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Potential contributions of 3D-Digital Image Correlation are investigated to understand the dilatant behaviour of a
refractory concrete during high-temperature creep experiments. An experimental analysis of high-temperature
image quality is performed. The measurement uncertainty is assessed and compared to the sensitivity of
computed kinematic fields to the parameters of the Drucker-Prager model that control the dilatancy. Promising
results are found i) concerning deflection and neutral axis location measurement in bending creep tests and ii)
contactless measurement of axial strain in compression creep tests, iii) to support the assumption of dilatant
behaviour from bending and diametral compression tests and iv) to provide data for a rough parameter iden-
tification from compression creep tests.

1. Introduction

Characterizing the creep behaviour of refractory materials at high
temperature remains a complex task due to many experimental diffi-
culties. The materials are intrinsically heterogeneous and achieving the
repeatability of high temperature tests is complex, resulting in a vari-
ability of the test results. Strain levels of refractories are low and require
accurate strain measurements. Furthermore, high temperature creep
tests are time and energy consuming and require to learn as much as
possible from each test.

In particular, refractories are known to have an asymmetric creep
behaviour [1,2], i.e. their creep rate is higher in tension than in
compression. This requires to perform mechanical tests under various
loading conditions to identify a large number of parameters in modelling
approaches. A usual method involves direct tension and compression
creep tests [1-3]. This method allows a proper characterization of the
behaviour thanks to the uniform stress field applied, and direct identi-
fication of unidirectional creep laws. However, the experiments are not
straightforward since they require very tedious alignment of the fixtures
[4]. Moreover, they are not sufficient to validate the creep models under
complex loadings.

In order to provide a complementary insight on the creep behaviour,
many authors [5-10] performed bending creep tests. In such experi-
ments, the neutral axis of strain and stress fields shifts toward the
initially compressed area due to asymmetric behaviour [11]. This

phenomenon is likely to provide a direct information on the asymmetry
itself [12-14]. Teixeira [10] proposed to perform diametral compres-
sion, i.e. so-called Brazilian tests, in order to apply higher tension stress
levels than in bending experiments. Indeed, the centre of the sample is
subjected to a triaxial stress state with a positive maximum principal
stress. This test can be seen as a complementary test to enlarge the
identification creep test database with different stress states, as well as
the compressive-shear tests reported in Ref. [15] that are useful to
explore different compression-shear ratios.

Digital Image Correlation (DIC) is a powerful technique to perform
full-field kinematic measurements. It has been successfully used in many
kinds of experiments. Specifically, some authors have reported its use to
monitor the strain field in bending creep experiment of ceramics at high
temperature [9,10], providing an in-depth characterization of the creep
behaviour. This kind of experimental data are very useful to compare
simulation results to experimental ones and assess the relevance of
models and assumptions [7,9,10,16]. However, its applicability at high
temperature is not straightforward because of well-known experimental
difficulties [16].

First, heat haze implies a deformation of the sample on the image due
to convection inside the furnace, a phenomenon that changes the local
refractive index of air between the sample and the camera [17]. In the
case of slow rate experiments, as for creep tests, Leplay [9] proposed to
have a long exposure time in order to average the effect of this random
and high frequency phenomenon. This was achieved thanks to a neutral
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density filter to avoid saturation.

Second, the availability of a speckle pattern that remains stable at
high temperature is another issue [18], which is particularly important
for long-time experiments, such as creep tests.

Last, the ratio of reflected to emitted light significantly decreases at
high temperature and it requires to carefully choose the image acqui-
sition conditions. For instance, Leplay [9] used powerful white lights in
order to have significant reflected light. Pan [19] used blue light and a
blue filter to acquire images unsensitive to emitted light.

