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Abstract. The behaviour of concrete at early-age is complex and involves several physical fields
such as temperature, moisture and deformations. In this paper a hygro-thermo-chemo-mechanical
model for the analysis of early-age concrete based on a combination of models from the literature is
presented. The chemical model is based on the reaction degree concept, also used to define internal
actions such as self-desiccation and ageing of mechanical properties. A mechanical model based on
the Microprestress-Solidification theory for concrete creep is used, that in a simplified manner also
considers concrete fracture. The model has been implemented in a numerical framework suitable
for coupled multi-physics problems. It is here applied to a case study of an un-reinforced concrete
tunnel plug made of a low-pH self-compacting concrete. Good agreement is generally obtained with
measurements and hypotheses previously made on the behaviour of the plug are verified.

1 INTRODUCTION

The behaviour of concrete at early-age is
a complex phenomenon for which the anal-
ysis necessarily has to include interaction of
multiple physical fields such as temperature
and moisture, to characterize its mechanical
response. The perhaps most prominent phe-
nomenon is the exothermic reaction of cement
hydration, which for massive concrete struc-
tures may result in a significant temperature in-
crease and thereby an increased risk for ther-
mal cracking. Furthermore, the hydration re-
action consumes water, leading to a moisture
sink, self-desiccation, which causes autogenous

shrinkage in the solid matrix. If the con-
crete is not cured properly this can lead to
severe cracking, especially for concrete with
low water/cement-ratios. Furthermore, the rate
of hydration is highly influenced by the state
of temperature and moisture, which affects
the evolution of mechanical properties such as
strength.

In this paper, a numerical model is presented
that couples the evolution of temperature and
moisture during the early-age of concrete with
its mechanical behaviour. This model accounts
for volumetric changes due to temperature and
moisture variations as well as evolution of ma-
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terial properties during and after the initial hy-
dration. Furthermore, the model also accounts
for cracking through an isotropic damage model
and creep by employing the Microprestress-
Solidification (MPS) theory [1]. Similar cou-
pled models for early-age concrete can be found
in the literature, e.g. the model presented by
Di Luzio and Cusatis [2]. In the second part of
the paper, the model is applied to a case study
of a large un-reinforced concrete structure.

2 MODEL DESCRIPTION

This section describes the overall structure
of the mathematical model used in the cur-
rent study. The proposed model combine mod-
els from the literature and for brevity only the
most important aspects of and equations for the
model are given.

2.1 Hygro-thermo-chemical model

Numerous models for analysing the early-
age behaviour of concrete have been presented
in the literature, especially concerning the
thermo-chemical aspects. One such model was
presented by Ulm and Coussy [3]], based on the
thermodynamic framework of reactive porous
media. This model was developed by Cervera
et al. [4)], that among others introduced a new
concept for ageing. Using the same framework,
Di Luzio and Cusatis [S] presented a model that
in addition considered hygral aspects includ-
ing moisture exchange with the environment,
not dealt with previously. Furthermore, the
model was also extended to better cover High-
Performance-Concrete by also including the sil-
ica fume (SF) reaction and silicate polymeri-
sation. The model model presented herein is
largely based on the work presented in [3, 4, 5]
and thus only the most important aspects and
equations of the model are given below.

2.1.1 Chemical reactions and ageing

Although cement hydration in reality is a
composition of chemical reactions, the litera-
ture often treats it as a single hydration pro-
cess, since it has proved difficult to study the

reactions. In the model developed by Ulm and
Coussy [3], cement hydration is described by
the so called hydration extent, or by the more
practical measure: hydration degree a.. This
is defined as the ratio between the current hy-
dration extent and its final theoretical value un-
der ideal conditions. Thus, o, varies between 0
and 1, but in reality ideal conditions never ex-
ist and a value of 1 is seldom reached [4), |5].
The evolution of a. can be described by equa-
tion according to Di Luzio and Cusatis [3]]
and is driven by the normalized chemical affin-
ity Ac(a).

