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ABSTRACT

Nanosensors dedicated to the structural health monitoring of concrete structures have been
only marginally studied. They would however be particularly well-suited to monitor durabili-
ty-related processes, as these phenomena involve transport of gas and liquids through micro
and nano-porosity. In this paper we discuss the relevance and feasibility of embedding rela-
tive humidity nanosensors within concrete. It appears that the localized, continuous know-
ledge of relative humidity within a concrete structure could provide a useful insight into dry-
ing shrinkage; it could also contribute to improved intrinsic permeability measurements, lead-
ing to improved assessment of structural durability. For the task, we propose a low-cost,
downscalable resistive device made of a 10 nm graphene sheet grown directly on glass and
atop which are ink-jet printed silver electrodes. The device resistance increases significantly
with relative humidity (RH), especially above 40% RH. Relative amplitude of variations are
only of about 3% for the two tested devices, but absolute variations (80 Q and 480 Q) appear
measurable by a low-cost and robust signal conditioning electronics. Thus, the idea of using
our graphene-based resistive device for embedded humidity monitoring in concrete appears
quite promising.

Keywords:structural health monitoring, relative humidity, durability, graphene, nanosensors.

1. Nanosensors for structural health monitoring (SHM) of concrete structures

Nanomaterials are highly sensitive to environmental changes because of their high surface-
over-volume ratio. To exploit this property, there has been a large variety of nanosensors®
development. Nanoelectromechanical systems (NEMS) such as suspended cantilevers [1-2]
or electronic devices such as carbon nanotubes field effect transistors [3-4] are used as sen-
sors in various applications ranging from lab-on-chips [5] and artificial noses [6] to aerospace
technologies [7], for instance to measure pressure [8] or to detect specific chemical or biolog-
ical agents [9].

These new sensors concept have not really inspired the field of concrete SHM yet. One of the
main obstacles seems to lie in the difficulty to identify relevant monitoring targets compatible
with size and sensitivity of nanosensors. Indeed, nanosensors appear as small, fragile and
“clean” objects whereas civil engineering structures are seen as large, disordered and “dirty”
structures.

However, it is now well-known that macroscopic properties of cementitious materials depend
on nanoscale features [10-11]. Durability especially is determined by transport of noxious gas
or ions through the micro- and nanoporosity [12]. Thanks to extended ex-situ studies, the mi-

! We call nanosensor a sensing device with at least one characteristic size smaller than 100 nm. For instance, we
might call nanosensor a device with a 10 nm thin, 10 pm x 10 pm active surface.


mailto:berengere.lebental@ifsttar.fr
mailto:waleed.moujahid@ifsttar.fr
mailto:changseok.lee@polytechnique.edu
mailto:jean-luc.maurice@polytechnique.edu
mailto:costel-sorin.cojocaru@polytechnique.edu
mailto:costel-sorin.cojocaru@polytechnique.edu

cro and nanoscale properties of the porosity have been translated into macroscopic durability
indicators such as porosity, permeability, diffusivity, which are easier to account for in build-
ing codes and international norms [13].

But to this day, no in-situ measurement method exists for these durability indicators, mostly
because of their tight relationship with nanoscale properties. Indeed, most concrete SHM
techniques are based on the use of propagating waves with wavelength larger than one milli-
meter [14], thus automatically homogenizing the porosity.

In 2008, we put forward nanosensors as ideal candidates for in-situ monitoring of durability
indicators, as their nanoscale features would enable to account for nanoscale heterogeneity of
concrete [15]. Since then, we have worked on prototyping of appropriate nanosensors as well
as on clarifying the quantities they would be sensitive too.

Our first device concept consisted in an ultrasonic microtransducer based on a 10 nm thin
carbon nanotubes vibrating membrane emitting high frequency (100 MHz-1GHz) ultrasonic
waves and detecting them with a micrometric lateral resolution [16]. We showed experimen-
tally element of the feasibility of such a device [17]. Numerical experiments indicated that
the device would be relevant to monitor micropores size and content [18], which would in
turn prove invaluable for durability assessment. However, the complexity of the sensing prin-
ciple and electronics will require long-term development and optimization before its relev-
ance as an embeddable sensor can be demonstrated experimentally.

