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Civil infrastructures are the basis of socio-economic wealth for modern societies
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Concrete is the most used material

in volume in the world

Increasing demand for housing, water, energy, mobility

Traffic increase

Climate change
CO, emission
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Introduction

French research laboratories involved in concrete NDT
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Introduction

French research laboratories involved in concrete NDT

s

General frame

™~ Gy | Research is focused on
Y e reinforced concrete with the
f aim to recover quantitative
[ ™ informations on the material
1M [: properties



Outline

* Context
— Summary of the methodology/philosophy (recently finished projects)

* Some ongoing research work

— PIA ENDE Project

— Increase NDT methods TRL (Technology Readiness Level)
— Numerical and physical modeling

— Gradient

— Embedded sensors

— Monitoring

e Conclusions
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Context

NDT can be an alternative way for the assessment of concrete properties
— non intrusive and repeatable with reasonable cost

Usual assessment of concrete properties
— destructive testing on cores

Significant variability of concrete properties r \
— the use of probabilistic models requires the j
assessment of this variability (cores?® . T
y ( ) P e \

Most of the structures are very large
— coring is prohibitive/impossible

©JP Balayssac <



Context

But... Concrete properties have conjugated effects on NDTs
— How to separate these effects?

Expected properties:
* E-modulus

* Porosity

* Moisture

* Chloride content

* Carbonation

* Thermal damage
e Stress

Several NDT methods are sensitive to
these properties but the relationships

French built heritage: between them are not direct
- 100000 important bridges

- 55 nuclear plants T
_350 e|ectricpdams Both mean values and variability are

- Many buildings necessary to assess
©JP Balayssac <




Methodology

NDT methods development
(adaptation, improvement; use of new paradigms)

A

v

Qualification of NDT methods
(quality, relevance vs each concrete property)

v

Methodology of fusion and combination
(taking in consideration the variability of NDTSs)

v

Transfer of the methodology in situ
(optimisation, calibration)




NDT techniques involved
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NDT techniques involved

surface

e d

surface wave
dry coupling

surface wave
air coupling

TREND

diffuse wave
DAET, ATME

ultrasonic
pulse echo

ultrasonic
transmission

impact echo

(Nonlinear) coda
wave interferometry

acoustics

Low TRL




NDT observables vs concrete properties

Laboratory benchmarks are Involved properties: moisture, porosity, E-modulus,
carbonation, chlorides, thermal damage, stress

designed for controlling
concrete properties




NDT observables vs concrete properties

Measurement processing and extraction of
mm) observables (features) (velocity, attenuation,
resistivity, etc)

All the NDT measurements are
performed at the same time




NDT observables vs concrete properties

- Repeatability: V1
Variance of NDT observables is - In a same homogeneous sample: V2

quantified at different scales > - Inasame batch: V3
- Between different concretes: V4




NDT observables vs concrete properties

- Repeatability: V1
IS - In a same homogeneous sample: V2
= _ In a same batch: V3
- Between different concretes: V4

Variance of NDT observables
guantified at different scales

* Strong incentive to increase the NDT methods
Technology Readiness Level (TRL)

4
5
6
7
8
9

IDEA

Unproven concept, no testing has been performed

BASIC RESEARCH
You

can now describe the need(s) but have no evidence

Concept and application have been formulated

NEEDS VALIDATION

You have an initial ‘offering"; stakeholders like your slideware

SMALL SCALE PROTOTYPE
Built in a laboratory environment (“ugly" prototype)

LARGE SCALE PROTOTYPE

Tested in intended environmentt

PROTOTYPE SYSTEM

Tested in intended environment close to expected performance

DEMONSTRATION SYSTEM

Operating in operational environment at pre-commercial scale

FIRST OF A KIND COMMERCIAL SYSTEM
All technical processes and systems to support commercial activity
in ready state

FULL COMMERCIAL APPLICATION

Technology on ‘general availability' for all consumers

IDEA

PROTOTYPE

}
h

PRODUCTION

Technology Readiness Levels as adapted by the CloudWATCH?2 project



NDT observables vs concrete properties

But... Concrete properties have conjugated effects on NDTs
— How to separate these effects?
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NDT observables vs concrete properties

But... Concrete properties have conjugated effects on NDTs
— How to separate these effects?

2700
. y = -77,80x + 3572,23
E 2500 R®= 0,97
e
(@]
0
< 2300 -
(6D
>
9’ - = . B B N = = = = = = = = = = = = Ny = I I IEWYysS == &= = = = = = I = I = O N =
@ A
S 2100 -
= A saturated
n o dry —

1900 | \

10 13 17 20
Porosity (%)

Linear regression models between

NDT observables (Obs) and two .
concrete properties (cp, and cp,) Obs = A. Cp1 T+ B. Cpz + ¢



NDT observables vs concrete properties

laboratory experiment

30
Combination of techniques Eps(radar)
25 Eps(capa-GE)
Eps(capa-ME)
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But... Concrete properties have conjugated effects on NDTs
- How to separate these effects?