dov,
dt

E.
= Ac(ac)Bu(h)exp (RT) (1)

Cement hydration is a thermally activated re-
action which is accounted for by the Arrhenius-
term of the equation (last term), with . being
the cement activation energy, R the universal
gas constant and the 7' the temperature. Typi-
cally for concrete E./R = 5000 K [4, 5]]. Fur-
thermore, an empirical function /3, (h) is also in-
cluded to account for the decrease in reaction
rate observed at low relative humidity. Here
Bu(h) = [1 + (a. — ach)®]™! as proposed by
Bazant et al. [[6]] with @ = 5.5 and b = 4.

Since both the cement hydration and the SF
reaction are largely driven by diffusion of water
through the layers of reaction products formrf
around the reaction compounds, Di Luzio and
Cusatis [5] describe the SF reaction on a similar
form as the cement hydration. The evolution of
the SF reaction degree oy can therefore be de-
scribed by equation (2), which as equation (1)
is thermally activated and driven by a normal-
ized chemical affinity As(cs). For most cases
E;/R = 9700 K can be assumed, where £ is
the activation energy of the SF reaction. In con-
trast to the cement hydration, it is not affected
by the moisture state and thus unaffected by h.

FE
dt == AS(CYS)GXP (RT) (2)
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The reaction associated with silicate poly-
merization that was included in the model by
Di Luzio and Cusatis [5] has not been consid-
ered in the current work. However, since more
than one reaction degree is used, it will be nec-
essary to also introduce an overall reaction de-
gree « for use in the ageing model. Following
Di Luzio and Cusatis [2], « is given by equa-
tion (3) based on the amount of cement ¢ and
silica fume s and the heat developed by each re-
spective reaction, where QOO and Q°° are the to-
tal heat released for each complete reaction per
unit mass.

a. (t) c@ﬁo + ag (1) SQ‘S”

B, ) =

3)

The adopted ageing model follows the prin-
ciples outlined by Cervera et al. [4], in which an
ageing degree () is postulated that describes
the evolution of the compressive strength. Us-
ing the overall reaction degree as the driving
variable, the aging degree is given as

d
;f = A (T) A\ () & 4)

The function )\, describes the growth of the
ageing degree for different levels of reaction de-
gree and can account for effects such as setting.
Furthermore, the function At accounts for the
temperature influence on ageing, such that at
lower curing temperatures the strength growth
is higher. Based on the definition of ¢, the
growth of different material properties can be
defined, for example by following recommen-
dations in design codes such as fib Model Code
2010 [[7] as suggested by Cervera et al. [4]. For
example, the tensile strength can be given as
fi = n?/ 3 [, where f° is the tensile strength
at kf = 1 and corresponds to strength growth
under ideal isothermal conditions at a specified
reference temperature. Similar expressions can
be set up for other material properties such as
the tensile fracture energy Gi.

Some parameters and variables are not de-
scribed in detail above, for more information
regarding these, the reader is referred to refer-
ences [2, 3, [4]. The most notable variables are
the normalized affinities A, and A, that ideally
should be derived based on experimental data.
However, an analytical expression was also sug-
gested by Cervera et al. [4]. The asymptotic re-
action degrees a2°, a® and o™ are needed in
the analytical expressions for the affinities and
also in some other parts of the model. These
can be determined based on the composition of
the concrete, see for example [2, 4]].

2.1.2 Heat transfer

The heat transfer model follows the standard
definition, where the heat flux is defined ac-
cording to Fourier’s law accompanied by the
thermal energy balance equation. Since the ce-
ment and SF reactions are exothermic, an in-
ternal heat source () is included in the energy
balance equation. This heat source is defined as
Q= aCcQOO + aCSQ"O following Di Luzio and
Cusatis [5].