So we propose here another sensor concept, a down-scalable, low-cost graphene-based resis-
tive device for embedded relative humidity monitoring within concrete. In the rest of this pa-
per, we discuss the applicative relevance of embedding relative humidity sensors in concrete
and we present our sensing device and its performances.

3. Possible applications of embedded relative humidity monitoring in concrete

Let us assume in this section that embedded relative humidity sensors were operational with-
in concrete. They would provide over time localized measurement of the inner relative hu-
midity of the studied material.

3.1. In-situ, localized estimation of capillary pressure and liquid water saturation

The first use of such data could be the determination of the capillary pressure at the local
scale. Indeed, once gaseous equilibrium is achieved within the open porosity, Kelvin’s law
links the capillary pressure p. to the relative humidity h, by the relationship
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where p and M, are respectively the liquid water density and molar mass, R the constant of
ideal gas and T the temperature [19].

Provided sorption isotherms are known for the studied material [20], once the capillary pres-
sure is determined in the vicinity of each sensor, one can use these isotherms to derive the
local value for the liquid water saturation S, defined as the ratio of the porosity ¢ occupied
by liquid water to the total porosity ¢:
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with M =~ 10-100 MPa and m = 0.45-0.55 two constants depending on the material [19-21].
Figure 1a displays capillary pressure and liquid water saturation with respect to relative hu-
midity.

Usually, liquid water saturation is determined by weighing the sample, so it can only be de-
termined ex-situ and at a macroscopic scale. Here we open up the path toward determining in-
situ and locally liquid water saturation. Such information could for instance be used directly
on the construction site to ascertain that the hydration process follows expectations. If not,
corrective measures could thus be undertaken very early after casting, thus reducing the risk
(and the associated costs) for non-complying concrete.

3.2. In-situ estimation of the drying shrinkage

Drying shrinkage is responsible for significant degradations of concrete materials, especially
in high performance materials [22]. It was shown by a poromechanics approach based on the
equivalent pore pressure concept [19] that drying shrinkage depends strongly on both capil-
lary pressure and liquid water saturation.

Denoting ¢ the drying shrinkage, we have the relationship

bS bp,RT _ dh
de = —tdp, = —— g — (3)

K ° KM | h,

with b Biot’s coefficient and K the bulk modulus of the drained material. This relationship is
valid at the local scale. Assuming we know the relative humidity repartition h.(x,t) from em-
bedded sensors, we can deduce from (3) the shrinkage by unit length de 7 dx (x,t) from which

an integration step can yield the total shrinkage. The density of humidity sensors will control
the accuracy of the result.

Using the differential expression (3) to determine shrinkage instead of the global expression
involving external relative humidity and sorption isotherms [19] presents a significant advan-
tage because for most concretes, especially high performance ones, it may take years for the
inner relative humidity to match the external relative humidity. As a consequence, shrinkage
remains for years considerably different from its predicted value. As an illustration, in figure
1b, we have plotted with respect to time the difference between the shrinkage values calcu-
lated by the differential expression (3) and the global shrinkage value deduced from the ex-
ternal humidity.
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Fig. 1. a) Capillary pressure and liquid water saturation with respect to relative humidity, at 300°K,
for m=0.5, M=40MPa. b) Relative error between the shrinkage value resulting from local g and
global &00a calculations using simulated data for the relative humidity hr(x,t), which is assumed to
verify the heat equation with diffusity 7x10® m2hour in a beam with length 1 m; external humidity is
setat 0.5; m=0.5, M=40MPa, K=13 GPa, T=300°K.



By processing the data from localized humidity sensors using the differential expression (3)
for shrinkage, we would obtain a continuous measurement of shrinkage and consequently an
improved prediction of shrinkage related cracking. We could for instance detect the onset of
shrinkage, hence facilitating the implementation of mitigation strategies.

3.3. In-situ estimation of the intrinsic permeability

Gas and liquid permeability coefficients play a key role in the durability of concrete struc-
tures, insofar as they control transport through the material of gas and liquid, water especial-
ly.