Among the models available to account for the creep asymmetry,
Drucker-Prager creep model (cf. section 2.2.1) has been used in previous
papers [16,20] to successfully reproduce the compressive and bending
behaviour of a refractory concrete under monotonic loads. The identi-
fication was performed under the assumption of associated flow and the
curvature of compression sample allowed to evidence a dilatant
behaviour. However, the hyperbolic pseudo-potential available in the
Abaqus software involves two parameters whose effects have not been
thoroughly investigated. First, the dilation angle seems to be close to the
friction angle, but effect of small variation in the vicinity of the friction
angle is unknown. Second, the eccentricity plays a role mainly in tension
and its effect on the neutral-axis location has not been investigated yet.
Indeed, eccentricity controls the amount of spherical strain by defining
the shape of the hyperbolic pseudo-potential at low Mises equivalent
stress. At a given equivalent creep stress, there will be more spherical
strain in uniaxial tension than in uniaxial compression. Before handling
non-monotonic loadings, a better understanding of these parameters is
required. It is noteworthy that the Drucker-Prager creep model is not of
general purpose and may not be able to reproduce very high asymmetry,
as reported in Ref. [21] for instance.

If the friction angle is not the only parameter that controls the
neutral-axis location, as previously assumed, it is mandatory to have
available some more information to discriminate the effects of friction
angle, dilation angle and eccentricity. Dilation angle and eccentricity do
not affect the magnitude of the strain increment, but control the direc-
tion of the strain increment (volumetric to deviatoric ratio), mainly for
respectively high and low pressures. Investigating the dilatant behav-
iour in-situ under several loading conditions is expected to provide data
to properly identify these parameters.

If monitoring the neutral-axis location in creep bending experiments
only requires 2D-DIC, 3D-DIC would give access to out-of-plane
displacement [22,23], which is mainly controlled by Poisson effect
and dilation. In order to state the benefit of 3D-DIC to the identification
of Drucker-Prager creep model parameters, the aim of the paper is
twofold. On the one hand, the order of magnitude of out-of-plane dis-
placements as a function of dilation angle and eccentricity will be
numerically investigated in axial compression, bending and diametral
compression. On the other hand, the level of uncertainty of out-of-plane
displacement measurement using 3D-DIC will be assessed.

In a previous paper [8], the natural texture of a refractory concrete
surface was used to performed 3D-DIC at room temperature, providing
the neutral axis location after interrupted creep bending tests. In the
present study, the suitability of the natural texture for 3D-DIC will be
assessed at high temperature, on the same material. The experimental
investigation is led using the existing furnace, which is equipped with
two windows, making it possible to acquire images from two points of
view for 3D-DIC, but not allowing the use of additional light.

2. Material and methods
2.1. Material

The material under investigation is a commercial ultra-low cement
bauxite-based refractory concrete, reinforced with 2 wt% of FeCrAl
hooked-end fibres. Detailed information about the material composition
and processing route can be found in previous papers [8,24,25]. The
experimental work in the present paper was performed on the bending
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parallelepipedal specimen labelled Specimen 10 in Ref. [8] (160 x
39x34 mm®), and on the cylindrical sample subjected to 3 MPa
compression creep for 25 h at 1200 °C in Ref. [20] (height 40 mm and
diameter 25 mm).

2.2. Modelling

2.2.1. Constitutive equations

The constitutive law investigated in this study is the Drucker-Prager
creep model with an isotropic strain hardening, as available in Abaqus
[26]. The creep strain rate, écr, is a function of an equivalent stress 6
(Eq. (1)), defined as a function of both Mises equivalent stress, g, and
pressure, p, by introducing the so-called friction angle, § (Eq. (2) since
the model is calibrated from compression experiment data).

cr L
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The computation of the creep strain increment involves a pseudo-
potential, G (Eq. (3)), function of the dilation angle y, Mises equiva-
lent stress g, pressure p, eccentricity ¢ and the initial yield stress &,, used
as a homogenization parameter. G, is arbitrarily set to 10 MPa to prevent
enabling plastic flow, and the product ¢ e 6, will be considered as the
eccentricity parameter.