NDT observables vs concrete properties

laboratory experiment

30
Combination of techniques Eps(radar)
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But... Concrete properties have conjugated effects on NDTs
-~ How to separate these effects?

— Which methods? -~ How to combine them?
— With which confidence?



NDT observables vs concrete properties

laboratory experiment

30
Combination of techniques Eps(radar)
25 Eps(capa-GE)
Eps(capa-ME)

1 [ G\ Res Wenner

;\g US-Vph (3cm)

> 15 ...

g
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R N
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But... Concrete properties have conjugated effects on NDTs
-~ How to separate these effects?

— Which methods? -~ How to combine them?
— With which confidence?
- How to transfert on site this methodology ?



Data fusion

Distributions provided by each measurement

i

General aim:

— to collect and combine
information from different
sources to provide more
precise and reliable
information

— to deal with uncertain and
imprecise data

porosity rate (%)

water saturation (%0)

Distribution of possibilities is

_ linked to the quality and relevance
Obs = A.cp; + B.cp, +C of the measurements




porosity rate (%)

Data fusion

Distributions provided by each measurement

tauy de porosité (%)

20

20

10

o

0

Distribution fusionnée

)

50 100
saturation en eau %)

102 )
i o
water saturation (%0)

i]

Distribution resulting from data fusion

o

a0

“n
water saturation (%5)

The solution corresponds
to the higher degree of
possibility

Higher is the cone,
higher is the fusion
quality




Data fusion 2

* The methodology has been extended to on site NDT
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Data fusion M

* The methodology has been extended to on site NDT

I
I'
+ WA

Chemistry  Mechanics

o O

<: Environment

rl
- ‘\‘
History | [ W

Need corrections and |
readjustments to adapt in the
context of on site NDT




Data fusion 2

* The methodology has been extended to on site NDT

— Pre-auscultation with NDTs to discriminate extreme
zones

— Data fusion for a first estimation
— Extraction of cores from the structure

— calibration procedure of the fusion process by
using DT results



Marly in the North of France

Data fusion: exemple

Before correction

E Mean Possibility = 0.12

25 Non-realistic results

-ita -B0 B & -2 [ = ET] an an W0 -1 40 40 -0 [ Ed an BD B2

Degree of saturation (%) Compressive strength (MPa)

l'.

After correction

4

40}
r S
0 20 40 60 80 -100 -80 -60 -20 0 20 40 60 80

Mean Possibility = 0.85

66 More realistic results

63 Methods:
US Velocity - Capacity

60 —-40 -20

_ _ Impact Echo - Radar
Degree of saturation (%) Compressive strength (MPa)



French state of the art

© ISTE Press Ltd 2018

Content:
Introduction
Ultrasonic methods
Electromagnetic methods
Electrical methods
Electrochemical methods
Quiality, uncertainties and variabilities

Construction of conversion models of observables into indicators

Non-destructive Testing

and Evaluation of o o

Civil Engineering Structures * Applications in situ
Methodological guide

Assessment of concrete by a combination of NDT

Edited by
Jean-Paul Balayssac and Vincent Garnier

e b

http://www.iste.co.uk/book.php?id=1270

P

JP. Balayssac V. Garnier

\ MV \

\



Towards a new industrial sector

Creation mid 2016 of a “civil engineering” working group within the
French Confederation of Non Destructive Testing (COFREND)

— Communication and federate

— Forecast and define needs (tools, methods, people, qualifications, ...)

— Qualify the techniques (guidelines, norms, application domains, practise, ...)
— Qualify the people (who, how many, benchmark, evaluation, teaching, ...)

3: cofrend

V. Garnier

The idea of creating a new sector (in civil engineering) has been accepted
by the COFREND mid 2018



Outline

* Some ongoing research work

— PIA ENDE Project



Project PIA ANR ENDE (2015 — 2018)

Nuclear containment plants = ultimate barrier in the event of an accident
— Resist internal overpressure
— Prevent leakage

UX

BORD!

t

Aging of concrete
- Lmily, 0 E0%7 MISTRAS
— Safety requirement 4 12M. TR w QTerre 2~ EDF QST \ \

— Life extension

No core — NDE (monitoring)
— Normal condition (pre-stressing 10-15 MPa)
— Accident (pipe rupture in primary circuit): 5 bars and 180°C in 20 seconds

Several issues regarding the link between NDE observables and
— Durability indicators (elastic modulus, porosity, water content)
— Tightness
— Cracks (responsible for the leak)

— Stress
— Thermally damaged concrete




Project PIA ANR ENDE: on site experiment

e 2 steps process

— Experiments in the lab on slabs (50 cm x 25 cm x 12 cm)
— calibration laws on the concrete mix of the on site concrete

— Transfer to a real size structure (vVeRcoRs mock-up)

« VeRCoRs mock-up
— 30 m height
— 16 m diameter
— 0.3m thick wall
— 5000 t of concrete
— 700 sensors
— 2 km of fiber optic