In particular, permeability regulates drying, so that one of the methods to determine intrinsic
permeability is based on inverse analysis of the isothermal drying equations [21]: these equa-
tions are solved numerically for various values of the intrinsic permeability so as to yield rel-
ative humidity and liquid water saturation with respect to position and time in the studied ma-
terial. The outputs are used to fit experimental plots of relative weight loss (which depends on
liquid water saturation) versus time; the best fit yields the value of the intrinsic permeability
of the sample.

In such framework, the localized, continuous outputs of relative humidity sensors could be
directly used to calibrate the drying model by inverse analysis and then determine the intrin-
sic permeability. One would expect a significant gain in accuracy from using localized data
instead of the global, indirect, relative weight loss parameter. Evaluation duration could
probably be shortened, as there would be much more data to fit precisely the models.

In a further step, this model-based method could even be used in-situ, informing continuously
the user on the permeability of the structure. Increase of permeability, associated to crack
opening and durability loss, could thus be detected early and the structure repaired.

4. Low-cost, down-scalable graphene based humidity sensor for concrete
4.1. Device concept

The ability to measure continuously relative humidity within concrete would thus open up
new paths for concrete in-situ monitoring. The sensors required for the task cannot be expen-
sive, as they will be abandoned within the material. They also need to be robust, as concrete
is a harsh material. They would be preferably small, in order to minimize perturbation of the
medium. Smaller devices could also be embedded in larger number.

We present here a nanodevice that appears to meet all these requirements and would thus be
an outstanding candidate for embedding. The device is composed of a glass substrate covered
by few-layer-graphene with silver electrodes on top (Figure 1). We have studied how the re-
sistance between two neighboring electrodes depends on relative humidity.
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Fig. 2 a) A graphene layer is an atomically thin (0.3 nm) layer of carbon atoms arranged into a honey-
comb lattice. b) Scheme and c) image of the device: a glass substrate is covered by few-layer-
graphene. Silver electrodes are deposited on the graphene to form contacts.



4.2. Low-cost fabrication process

Early preparation routes of graphene consisted in the mechanical or chemical exfoliation of
graphite [23] or in the epitaxial growth on SiC by high temperature annealing [24]. Newer,
often more reproducible methods involve crystallization of carbon atoms on metallic catalytic
substrates [25]. However, the conducting substrates prevent subsequent electrical measure-
ments. The high temperature requirement (>900°C) prevents growth on low-cost substrates
such as glass and plastics. Most often graphene sheets need to be transferred after growth
onto other substrates, which is a defect inducing, time consuming process [26].

The alternative CH4/H, PECVD (Plasma Enhanced Chemical Vapor Deposition) process we
developed [27-28] enables graphene growth on a glass substrate heated at 450°C only. A con-
tinuous sheet (several cm?) of few layer graphene grows directly at the interface between a
200 nm catalytic Nickel layer and the glass substrate.

We fabricated two samples by this technique. Based on optical absorption data, sheets are
averagely less than 10 nm thick. Thickness is not constant along the sheets. Raman and TEM
observation indicate that the graphene is imperfectly crystallized [29].

As the graphene sheets are grown directly on an insulating substrate, they do not need to be
transferred before measuring the sheet resistance. One only needs to deposit contacts; this can
be done by various clean room methods, such as metal evaporation combined with optical
lithography. However, clean room processes are expensive and often complicated.

We opted for a low-cost and down-scalable process, the ink-jet printing of silver electrodes
using INKTEC TEC-1J-010 silver ink in a Dimatix DMP-2800 materials printer. Current
printing resolution is about 50 pum and is expected to reach 1 to 5 um with the newest Dima-
tix’s printer, so electrodes as small as 10 um?2 could be fabricated.

We printed on the two samples series of four 500 um x 1000 pum parallel rectangular patterns
separated by 500 um. After 130° heating for 5 minutes, we obtained the desired electrodes.

This last step concluded the fabrication process, which is summarized Figure 3. Key aspects
are the low-temperature growth of graphene on a low-cost substrate followed by the low-
cost printing of electrodes.