2.2.2. Calibration method

The calibration method is briefly described in this section, cf. [16,20]
for further details.

The first step of the method uses a set of creep compression test re-
sults under several stresses to identify the values of m and n.

£eGy =107% is a default assumption providing a quasi-linear
pseudo-potential except at the very vicinity of ¢ = 0. The hypothesis
of normality (8 = w) was confirmed a posteriori from sample profile
curvature [19], allowing the identification of # and y from neutral axis
location in a bending creep experiment. But experimental evidences are
searched to increase the level of confidence.

Finally, A is calibrated by fitting the simulations of compression
creep with the experiments. The values reported in Table 1 are those
available in Refs. [16,20] and have been identified using plane strain
bending computations. They will be used as reference in the present
paper to discuss about the out-of-plane displacement.

2.3. Simulation of mechanical tests

This section describes the input data of the simulations of the
bending tests used for identification. The axisymmetric simulation of
compression tests is detailed in Ref. [20]. As a complement, diametral
compression tests were simulated to assess the benefit of such tests for
identification of creep laws parameters.

2.3.1. Bending creep tests simulation

The bending creep experiments are usually simulated assuming
plane strains [10,20]. In this paper, a focus on the out-of-plane dis-
placements requires resorting 3D solid elements. The reference experi-
ment, already analysed in Refs. [8,16,20] involves a 160 x 39x34 mm®

Table 1

Parameters of the constitutive law reported in [16,20].
A m n p Y £y
MPa " e s~ (m+1) - - ° ° MPa
3.54¢10°° — 0.593 0.716 42.9 42.9 105
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parallelepipedal specimen subjected to four-point bending (lower span
L =125 mm and upper span [ = 45 mm) under 400 N for 25 min at
1200 °C.

Considering the symmetries of the problem, a quarter of the spec-
imen is included in the simulation. The part is meshed with 27776 linear
hexahedral elements C3D8 (of edge 1.25 mm). A 5 mm wide and 2.5 mm
deep partition has been defined to apply an elastic behaviour in both
specimen-roller contact areas, Fig. 1.a.

The support and loading rollers are modelled by discrete rigid sur-
faces meshed with 1368 linear quadrilateral elements R3D4 (of edge 0.5
mm). A friction coefficient of 0.6 was assumed between the concrete and
the alumina rollers, cf. [16].

The proper boundary conditions are applied to account for the
symmetries. The reference point of the lower roller is fixed. All degree of
freedom of the reference point of the upper load are fixed, except the
displacement in the y-direction. Before enabling creep behaviour, a
small y-displacement of 2 pm is applied on the upper reference point in a
first step in order to initiate contact algorithm, and a 100 N concentrated
force is then applied in the y-direction instead of the displacement. The
creep behaviour is activated in a third step, still applying the force for
25 min.

2.3.2. Diametral compression creep test simulation

Bending creep test is a way to apply tensile load on the material more
easily than through direct tension. As an alternative, Teixeira [10]
proposed to perform diametral compression tests in order to be able to
apply higher tensile stress levels.

For the discussion about the out-of-plane displacement from nu-
merical tests, simulation of Brazilian test in the same configuration as
reported by Teixeira [10] are included in the numerical database, with
the same material assumptions as previously presented. For the purpose
of the discussion, solid elements are used instead of plane strain ele-
ments. The specimen is a 50 mm diameter cylinder of length 40 mm,
subjected to 800 N load applied on two diametrically opposed genera-
tive lines of the cylinder by concavely curved tools of radius 32.5 mm,
Fig. 1.b.

One eighth of the sample is included in the simulation, considering 3
symmetry planes. The part is meshed with 7840 linear hexahedral ele-
ments C3D8. The loading tool is modelled as a discrete rigid part meshed
with 600 linear quadrilateral elements R3D4. A friction coefficient of 0.6
was considered at the contact between the concrete and the tool, cf.
[16].