2.1.3 Moisture transfer

Modelling moisture transport in concrete is
a complex task where many models have been
proposed in the literature; ranging from single
to multi-phase models and models using differ-
ent driving potentials such as moisture content
w, relative humidity h and vapour pressure p,.
Regardless of which potential is chosen, com-
mon to most models is that the flow is gov-
erned by a diffusion-like equation. In this study,
a single phase diffusion model is adopted with
the relative humidity h as the driving potential.
This is a widely used type of model for mois-
ture transport in concrete, although many more
complex and accurate models can be found in
the literature, e.g. the model of Gawin et al. [8]].
The moisture mass balance used in this study is
given by equation (5)), where the total moisture
content w is the sum of the evaporable mois-
ture content w, and the non-evaporable mois-
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ture content w,, and is assumed to be in balance
with the moisture flux J [5].

ow  Owe Ow,
oo T vV 5)
_ Owe:  Owe . ow

8hh+8_04ca°+8_045a5+wn

As indicated by equation (9), w, is assumed
to be a function of the relative humidity / and
the previously introduced reaction degrees o
and ag, which leads to an age-dependent sorp-
tion isotherm which is here given by equation
(6). This definition splits w, into moisture in gel
pores (first term) and moisture in capillary pores
(second term) and was first proposed by Nor-
ling Mjornell [9]. The same sorption isotherm
was used by Di Luzio and Cusatis [5] and for
more details and definitions of all parameters in
equation (0)), the reader is referred to [5} 9].

1
we =G (@, o) (1 - m) ©)
+ K (ae, o) (exp(g(ac)h) — 1)

To complete the moisture balance in equa-
tion (5)), definitions of the non-evaporable wa-
ter w, and the moisture flux J are needed. As
discussed by Di Luzio and Cusatis [S], of the
two studied reactions only the cement hydra-
tion consumes water. Thus w, = k.cd., where
ke = 0.253 can be assumed [5]]. Lastly, as men-
tioned earlier, the moisture flux J is defined us-
ing a single driving potential A with a humidity,
age and temperature dependent transport coef-
ficient, see equation (7). This definition of J
was suggested by de Freitas Teixeira et al. [[10]
and the diffusivity D,, (h) proposed by Bazant
and Najjar [[11]. The temperature dependence
is provided by the function W (7") and the age
(and humidity) dependence is given the mois-
ture capacity Jw,/0h.

J= —\IJT(T)%DW (h) Vh (7)

All partial derivatives of w, used in equa-
tions (3) and (7) are calculated numerically.

2.2 Mechanical model

The mechanical model used is based on the
standard momentum balance equation without
inertial effects and on an assumption of small
displacements and strains:

1
V-o+b=0 and €:§[Vu+(Vu)T] 3)

The model accounts for effects such as mois-
ture shrinkage €), thermal dilation ; as well
as creep €, and &¢ as indicated by the addi-
tive strain decomposition in equation (9). The
shrinkage and thermal strains are assumed di-
rectly proportional to the state variables h and
T such that g, = k‘hhl and & = k{1, where
1 is the second order unit tensor. Both expan-
sion coefficients kj;, and k; are here assumed to
be constant; however, this must be considered
as a simplification, especially for the moisture
induced shrinkage.

e=¢€+e,+ter+ten+e 9)

The instantaneous strain tensor &; describes
the age-independent part of the deformation.
This strain measure is used in the constitu-
tive law in equation (10)), in which an isotropic
scalar damage model is used to account for frac-
ture:

c=1-w)o=(1—-w)D;: ¢ (10)

In equation (I0), D is the elastic stiffness
tensor, here given by the instantaneous modu-
lus E; = 1/qy, where ¢ is a material parameter
of the MPS-theory [1], and the Possion’s ratio
v. This is assumed to be unaffected by damage
and also equal for elastic and creep deforma-
tions. In this study, an isotropic scalar damage
model have been chosen for concrete fracture
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due to its simplicity and robustness for large
scale applications. The damage variable w re-
lates the effective stress & to the nominal stress
o. Its evolution is given by an equivalent strain
measure € in combination with a loading func-
tion and damage evolution laws. The choice of
¢ depend on the application at hand, e.g. a defi-
nition according to Mazars and Pijaudier-Cabot
[12]] may be used, or if mainly tensile fracture is
expected a Rankine type definition may be suffi-
cient. The implemented damage model follows
the framework outlined by Oliver et al. [13]] and
applies the crack band method [14] to regularize
strain localization.