9
=
[: 1]
-
=
.
I
-
i
o
B
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VeRCoRs mock-up %~ €DF
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VeRCoRs mock-up
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Outline

* Some ongoing research work

— Increase NDT methods TRL (Technology Readiness Level)
— Numerical and physical modeling

— Gradient

— Embedded sensors

— Monitoring



Odile.abraham@ifsttar.fr
Xavier.derobert@ifsttar.fr
Sergio.lopes@ifsttar.fr
Geraldine.villain@ifsttar
Vincent.le-cam@ifsttar.fr

Gradients
-
5 \./ & surface waves
electromagnetic waves
> resistivity
i
Laddy SRR e -~ coda wave (N)CWI
1 A
12M 1 TRL

A

Embedded sensors

Monitoring
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Increase the methods TRL

Surface waves
— Increase the measurements speed (no couplant)

Laser vibrometer (2006): Multi-sensors probe (2015): Ungoing (2018):

-Surface waves -Very light, easy to handle -Development of a portable
-Emitter with contact -Very quick electronic

-Automatic moving of the -No couplant -Reduce the cost

-WIFI, internet (monitoring)

laser




2, IFSTTAR

Gradient In cover concrete

Surface waves
— Modelisation
numerical & experimental
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Gradient In cover concrete

Surface waves
— Modelisation
numerical & experimental
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1, IFSTTAR

Homogeneous matrix

1500

1480), |

Phase velocity (m/s)
AR SIS 6 T TS ST
[es] o n B [e)]
o (=] [=] (=] (=)

1360

50 100 150 200 250 300
Frequency (kHz)

numerical averaging on disorder
of homogenization
new forward modeling embedded in
inverse problem for matrix gradient
requested for a precision of

1 (point,%) on porosity (heterogeneity
not negligible)



Coda waves

., IFSTTAR

Multiple reflexions
i

Long and complex

wave trajectories

tuPhWNRORNWRWL
|

Amplitude [V]
00000000000

~

o

Body waves
Surface waves

' 1000
time (us)

Coda :
Reproducible
Sensitive

1500 Scattering




., IFSTTAR

Coda waves
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Coda waves interferometry: CWi

state O
State 1

Amplitude [V]
0O0O000O0O0
0
©

0800 602 604 606 608 610
time (us)

Observables:

Coda: - velocity variation 8 = Avlv

Reproducible _
Sensitive - remnant decorrelation Kd




) IFSTTAR

Coda waves interferometry: CWi
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IFSTTAR

Coda waves interferometry: CWi

1° charge' 1 2°™ charge' 13°™ charge'
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IFSTTAR

Coda waves interferometry: CWi
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IFSTTAR

Coda waves interferometry: CWi
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IFSTTAR

Coda waves interferometry: CWi

1° charge' 1 2°™ charge' 13°™ charge'
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Coda waves interferometry: CWi

1° charge' 1 2°™ charge' 13°™ charge'
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Coda waves interferometry: CWi
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Nonlinear Coda waves interferometry:
NCWI #)

Closed crack
Pre-stressed concrete
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Embedded sensors - resistivity

Water and chloride profiles (including
monitoring) — calibration + 1D inversion
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Embedded sensors - resistivity

Water and chloride profiles (including
monitoring) — calibration + 1D inversion
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Design based on
numerical modeling
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!

Embedded sensors — electromagnetic HF

Antenna: not sensitive to
concrete state (no frequency
shift)

Passive stub: sensitive to
chloride ingress (sacrificial
stub)

Low cost
Emission from outside,

reflexion from the sensor
(antenna + stub)

Embedded sensor = (antenna + passive stub)

WEST ELECTRONIC
& applications network
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Embedded sensors — electromagnetic HF

o
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-20 -

_30 L

40

------

x/4/

N2 N8 //44
no stub

(HFSS) |

Sensor reflexion coefficient S11 (dB)

-50
600

Embedded sensor = (antenna + passive stub)

800 1000 1200 1400 1600
Frequency (MHz)

1800

Antenna 3 to 5 cm below the surface

2000

Antenna: not sensitive to
concrete state (no frequency
shift)

Passive stub: sensitive to
chloride ingress (sacrificial
stub) (length A/n

n:4,8,l6)
Low cost

Emission from outside,
reflexion from the sensor
(antenna + stub)




An many many more from all the
other laboratories!

French research laboratories involved in concrete NDT
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Conclusions

* Quantitative evaluation of concrete properties
— Driving force to increase new NDT methods TRL
— Requires combination/fusion of NDT observables
— Raise the issue of investigation depth, gradients, ...
— Requires calibrations (cores, baseline, TO, ...)



Conclusions

* Quantitative evaluation of concrete properties
— Driving force to increase new NDT methods TRL
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— Non linear acoustics
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* Increasing involvement of NDT researchers in
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Modeling
— Numerical modeling
— Physical modeling
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