Symmetry planes are applied to model the whole specimen properly
and all the degrees of freedom of the reference point that controls the
tool are fixed, except the vertical y-displacement. Before enabling creep
behaviour, a small y-displacement of 2 pm is applied on the reference
point in a first step in order to initiate contact algorithm. A 200 N
concentrated force is then applied in the y-direction instead of the

Elastic
behaviourin
the contact

area
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displacement. The creep behaviour is activated in a third step, still
applying the force for 1 h.

2.4. High temperature 3D DIC

In this section, a set of preliminary results is reported in order to
assess the feasibility of 3D-DIC measurement at 1200 °C in the resistive
furnace available (cf. Fig. 2.c of reference [27] for an overview). The
three main issues for DIC at high temperature are the heat haze, the
speckle pattern persistence and the emission of red and near infra-red
light. After a presentation of the equipment used, a characterisation of
the heat haze is presented. The stability of the natural texture is not
problematic here, but the quality of the pattern for DIC is discussed. The
furnace used is equipped with two windows, allowing to acquire images
from two points of view for 3D-DIC, but without additional light.
Therefore, a high amount of emitted light is unavoidable. A specific
focus is made on the spectral composition of the images.

2.4.1. Optical equipment

Two 8-bits monochrome CCD digital cameras (Pike® Allied Vision F-
505B, 2452 pixels x 2054 pixels, pitch 3.45 pm) are used. The vergence
angle between the focal axis of the cameras was 60°, as imposed by the
furnace construction. The quantum efficiency of the sensor is plotted in
Fig. 2.a according to the curve available from 400 to 1000 nm in the
manufacturer datasheet [28]. These data have been extrapolated
considering the data of Pike® F-210B between 300 and 400 nm and
Pike® F-1100B camera between 1000 and 1100 nm.

Each camera was equipped with an aspherical lens (Tamron 28-200
mm f/3.8-f/22 XR Di). The transmission spectrum of the lenses has been
measured using an optical setup comprised of a halogen lamp, a tube
lens (FL 20 mm), the lens to be characterized, an integrating sphere and
a spectrometer (Ocean Optics USB-650 RedTide Spectrometer from 350
to 650 nm, Ocean Optics USB2000+ Spectrometer from 650 to 1100
nm). The transmission spectrum (Fig. 2.b) is the ratio of spectra obtained
with and without placing the lens to be characterized in the optical path.

For comparison purpose, Fig. 2.c reports the spectra available in
Refs. [29-32] and shows that most photographic lenses are very similar.

The resistive furnace used to heat the specimen is equipped with two
circular glass windows of diameter 50 mm with an angle of 60°. The
transmission spectrum of the windows was measured using an IRTF
spectrometer (Bruker® Vertex 70) equipped with a Si photodiode to
enable measurement in both visible and VSWIR (Very Short-Wave
InfraRed) spectral bands. These results show that the transmission at
room temperature is almost constant between 450 and 2500 nm and the
assumption of constant transmission on the camera sensitivity range
(300-1100 nm) will be assumed. The mean value between 450 and
1100 nm is 0.92, cf. Fig. 3.a.

Coloured glass filters (green, blue and red) were used in some

Elastic behaviour
in the contact
area

Fig. 1. Description of the simulation of (a.) the bending and (b.) the diametral compression tests. Only the meshed areas are included in the simulations. Symmetry
planes are outlined in red. Dimensions in mm. RP: Reference Point. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 2. (a.) Quantum efficiency of the CCD cameras Pike® Allied Vision F-505B [28], (b.) normalized transmission spectra of the lenses used in this study (Tamron
28-200 mm f/3.8-f/22 XR Di) and (c.) normalized transmission of several lenses (A: Canon EF 50 mm f/1.4 USM [29], B: Nikon 50 mm f/1.4 AF-D [29], C: Nikon 55
mm [32], D: Tamron 15-35 VC [30], E: Tamron 85 mm f/1.8 VC [30], F: Nikon 16-35 mm f/4 G [30], G: Nikon 70-200 mm f/4 G [30], H: Nikon 24-85 mm
f/3.5-f/4.5 G [30], I: Canon 24 mm f/2.8 IS [31] and J: Canon 28 mm /1.8 [31]).
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Fig. 3. (a.) Transmission spectrum at room temperature of the furnace glass windows and (b.) transmission spectrum at room temperature of the green, blue and red
filters. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