The creep model follows the MPS theory [[1]
and incorporates the later developments sug-
gested by Bazant et al. [6], Jirdsek and Havlasek
[15]] and Bazant et al. [|[16]]. The rate of the so-
lidifying viscoelastic strain ¢, = 5(t,)/v(«),
where ~(t¢,) is a non-aging viscoelastic strain
and ¢, is a reduced time to account for gen-
eral ambient conditions. The creep function
used in the non-ageing viscoelastic model is
defined according to [1], in which only a pa-
rameter ¢, is considered as a free model pa-
rameter. Furthermore, the creep function is
approximated using the standard Dirichlet se-
ries expansion, which corresponds to a series of
Kelvin-Voigt elements. The solidification func-
tion v(a) = 1/[(eo/)™] is here defined ac-
cording to Di Luzio and Cusatis [2] so that it
is merged with the used ageing model. The pa-
rameter n,, is a free model parameter and o, 1S
taken from the ageing model and is based on the
concrete mixture. The rate of the viscous strain
ér = Ue(h, T)a /ne(h, T) is governed by the ef-
fective stress. Furthermore, 1), is related to ¢,
and 7 is the microprestress viscosity introduced
by Jirdsek and Havlasek [15]. Introducing 7
eliminates the microprestress from the model
formulation and the evolution of 7 is given by
the following differential equation:

i I
75— w0 ()’ =22 11

1

N +
NSTO

The two main free model parameters in
equation is the fluidity p5 which replaces
two parameters of the original model and pa-
rameter ¢4 that depends on the concrete mixture.
Variable 1 was also introduced by Jirdsek and
Havlasek [135] to improve the model response
under cyclic temperature conditions. A further
improvement by Bazant et al. [16] is the param-
eter p introduced to minimize the size effect. It
was shown that p = 0.6 minimizes the size ef-
fect, although this cause the original equations
of the MPS-theory to lose their physical mean-
ing. Lastly, the variable 1)y is related to the evo-
lution of the reduced microprestress time ¢, that
account for general ambient conditions and 7§
is a reference temperature. The above equa-
tions of the creep model are given for a one-
dimensional case. However, the extension to a
three-dimensional case is straightforward, given
isotropic behaviour and a constant Possion’s ra-
tio [[1].

The above description only gives a brief
overview of the mechanical model, but more in-
formation is given by Gasch et al. [[17] and for
the creep model in the original papers on the
MPS-theory, e.g. [l 1615, 116].

3 IMPLEMENTATION

The mathematical model outlined in section
[2 has been implemented in the general FE code
Comsol Multiphysics [18]], using its equation
based modelling feature. This feature allows
input of arbitrary differential equations on ei-
ther strong or weak form together with bound-
ary and initial conditions. Furthermore, it is
possible to couple equations describing differ-
ent physics (typically PDEs) and those of in-
ternal variables (typically ODEs). The system
of coupled PDEs and ODE:s are discretized and
assembled using shape functions individually
specified for each dependent variable (state or
internal). To avoid ill-conditioned system ma-
trices, individual scaling factors are applied to
each dependent variable in the discretized sys-
tem, such that all variables are of a similar order
of magnitude. In the current study the model
is solved in series. First the hygro-thermo-
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chemo model (including 7 of the creep model)
is solved followed by the mechanical model,
with no coupling in the opposite direction con-
sidered. However, the implementation allows
for the model to be solved in a fully-coupled
system as well if a two-way coupling is neces-
sary. This was shown by Gasch et al. [17] for
a case where the permeability was made depen-
dent on crack development.

