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Purpose of this thesis ~ §J HESE

» Concrete: 1 billion tons/year in EU
* Natural Aggregates (NA): 2.8 billion tons (all uses) in EU (2017)
 C&D Waste: 374 million tons in EU (2016) (30% total)

— Recycled Concrete Aggregates = NA + Residual cement paste

gy
recycle make

remake use

¥ reuse €
From [Wikipedia, 2020a]
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Purpose of this thesis ~ §J HESE

 RCA: increased porosity
and water absorption

 Water is the cause of many
degradations processes &
because it favours ions Y (Nearly)

penetration %%  Fully Released
4 RCA




Purpose of this thesis ~ §J HESE

Is the use of Recycled Concrete Aggregates
(RCA) inside concrete affecting its durability from
a point of view of water transfers?

— Modelling of water flows inside concrete

— Parameters obtained through several experiments



Experimentation ﬁ: LIEGE

-y université
Compositions

C-NA and C-NA-CEMIII C-RCA

3
226kg/m 238kg/m 3

C-NA: NA with CEM |
(Dreux-Gorisse)

Bl \Water

I Cement

[ ]Sand

Bl Aggregates

C-NA-CEMIII: NA with
CEM Il (Dreux-Gorisse)

C-RCA: RCA with CEM |

(Constant volume) M1-CEMI M2-CEMI
231kg/m*>

M1-CEMI: Mortar with
CEM | (Dreux-Gorisse)

B W ater
B Cement

3
TSand 1048kg/m

M2-CEMI: Mortar with
CEM I (C.E.M.)



Experimentation

Experiments & Concrete’s properties

¢ LIEGE

universite

Water Absorption Immersion — Densities and porosity
Water permeability = Intrinsic permeability

Static (De)Sorption = WRC and Van Genuchten’s model
DVS — WRC and Van Genuchten’s model (only mortars)

Convective drying = Mass and heat transfer coefficients
— Validation of the model ‘

Carbonation — Carbonation depth
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Application u

Mesh & Applied conditions
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Application

Applied conditions

3 LIEGE

o L1 i |||||| i |||||||||||| i i |||||| i |||||| i|||| A0 F-------- o R B

Température maximale
Température mimnimale

07.2016  01.2017 07.2017 01.2018 07.2018 01.2019 07.2019  01.2020

01.2017 07.2017 01.2018 07.2018 01.2019 07.2019  01.2020

RH € [40;95] % Te[-5;

e January: 95% of RH for a temperature of -5°C

o July: 40% of RH for a temperature of 25°C

251°C

1020 "sujuCusyIBEN] WO



Application « # LIEGE

4» université
Parameters
Parameter C-NA C-RCA Experimental source
Density of the solid grains (ps) [kg/m?] 2630 2557 Water Absorption Immersion
Concrete’s intrinsic permeability (ki) [m?] 7.68E-20 1.04E-19 Water Permeability
Concrete porosity (n) [-] 0.156 0.205  Water Absorption Immersion
Van Genuchten’s model parameter (m.,q) [-] 0.32 0.31 Static Desorption
Van Genuchten’s model parameter (n.q) [-] 1.47 1.44 Static Desorption
Air entry pressure (a,g) [MPa] 23.4 19.88 Static Desorption
Minimal concrete’s relative permeability [-] 1E-4 1E-4 -
Seepage penalty coefficient (K) [m/s.Pa] 0 0 -
Mass transfer coefficient (a) [m/s] 0.0236 0.0236 (from expertise)
Heat transfer coefficient (3) [W/m?.K] 31.42 31.42 (from expertise)

 Parameters for the modelling obtained from experimentations

 Main differences: Permeability, Porosity and WRC
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Application ¢ LIEGE

universite

Evolution of the Saturation Degree after t . = 36 months (Sorption)
9 0
200 - R
180 [~
'§'160 —
£
o 140
o
€120 -
qv)
w
© 100 - . .
t= Liquid water and vapour flows
S 80
C
2 60
7))
O
o 40
20 -
0 | | | | |
0.4 0.45 0.5 0.55 0.6 0.65 0.7
Saturation Degree SrW
—1, +48h. - C-NA ——t, +48h. - C-RCA
- - t,+32d. - C-NA - - t, +32d. - C-RCA
~-=-t, + 64d. - C-NA ~-=-t, + 64d. - C-RCA
-------- ty+ 4 months - C-NA e 4 months - C-RCA
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¢ LIEGE

--—-C-RCA : H/2 from D.S.
—--=-C-RCA : H/4 from D.S.

—— C-NA : Drying Surface (D.S.) =-—-C-RCA : Drying Surface (D.S.)

Evolution of the Saturation
3
Time [month]
12

——C-NA : H/2 from D.S
——C-NA : H/4 from D.S.
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Application

Results

Evolution of the saturation with time for C-NA

Position on the sample [mm]

0.18

0.75
0.16

0.7
0.14 f
0.12

0.65

0.1
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Time [month]
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Position on the sample [mm]

. # LIEGE

université

Evolution of the saturation with time for C-RCA
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Conclusion P

 Using RCA — Increased porosity, permeability and WRC
— More water flows and easier exchanges
— Decrease of durability

The use of Recycled Concrete Aggregates (RCA)
inside concrete reduces the durability of
concrete due to its composition and physical
properties.