experiments and their transmission spectra were measured using the
same method as the windows spectrum (Fig. 3.b).

In Fig. 4 are plotted the spectral composition of the images assuming
white light and black body emission at 900, 1000, 1100 and 1200 °C, by
convoluting the camera quantum efficiency, the lens transmission and

7 -
— — —White light
Black body at 900°C

6 Black body at 1000°C
- Black body at 1100°C
fé w— B|ack body at 1200°C
by 5T mmmmm Black body at 1200°C with green filter
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Fig. 4. Normalized spectra of incoming flux toward the sensor for several as-
sumptions (white light and black body emission at different temperatures).

eventually the green filter. The window transmission is independent on
wavelength in the range of interest and was thus not considered. Each
spectrum was normalized according to the integrated intensity in order
to achieve similar grey level, what is done by tuning the integration time
in the experiments.

The expected effect of the green filter is to improve the contrast
thanks to the high sensitivity of the incoming flux to changes in wave-
length. Indeed, a slight difference in wavelength between the light
emitted by two constituents will result in a large difference in grey level,
thus increasing contrast. Moreover, the incoming flux mainly spreads in
the range of lens chroma correction, which is expected to improve the
sharpness.

2.4.2. Characteristics of the heat haze effect

A set of 100 images of a fixed sample were snapped with the stereo-
rig at 5 Hz without any filter and with the green filter. The typical
physical size of a pixel is 0.018 mm. 2D-DIC was performed using VIC-
2D on subsets of 29 pixels x 29 pixels with a step of 7 pixels, taking
the first image as reference, in order to assess the level of displacement
related to heat haze. Fig. 5 shows the typical histogram for one image of
horizontal and vertical displacements without any filter and with the
green filter. It is noteworthy that the left and right images without any
filter were acquired synchronously.

Fig. 6 displays the average displacements for each image as a func-
tion of time for 20 s (100 images), together with the standard deviation
and 95th and 99th percentiles, dys and dgg, such that respectively 95 and
99% of the measures are lower than dos and dgg in absolute value. The
results are overall similar and stable, but right images sequences exhibit
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Fig. 5. Typical horizontal (u) and vertical (v) displacements histogram (a.)
without any filter, left camera (integration time 1.4 ms), (b.) without any filter,
right camera (integration time 1.4 ms) and (c.) with the green filter, right
camera (integration time 68 ms). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

some short instability periods of a few second, either with or without the
green filter. The optical path related to the right camera is next to the
door of the furnace. The right images are therefore more likely affected
by air motion and disturbances along the optical path.

However, the maximum value of dyg is 3.5 pixels (63 pm). The
overall results over the 100 images are reported in Table 2 and show that
99% of the displacement measurements are below 3.3 pixels (59 pm).
For right camera images, data for the first 10 seconds, without pertur-
bation, are reported, too.

According to the results in Table 2, the green filter has not a signif-
icant effect on the results. The displacements seem barely less dispersed
despite a much longer integration time, and a slight bias (0.14 pixels, i.e.
2.5 pm) is evidenced on the vertical displacement, with a slow shift of
the average value (Fig. 6.c left).