4 CASE STUDY

A case study of a project carried out by the
Swedish Nuclear Fuel and Waste Management
Co (SKB) has been used to test the presented
model. The project consists of a full-scale test
casting of an un-reinforced concrete plug in-
tended to seal deposition tunnels in a long-term
nuclear fuel repository. The plug is an impor-
tant part of the KBS-3V hard rock repository
concept developed by SKB. A summary and
more detailed description of the project is given
by Malm [19] and Grahm et al. [20]. Apart
from the actual test casting, the project also in-
cluded material development and testing, where
a low-pH self-compacting concrete (SCC) was
developed. The motivation of using concrete
with low-pH is to protect the bentonite backfill
which loses its chemical integrity if the pH>11,
where concrete normally has a pH>12.5. The
material development and mix design of the
low-pH SCC is described in detail by Vogt et al.
[21] with the recipe of the concrete used in the
test casting given in Tab.

Table 1: Composition of the low-pH SCC [21].

kg/m?
CEM 142.5 MH/SR/LA 120
Silica fume 80
Water 165
Limestone filler 369
Sand 0-8 mm 1037
Gravel 8-16 mm 538
Glenium 51 6.38

4.1 Material testing

The material testing performed by Vogt et al.
[21]] has been used to calibrate the free param-
eters of the presented model. The most im-
portant tests and results are described in the
following, but due to a lack of space all per-
formed simulations are not presented. One of
the most characteristic features of the low-pH
SCC is its high early-age shrinkage, and there-
fore several tests were performed to quantify
this property. In Fig. [1} test results obtained us-
ing a dilatometer is shown with the correspond-
ing prediction by the calibrated hygro-thermo-
chemical model. Observed is the rapid ini-
tial shrinkage followed by a plateau before the
shrinkage again accelerates. In context of the
model, the first regime is explained by the ce-
ment hydration, which due to low cement con-
tent reaches its asymptotic reaction degree after
only a few days. It then takes approximately
two weeks before the silica fume reaction starts
to accelerate and the shrinkage continues.

Total strain [107™]

——Simulation
---Measurement

0 25 50 75 100 125 150
Age of concrete [days]

Figure 1: Early-age shrinkage as measured with a
dilatometer [21]].

The evolution of the compressive strength
under isothermal conditions (20 °C) is shown
in Fig. Since both the chemical shrinkage
and the evolution of strength are driven by the
reaction rates there is a trade off in the model
calibration given the available measurements. If
the strength growth is to be captured accurately,
the rate of the initial chemical shrinkage is un-
derestimated and vice versa. It should, however,
be mentioned that the two tests in Figs. [I] and
[2) were performed at different laboratories and
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that there are some uncertainties in the bound-
ary conditions. This could explain the differ-
ences in the observed rate of the reaction from
the measurements.

100 -

801

60

40 A

201 —Simulation

O Measurement

Compressive strength [MPa]

0 100 200 300 400 500
Age of concrete [days]

Figure 2: Evolution of compressive strength as predicted
by the model compared to measurements [21].

0.01 0.1 1 10 100
Time since loading [days]

Figure 3: Creep compliance measured at different ages of
loading. Solid lines show simulation results while dashed
lines show measurements.

The last material test presented in this pa-
per is on basic creep of the low-pH SCC, as re-
ported for loading ages between 1 to 29 days in
[21] and also for 90 days in [20]. The compli-
ance obtained from the experimental results and
the corresponding analysis results are shown in
Fig. [3 for five ages of loading. Note that for
the four earliest ages, the measurements only
lasted for 10 days, whereas for the test started at
90 days the measurements are planned to con-
tinue for three years. It proved difficult to get
a perfect fit for all loading ages and the current
set of model parameters slightly overestimates
creep at ages between 7-30 days, but the fit

is otherwise good. What should be mentioned
is that the early-age creep is highly influenced
by the self-desiccation where consequently dry-
ing creep plays an important role. Thus, even
though no direct tests on drying creep were per-
formed, the tests on early-age basic creep pro-
vide some indication to the sensitivity and mag-
nitude of the low-pH SCC to drying creep.