450 2 Graphene & Ink- Jet WI/
// EC\/D Few layer graphene Ni etchmg Few layer graphene prmtmg Few layer graphene

Glass Glass Glass Glass

Fig. 3 Device fabrication process. When achieving CH,/H, PECVD on a 450°C heated glass substrate
with a Ni top layer, graphene sheets grow on both side of the Ni layer. A step of graphene etching fol-
lowed by a step of Ni etching leave only the interfacial graphene on top of the glass substrate. After-
ward, silver electrodes are ink-jet printed on top of the graphene sheet.

4.3. Sensitivity to humidity

The resistive behavior of the two devices was studied by the following method: two neigh-
boring electrodes are contacted by microtips and the |-V characteristic is acquired using a
MATLAB controlled Keithley 2612 Source Meter. The I-V characteristic is linear which in-
dicates the ohmic behavior of the device. We deduce the resistance by least-square fitting this



curve. At about 45 % relative humidity (RH), resistances were found to be 15.0 kQ and 2.2
kQ for the two devices. The discrepancy may be explained by the inhomogeneous thickness
of both graphene sheets.

We then characterized both devices under increasing relative humidity by the following
process: the devices are placed in our home-made climatic characterization chamber heated at
25°C; RH is first decreased down to 5 % by pouring N, into the chamber, then it is increased
by 5% to 10 % steps; meanwhile resistance between electrodes is measured approximately
every 4 seconds; each step is maintained until stabilization of RH in the chamber and stabili-
zation of the device resistance.

Figure 4a shows relative humidity and resistance versus time for the device with 2.2 kQ resis-
tance. Stabilization time can reach up to 1 hour at 25°C, especially for high RH values. To
determine the sensitivity of the device, relative humidity and resistance are averaged over the
final part of each step, where both quantities are stabilized. Figure 4b shows the resulting Re-
sistance versus RH plot. Error bars are determined using the infinite norm er-

rorsmax . (RH — < RH >)and max .. (R— < R > ). They are in the 0.1% range.
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Fig. 4 a) Relative humidity and resistance versus time and b) Resistance versus relative humidity for
the device with 2.2 kQ resistance.

For both devices, the sensitivity to humidity is clear, especially above 40% RH. For the
2.2 kQ device, the resistance increases by 80 Q (4%) between 45 % and 85 %,; for the 15.0
kQ, by 480 Q (3%) between 5 % and 65 %.

3.4 Toward signal conditioning and integration for embedded sensing

Although relative resistance variations are small, absolute resistance variations appear large
enough to be measured by discrete electronic components. For instance the variable resis-
tance could be put in series with a temperature and humidity calibrated resistance and meas-
ured via a voltage divider; an operational amplifier in follow-up configuration could then iso-
late this conditioning circuit from the rest of the system, for example from the numerisation
electronics. Let us underline here that the required signal conditioning is expected to be much
simpler to implement, less expensive and much more robust than the conditioning required
for most low-cost humidity sensors, as those are based on a variable capacitance.

Once the signal is conditioned, the obtained nanosensors may be used individually or within
sensors arrays. They will then need to be integrated into larger embeddable autonomous mi-
cro-systems that will provide them with energy, communicate the gathered information to the
user and have basic computational capabilities. Features and examples of such embedded mi-



cro-systems are discussed for instance in [30-31]. Special care will also be required in the
packaging of the micro-systems, in order for them to survive the harsh environmental condi-
tions in concrete [32].

5. Conclusions

The relevance of embedding relative humidity nanosensors in concrete is discussed. Among
others, they could monitor drying shrinkage and provide an in-situ measurement method for
intrinsic permeability. As sensor candidate, we prototyped a low-cost, downscalable resistive
device consisting in 10 nm graphene sheet grown directly on glass and contacted by ink-jet
printed silver electrodes. The two characterized devices are especially sensitive to relative
humidity above 40%. Considering the amplitude of resistance variations, a robust and low-
cost signal conditioning electronics appears compatible with the devices.
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