As a result, heat haze can be an issue for measurement of low
displacement, but its effect in unperturbed periods is as low as 1 pixel
(18 pm) for 95 % of the measurements with very small subsets of 0.52
mm (29 pixels). The biggest issue is that left and right images are
affected differently by heat haze, with a risk of biasing stereo-
correlation. Very long integration time of a few tens of seconds, as
proposed in Ref. [9], is a way to overcome this issue by averaging the
heat haze effect.

2.4.3. Effect of temperature on image quality

To assess the effect of temperature, a set of ten images was acquired
at 1000, 1100 and 1200 °C without filters and averaged. The integration
time was set to 9, 4 and 1.4 ms respectively in order to obtain raw images

Open Ceramics 15 (2023) 100425

with similar grey levels. The characteristics of the mean images were
compared in terms of grey level histograms and Mean Intensity Gradient
(MIG, Eq. (4), with m and n respectively the width and height of the area
of interest (AOI) in pixel, and fy (x;) and fy (x4;) the grey level gradient at
pixel xy; respectively in x-direction and y-direction), which is an indi-
cator of speckle pattern quality for DIC [33]. It is noteworthy that the
raw images have a higher MIG (typically between 10 and 15) than the
mean images, due to noise and vibrations.

m

1
MIG=-— DO AEa) ) @
k=1 I=1

Histograms in Fig. 7 show a decrease of image contrast as the sample
heats up. Indeed, in opaque materials the emissivity is the comple-
mentary part of the reflectivity and accordingly when the amount of
reflection and emission tends to equalize (as the temperature increases)
each material point tends to appear equally grey thus resulting in less
contrasted images.

The measurement error stemming from such a predictable loss of
contrast is well documented and can be partially addressed through the
use of ZNCC correlation criterion [33] and contrast adjustment. How-
ever, variations of the ratio between speckle size and pixel size (i.e. a
decrease in image sharpness) is known to impair drastically the
convergence of the DIC algorithms. Indeed, two phenomena can be
responsible for a loss of sharpness: i) the presence of convective cells
along the optical path (especially if unventilated) [34] and ii) chroma-
tism arising from the spectral shift of the incoming flux away from the
centre of the correction wavelength (around 550 nm).

Quantifying the image sharpness can be performed through the
computation of the Modulation Transfer Function (MTF), defined as a
function of the spatial frequency fin pixel %, Eq. (5), where L(xy) is the
grey level of pixel x;;. m and n are respectively the number of columns
and lines of the AOI The sample surface is of course not a sharpness
calibration target and thus do not exhibit a constant spatial frequency
content. However, comparing the MTF at different temperature of the
same surface allows to compare the ability of the imaging apparatus to
capture high frequency feature (thus allowing either to improve DIC
convergence or to decrease the subset size).

m n

MTF(f) ="

L(xgg)e 275 )
k=1 I=1

Fig. 8 displays the MTF of images at room temperature with addi-
tional light and without additional light from 615 up to 1200 °C, after
histograms adaptation (using contrast-limited adaptive histogram
equalization [35]). Similar grey levels on the raw images were achieved
by tuning integration time. It is shown in Fig. 8.a that the amplitude
decreases at high frequency for all images, but it overall decreases faster
at high temperature. For instance, the frequency at MTF = 50% only
slightly decreases up to 1150 °C (Fig. 8.b), but the frequency at MTF =
0.5% already drastically decreases between room temperature and
615 °C (Fig. 8.c). Between 1150 and 1200 °C, the MTF drops more
steeply irrespective of the frequency. It is thus observed from Fig. 8, that,
as the samples are heated up, the spatial frequency content of the images
decreases. In other word, images become more blurry and spatial fea-
tures such as speckled aggregates exhibit smoother edges.

It is also observed that adding a green filter slightly improves the
MTF of the image at 1200 °C at high frequency. Up to 0.045 pixel
(MTF = 10 %), the filter has no significant effect, but at higher fre-
quency, the filter allows to improve the sharpness up to levels obtained
at 800 °C at a frequency of 0.16 pixel ! (Fig. 8.a and 8.c). In other words,
at 1200 °C, the green filter doesn’t improve the ability to account for
pattern details bigger than 22 pixels, but allows accounting for pattern
details of about 6 pixels as well than without filter at 800 °C. Using the
green filter will help decreasing the subset size (about 10 pixels) and
give an access to some more detailed information.