Table 2: Free model parameters used in the calibrated
hygro-thermo-chemical model.

Cement affinity Aa 18107 1/h
Ac(ae), see [4B]  Aeo 1075 -

e 4 -
Cement latent heat  Q2° 117 kl/kg
SF affinity Ag 18102 1/h
As(ag), see [45]  Ag 1073 -

s 4 -
SF latent heat QX 780 kl/kg
Conductivity AT 1.3*  W/(m-K)
Specific heat Cp 880*  J/(kg-K)
Sorption isotherm g1 .15 -
We, see [13]] kf,g 0.1 -

kSe 1.2 -
Diffusivity Dy 2e-7*  m/s
Dy, (h), see [[11]] ao 0.05%* -

ha 0.8%* -

ng 15%*% -
Aging parameter Ag 225 -
Temperature effect n 03 -
Initial set Qg 0.125 -

* Assumed value
** Value taken from fib Model Code 2010 [[7]]

The free parameters of the model calibrated
to the low-pH SCC are summarized in Tabs. [2]
and |3} Some additional model parameters such
as a°, ag° and o™ are needed, and can, as pre-
viously mentioned, be calculated on basis of the
used concrete mixture, see Tab. [II However, it
should be pointed out that the high content of
limestone filler in the low-pH SCC must be con-
sidered, although it is not implicitly accounted
for in the mathematical model. Here, this is
done by interpreting the w/c ratio as water over
the combined cement plus filler content in order
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to get a reasonable amount of water consump-
tion to account for the high shrinkage. The la-
tent heat of the reaction ng is reduced accord-
ingly, so that the total heat produced only re-
flects the actual cement content. Using such an
adjustment, the temperature development of the
model fits experimental results during the ini-
tial hours when only cement hydration is active.
It also give reasonable results for the early-age
shrinkage as reported in Fig. (I}

Table 3: Free model parameters used in the calibrated
mechanical model.

Expansion coeff.  ky 0.0052 -
kr  1.0.107° 1K
Comp. strength o0 95 MPa
Tensile strength 0 47 MPa
Fracture energy i 200%*  J/m?
MPS parameters ¢ 51076 1/MPa
¢  6.2:107° 1/MPa
g2 5.010°% 1/MPa
Solidification Ne 25 -
Fluidity ps  2.6:1071  1/(MPa-d)
Thermal creep KTm 02% -
KT, see [13]] KTe 0.02*% -

4.2 Structural test

The sealing plug planned to be used in the
KBS-3V nuclear repository is a dome construc-
tion, with an un-reinforced concrete plug cast
inside a rock slot. A schematic layout of the
plug is shown in Fig. 4] where it is assumed to
have a rotational symmetry along the tunnel di-
rection. Included in the figure is also a number
of cooling pipes, the use of which is twofold.
Primarily they are used to control the temper-
ature rise during casting. The secondary func-
tion is to create a temperature pre-stressing of
the dome, where the idea is to cool the concrete
dome so that it releases from the rock followed
by a contact grouting in the interface zone. Be-
fore construction of the concrete plug, the depo-
sition is filled with bentonite clay, which serves
as the main barrier in the planned repository.
Hence, the concrete plug is only intended as a
temporary seal during operation of the reposi-

tory. A section of approximately 1 m bentonite
backfill is included in the full-scale test. As the
bentonite homogenizes with water, it can swell
several orders of magnitude, however ,this can
take several years before. To simulate this in
the full-scale test, a water pressure of up to 4
MPa was created in the backfill. However, this
part of the test program will not be analyzed in
this study which focus on the first 200 days after
casting.

