exposure. However, dynamic
properties depend not only on the fundamental frequency, but on the mass and dimensions of
the tested sample. In case of severe damage, mass loss and dimensional changes may
significantly affect the fundamental frequency. In Figure 3, the durability factor is calculated
based on the fundamental transverse frequency only, with corrections for mass and with full
correction for mass loss and dimensional changes are compared. As can be seen in Figure 3,
the reduction of dynamic transverse modulus of elasticity is about 20%, while durability
factor based solely on the fundamental frequency reduces by more than 50%. Because of high
mass loss, the durability factor with the correction for the mass shows degradation of almost
90%. However, as can be seen in Figures 2 and 3, due to the nature of damage the true elastic
properties of the mortar exposed to PSA are not impaired proportionally to the extent of
deterioration. Figure 3 shows the values calculated based on fundamental transverse
frequency as it is the most widely used method, but the same pattern appears in the other
dynamic properties. In addition, due to significant reduction of the cross-section, the
dimensional ratio of length to maximum transverse direction is shifted away from the
optimum. Thus, it may be concluded that mass loss is the most effective approach to
evaluation of the damage in PSA.

The comparison of mortar mass losses during PSA exposure is given in Figure 4. Here the
difference in PSA resistance between various mixtures can by quantified more easily than by
visual appearance. In addition, it can be recognized that the rate of deterioration during PSA
exposure was not constant. The rate of mass loss of mortars as function of thermal cycles
number is shown in Figure 5. It can be seen that all mixtures demonstrated a sort of induction
period in the beginning of exposure. Most mixtures increased the mass during the first 10
cycles, after which the mass loss started with an increasing rate. After this initial period the
rate of mass loss either stabilized or decreased. There may be two reasons for the decrease of
the rate of mass loss. First, the size of deteriorating specimens decreased, and the surface
available for PSA is reduced as well. Since the nature of the damage causing mass loss is
surface scaling, the rate of mass loss depends on the surface area exposed to PSA. Second, the
specimens during PSA exposure are submerged in sodium sulfate solution. This may promote
hydration, particularly in the mixtures containing SCMs. Most probably, this is the reason for
the reduction of the rate of mass loss in the mixtures with fly ash as the later stages of testing.
Thus, FA mixtures could benefit from a longer period of moist curing. Further investigation is
needed to confirm this hypothesis.

As expected, the reduction of w/b ratio increases the resistance of mortars to PSSA. The
difference in PSSA resistance between w/b ratios of 0.50, 0.45 and 0.40 are significant.
However, there is not much change in PSA resistance between w/b ratio of 0.40 and 0.35. The
possible reasons for this behavior maybe insufficient compaction, since the workability of
mortars decreased with w/b ratio since no plasticizing admixture was used. Comparing the
resistance of mortars with and without SCMs with the same w/b ratio, it can be seen that
GGBFS significantly improved the resistance to PSA, while it was reduced with FA. It is
interesting to note that the content of SCMs didn’t have significant impact on the behavior of
mortars in PSA.
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Figure 5: Mass loss rate of mortars as a function of thermal cycles

It can be seen that suggested exposure conditions combined with mass loss measurements are
valuable methods for testing the resistance of cementitious materials to PSA. This method
demonstrated good sensitivity that enabled precise capture of the differences in rate of
deterioration due to PSA in mortar mixes with a wide range of w/b ratios and two different
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SCMs. The results of such testing method can be used for comparison of different mixture
designs for a construction project. In order to use the results of this type of test method for
service life prediction, the performance of suggested concrete mixture can be compared to the
performance of a mixture with known performance from field testing.However, it is
impossible to mimic all possible real live scenarios of aggressive environmental conditions
either by laboratory or by field testing. The best approach is to obtain basic properties using
laboratory testing and use them for service life predictions by means of modeling. Further
research is needed to extend this testing method to concretes.

4. Conclusions
Based on the presented experimental results the following conclusions can be made:

e The combination of the selected sample size and thermal cycling in 30% sodium sulfate
solution produced exposure conditions suitable for testing of the resistance to physical
sulfate salt attack for a wide range of mortar mixture designs.

e Mass loss was the most efficient and sensitive method for the evaluation of the extent of
damage and rate of deterioration during exposure to physical sulfate salt attack.

e Further research is needed to extend the suggested testing method to concretes.
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Abstract

Concrete is a complex material. Its properties evolve over time, especially at early age, and
are dependent on environmental conditions, i.e. temperature and moisture conditions, as well
as the composition of the material. This leads to a variety of macroscopic phenomena such as
hydration/solidification/hardening, creep and 