This latter observation tends to point the responsibility of chromatic



G. Dusserre et al.

a. No filter, left camera

o -—
O tn = g

1
o
w5

G

1
[N
T

—— Horizontal dispacement, u
——— Vertical dispacement,
Mean +/- standard deviation

10 15 20

Average displacement (pixel)

|
N

o
413

b. No filter, right camera

. O o -
= 2. > o

Average displacement (pixel)

1
N

10 15 20

o
13

c. Green filter, right camera

1
1 o o -
= 2. . = g

Average displacement (pixel)

|
N

o

5 10 15 20

Time (s)

Open Ceramics 15 (2023) 100425

4_
=3
=
o
5 2 dgs U dgs v
% — — —dgg U — — —dggV
Bl NS oA RoR
0 . . . .
0 5 10 15 20
4_
=3
=
o
2 ? ")
» o o A I8 Val/ Al \
CULO NV/ :;J /\\//\I\\TMN /\\j\"\\/'\ﬂr/\ /\U/\’
$ 1
©
0 . . . .
0 5 10 15 20
4;

0 5
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reader is referred to the Web version of this article.)

shift for the loss of sharpness at high temperature. Indeed, as mentioned
in the above, at such temperature, the image is composed from reflected
illumination light over the sample surface and (in a significant amount)
the thermal emission of the sample within the visible spectrum.

Although the reflected part of the incoming flux is centred around 550
nm (where the lens is fairly achromatic), the emitted part is mainly
located at the right end of the visible spectrum (i.e. red and near-infrared
regions, cf. Fig. 4) where the chromatism correction becomes more
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Table 2

Statistics of the horizontal (u) and vertical (v) displacements in pixel over 100

images without any filter and with the green filter.

Average St. dev. dos dog
(pixel) (pixel) (pixel) (pixel)
20's No filter u  -0.0906 0.559 1.01 2.61
Left cam v 0.0243 0.619 1.16 2.88
No filter u 0.122 0.644 1.27 2.87
Right v -0.103 0.734 1.51 3.25
cam
Green u  -0.0759 0.509 0.918 2.29
filter
Right v -0.243 0.567 1.10 2.61
cam
First No filter u 0.0663 0.635 1.23 2.82
10s Right v -0.0204 0.721 1.45 3.19
cam
Green u  -0.0147 0.502 0.890 2.24
filter
Right v -0.136 0.561 1.02 2.56
cam

dubious. Using the proposed green filter lead to cut off the incoming flux
at such wavelength which in turn tempers chromatic aberrations and
improve image sharpness even at a cost of a high integration time
(which here again prove some relative insensitivity of the imaging de-
vice to the convective motion of the air).

In order to support this conclusion, MTF of images taken at 1200 °C
with a blue or a red filter (cf. Fig. 3.b), are plotted in Fig. 8. Using either
of these filters allows cutting off the incoming flux in the green range, i.
e. in the chroma correction range. Transmission in the near infrared
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range is high, allowing a low integration time of 3 ms, much lower than
with the green filter (68 ms), which is favourable to higher sharpness.
However, Fig. 8 shows that the MTF of the images taken with these
filters is lower for frequencies above 0.01 pixel ™}, i.e. pattern details of
about 100 pixels. As a result, limiting the chromatism by using a filter
consistent with the correction range, results in a higher sharpness that
allows to better account for small details of the pattern, lower than 20
pixels. This can help to improve correlation convergence or decrease the
subset size.