=1

2
3.486 1 §
3772+ 3

o
<

Dol

48+
R=3.9m

T = measurements
RH =0.95

m] v

Figure 4: Geometry of the dome plug, including lay-
out of cooling pipes and embedded sensors. The figure
also shows the most important boundary and initial con-
ditions.

The full-scale structural test of the dome
plug was conducted at the Aspd Hard Rock
Laboratory in Sweden, where casting occurred
in March 2013. A photo of the downstream
domed surface of the plug after casting is shown
in Fig. 5| Before casting, 27 combined temper-
ature and strain sensors were installed together
with some additional sensors, e.g. ambient tem-
perature and displacement gauges. A schematic
layout of the embedded sensors is included in
Fig. [ These are installed in three radial planes
with eight sensors in each plane and measure
radial strains, see [20]. Results will later be
shown for three of these locations, where for
further reference the blue sensors is referred to
as S1, the red as S2 and the green as S3.
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Figure 5: Dome plug after casting, photo from Grahm

et al. [20].

The numerical model set up assumes axial
symmetry, where the axis of symmetry is in the
direction of the tunnel. The geometry and the
main boundary conditions are included in Fig.
Ml Moisture transport is only modelled in the
concrete part of the geometry, where bound-
ary conditions towards the rock and the back-
fill are set as h =1. The mesh is constructed
with triangular elements with a higher element
density for the concrete volume where all phys-
ical variables are discretized using linear La-
grange shape functions. The interface between
concrete and rock is modelled using a cohe-
sive zone model (CZM) that only consider pure
mode 1 fracture. The properties of the CZM
are set to depend on the fracture properties of
the concrete. But to direct a fracture to the in-
terface zone, its bond strength is set to 75% of
the tensile concrete strength. However, a local-
ized fracture in the interface is expected to be
very brittle, so to artificially stabilize the model
and improve convergence, the fracture energy
of the CZM is increased to obtain a more duc-
tile behaviour. Both the formwork and the back-
fill are in the displacement part of the analysis
modelled using spring elements connected to
the ground, with zero stiffness in tension. The
effect of the formwork is removed after three
weeks [20]. The cooling pipes (Fig. H) are in
the heat transfer described as point sources (i.e.
lines in 3D) with a prescribed temperature. Fig-
ure[6|shows the temperature in the cooling pipes
as well as the measured air temperature.

Temper.

2] Air temp. I
---Cooling temp. [

T T
1 10 100
Time after casting [days]

Figure 6: Temperature development at three sensor loca-
tions (S1, S2 and S3) with up to three sensor readings at
each location, see Fig. @ Bold lines represent simula-
tions and thin lines correspond to measurements

Temperature readings at three selected sen-
sor locations are shown in Fig. [] together with
the corresponding analysis results, with colours
according to Fig. ] The overall agreement is
very good and the analysis and measurements
follows the same trends; largely governed by
the prescribed temperature of the cooling pipes.
As expected, it is difficult to capture the exact
behaviour during the first days since the con-
tinuous pour of the actual casting took 10 hours
[20], while in the analysis the concrete is poured
instantly. However, the maximum temperature
reached during cement hydration is captured ac-
curately by the model but the peak is gener-
ally delayed if compared to the measurements.
The temperature field obtained in the analysis is
shown for different times in Fig. [7]

The strain history of the dome plug proved
to be sensitive to the behaviour of the interface
zone in combination with the early-age creep
properties of the low-pH SCC. In fact, dur-
ing evaluation of the test results, no conclusive
statement could be made on whether the dome
had released from the rock as intended [20].
Comparing the measured strain levels which
have a magnitude of approximately 100 micros-
train with the measured free early-age shrinkage
(Fig. [I) indicates that either the plug is con-
strained so that the majority of the shrinkage
strain is relaxed by the high early creep, or the
free shrinkage smaller than expected.
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Figure 7: Temperature field in °C after 3, 7, 10 and 100
days.