 100% substitution of NA by RCA
 RCA from concrete made in laboratory

e Other degradation processes to be experimentally studied
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Perspectives P

* Further testing and replications of the experiments conducted
e Convective drying for our C-NA and C-RCA (among others)

* Mercury porosimetry

* Resistance to chloride attacks

* Implementing the WRC’s hysteresis in Lagamine

* Using real RCA from real C&DW
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Literature Review 1: LIEGE
Porosity of Concrete niversite
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Literature Review # LIEGE

Porosity of Concrete

Adsorbed
water reom
[ . = B Solid grains
_ [l Water
....... ...,::::.:_. :'. A [1 Air
®)
A Kisio 8 Pores filled
water by water
From [Bertolni et al., 2004 From [Hubert, 2078)
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Mass [kg]

Drying rate[kg/m?s]

Literature Review

Convective Drying (Kinetics)

1073
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Literature Review % * LIEGE

Convective Drying (Kinetics) universite

Preheating Period
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Literature Review % * LIEGE

. - . - universiteé
Convective Drying (Kinetics)
Constant Rate Period (CRP)
2 107 Drying Surface
Time increases with : Saturation
14 ;decgeasing water content Front

I -
0.5- s

Drying rate[kg/m?s]

0 1 2 3 4 5 6
Water content [kg/kg]

21 Fom [Hubert, 2018)



Literature Review

Convective Drying (Kinetics)
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partially saturated zone
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From [Lehmann et al., 2008)]




Literature Review + # LIEGE
Convective Drying (Kinetics) & université

Falling Rate Period (FRP)

-3
2 10

/ Drying Surface

0.5 -

N; . Time increases with |

> 1- :decreasing water content | Lost Hydraulic
) : : Connection

w [}

‘é : Saturation

00 I P Front

k= :

SN

|-

A

0 1 2 3 A : ;
Water content [kg/kg]

= From [Hubert, 2018]



Literature Review 1: LIEGE

Boundary Layer Model universiteé

Solid matrix ‘y Porous medium surface
Air + vapour “‘ . ”7/ : L QCRP
| | —
Liquid water \ Tair ﬁ T . =T
\ , ! air wb

Tsur f

Air + vapour Fick’s Law

| Pv,surs

\_ q CRP

Pv,air a =
I — .
i P v,surf P v,air
I

Boundary Layer

24 From [Hubert, 2018]
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Experimentation
Micro-photography

Composition: C-NA
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Experimentation
Micro-photography
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Composition: C-NA-CEMII|
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Experimentation
Micro-photography

Z T RS
* Qld Mortar Sl
Paste

Composition: C-RCA
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¢ LIEGE

Experimentation
Micro-photography

M1-CEMI

Composition
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Experimentation
Micro-photography

¢ LIEGE

université

Composition: M2-CEMI
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Experimentation # LIEGE

Water Absorption by Immersion Hniversite
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Experimentation

¥
Water Absorption by Immersion
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Experimentation

Vapour Control Drying

RH (%)

Static Sorption:

Evolution of the Relative Humidity
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Time (days)
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Experimentation w # LIEGE
Vapour Control Drying & vniversité

Cumulative mass gain of the Chamber 1: Cumulative mass loss of the Chamber 1':
Sorption at RH = 83.79%

Desorption at RH = 84.66%
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Time (days) Time (days)

33



Experimentation w # LIEGE
Vapour Control Drying & vniversité

Water retention curve for C-NA Relative permeability for C-NA
(desorption) (desorption)
_ (nVG=1.47 and AIphaVG=23.4 MPa) 1 (mVG=0.32)
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o
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| Standard Deviation
—Van Genuchten's model 0 . . |
0 0.2 0.4 0.6 0.8 1

Saturation Degree Sr [-]
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Experimentation # LIEGE

Vapour Control Drying Hniversite
1 Water Retention Curve
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Experimentation 3; LIEGE
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Dynamic Vapour Sorption (DVS)
Time vs. Mass RH vs. Mass
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Experimentation
Dynamic Vapour Sorption (DVS)
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Experimentation « ¥ LIEGE
Dynamic Vapour Sorption (DVS) b universite

Time vs. Mass RH vs. Mass
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Experimentation
Dynamic Vapour Sorption (DVS)
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Experimentation
Convective Drying (Micro-dryer)

¢ LIEGE

universite

87 Mass loss with time 0g X1 06 Krischer's curve
—Sample 1 o Sample 1
—Sample 1 - Filter —Sample 1 - Filter
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Experimentation
Convective Drying (Macro-dryer)

Mass loss with time
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Resistance to Carbonation
Final value of the Carbonation depth

5 (after 61 days)
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Experimentation ﬁ: LIEGE

Water Permeability j université

15 x10719 Intrinsic permeability of each composition
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Experimentation w # LIEGE
Water Permeabi"ty universite

Water Permeability for C-NA (k. = 7.68e-20 m?)
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Experimentation w # LIEGE
Water Permeabi"ty universite

Water Permeability for C-RCA (k. = 1.04e-19 m?)
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Experimentation w # LIEGE
Water Permeabi"ty universite
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MOdelling - LlEGE
Validation (M1-CEMI) université
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Modelling 4 LIEGE
Validation (M1-CEMI) 3, université

Evolution of the mass with respect to time
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Model from Experimental Data (RH = 3% and measured porosity)
—Model from Experimental Data (RH = 17% and increased porosity)
— Fitting
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Validation (Expertise’s concrete) @ université

20mm

=L
N
(o)

g /;_\ )
" N ¢
40mm 2
-- @, )
N
g . TN
3 I \_/y 7 = =
3 I
B IR I A N I A A AN A B

T /7T
_/

49



¢ LIEGE

universite

Modelling

Validation (Expertise’s concrete)

1 Evolution of the mass with respect to time
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Application u
Mesh and applied conditions

FMIVP: Water flux depends on the RH (p¢)
and T° of the environment as well as on
the # of densities between the vapour of
the drying air and the vapour of the drying

surface

- 20cm

e Saturated
e 21°C
e Atmospheric p.
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Application

Water Retention Curve
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