For sensor S1 (located towards the back-
fill) the strain history is shown Fig. [8a, where
the zero level for both measured and calculated
strains are set at peak temperatures. The ther-
mal component of the strain history has been
omitted in Fig. [8a so that the effect of the
concrete creep is visualized. Studying differ-
ent levels of interface (and concrete) strengths,
it is evident that there are high restraint stresses
in the concrete throughout the analyzed period.
For simulations where there is significant de-
bonding, these disappear. Thus it can be con-
cluded that the most likely scenario is that the
dome, at least partially, never released from the
rock, although the strengths required for such
scenario in the simulations by far exceeds the
measured values of the low-pH SCC.

However, during the first 20-25 days the
model is not able to predict the measurements
with the desired accuracy. This is even more
evident if the results from sensor S2 are studied
in Fig. [8b] The simulations clearly overestimate
the amount of creep during this period, or there
may be factors not accounted for. One possibil-
ity could be that the bond at the interface has not
developed fully during this period. On the other
hand the low-pH SCC exhibits a large amount
of early shrinkage which would make it difficult
to later form a perfect bond over the entire cir-
cumference. Also, the model assumes that both
expansion coefficients &, and k; are constant,
a simplification that might explain the observed

10

deviation. For example, k; varies with the mois-
ture content and also with the reaction degree.
The same is true for k. A lower k; during the
first days could explain the lower amount of ob-
served creep strains. Another possibility is that
there is a difference between the concrete mix-
ture used in the laboratory testing (section 4.1)
and that used in the structural casting caused by,
e.g. the use of retarders to alleviate transport
from the factory. This could for example affect
the observed shrinkage, but it is unlikely that it
would cause the concrete to exhibit lower com-
pliance at early ages than later on, as indicated
by the measurements.

&
=)
=
-
w
400 T T 7 ]
0 50 100 150 200
Time after casting [days]
(a)
100 -
0.
&
g -100 -
-
“ -200 1
-300 -
400 T T T 1
50 100 150 200
Time after casting [days]
(b)

Figure 8: Strain history of total strain € minus thermal
strain € at sensor location (a) S1 and (b) S2, see Fig. E[
Black curves show measurements.

Lastly, the simulated gap at four locations
along the concrete-rock interface for different
values of strength is shown in Fig. [0 It can
be seen that it is only the case with the low-
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est strength that results in a complete release
of the dome, while for the highest strength no
gap is observed. Although no measurements
are included in Fig. [ Grahm et al. [20] re-
port measured gaps lower than 0.1 mm from the
full-scale test which is in good agreement with
a simulation using the highest strength value.

Gap [mm]

100 150

0 50
Time after casting [days]

Figure 9: Simulated gap in the concrete-rock interface at
different y-axis coordinates (Fig. {) for different strength
values (colour according to Fig. [8).

S CONCLUSIONS

In this study, a model for the hygro-thermo-
chemo-mechanical behaviour of early-age con-
crete is presented, based on a combination of
different models from the literature. It was dis-
cussed how to implement the proposed model
in a flexible numerical framework especially
suitable for coupled multi-physics problems.
Although the model treats the chemical be-
haviour of concrete using two reaction (ce-
ment and silica fume), the presented case study
highlighted a shortcoming for the low-pH SCC
used which contains a high amount of lime-
stone filler. To accurately describe such con-
cretes types, the hygro-thermo-checmical part
of the model should be extended to also cover
chemically active fillers. Still, it was shown
that the model could describe the overall be-
haviour of the studied concrete plug. However,
it proved difficult to completely characterize the
behaviour of the concrete rock interface, where
the measurements indicate a partial de-bonding.
This part of the analysis has a significant influ-
ence on the results obtained.
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