3. Results
3.1. Numerical simulations

3.1.1. Compression creep

Two kinds of data are analysed related to compression creep tests.
First, the overall strain as a function of time allows identifying the strain
hardening parameters m and n (Eq. (1)). Secondly, the sample profile is
expected to be sensitive to dilation angle and eccentricity.

Fig. 9. shows the compression creep strain computed with several
values of dilation angle and eccentricity. These results show that the
compression creep strain curve is almost insensitive to these parameters.
Indeed, after 25 h creep at 1200 °C under 3 MPa, all the curves remain
within a strain range of 107, The order of magnitude of the strain
achieved after 25 h is 1.5 %.

Figs. 9 and 10 show that compression creep tests are unsensitive to
eccentricity up to £ e 5o = 10~! MPa. Increasing this parameter up to 2
MPa has a slight effect on the strain (Fig. 9), and a noticeable effect on
the sample profile (Fig. 10). For low eccentricity up to £ e5o = 1071,

Fig. 7. Effect of temperature, integration time and green filter on MIG of mean images. (For interpretation of the references to colour in this figure legend, the reader
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Fig. 8. Single sided amplitude spectrum (a.) and spatial frequency at 50 % (b.) and 0.5 % (c.) amplitude as a function of temperature without filter, and with a green,
blue or red filter at 1200 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Creep deformation during compression test at 1200 °C computed with
different values of dilation angle, y and eccentricity ¢ e G, (in MPa).

dilation angle is the only parameter that affects the sample profile,
whereas both parameters control the profile for high eccentricity values.

3.1.2. Bending creep
Bending tests are used to identify the value of the friction angle from

the position of the neutral axis. The maximum deflection at the bottom
centre of the specimen is usually a validation data [20]. In this section, a
focus is made on low eccentricity values, since compression tests are
sensitive to high eccentricity values, and allow much lower computation
time thanks to cylindrical symmetry. Figs. 11-13 show that bending
creep tests are unsensitive to low eccentricity, too. The sensitivity to
dilation angle is more significant, but the effect is very weak. The
sensitivity to dilation angle of deflection and out-of-plane displacement
are respectively 3.3 and 0.8 pm per °. Very long tests and simulations
would be required to make this sensitivity useful for identification
purpose.

The relative location of the neutral-axis (Fig. 12) based on creep
(CE11) or total (LE11) axial strain are very similar (Fig. 12) and the
strain profile are almost linear. The axial stress (S11) profile is much
more complex and do not allow a proper identification of neutral axis,
but it is not an issue since these data are not reachable by experiment.
Fig. 13 shows that the strain-based neutral-axis reaches a quasi-steady
location after a few hundreds of seconds. The sensitivity to dilation
angle of the neutral axis location is 0.19 mm per °. This result is some-
what useful for identification since it doesn’t require long computation,
but a way to distinguish the effects of friction angle $ and dilation angle
y is still to be found.

3.1.3. Diametral compression creep

Fig. 14 plots the out-of-plane displacement after 1 h creep in diam-
etral compression along the horizontal axis at the surface of the spec-
imen. It shows that displacements of about 0.05 mm are achieved after 1
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Fig. 12. (a.) creep strain CE11 (b.) total strain LE11 and (c.) stress S11, in the length-wise direction of the sample at several times and computed for several values of

dilation angle y and eccentricity ¢ @ 5o (in MPa).

h. The difference of out-of-plane displacement after 1 h with y = 42.9°
and y = 45° is only of 3.6 pm. However, the plot of the displacement at
the specimen centre as a function of time shows that the curves diverge
and more significant differences are expected for longer creep times.

3.2. Experiments

3.2.1. Assessment of measurement uncertainty with natural texture of the
refractory concrete at 1200 °C

The uncertainty of 3D-DIC measurements at 1200 °C is assessed by
measuring the displacement of an undeformed specimen after a 1°
rotation around the vertical axis. The typical physical size of a pixel is
0.018 mm. 3D-DIC was performed using VIC-3D on subsets of 73 pixels

x 73 pixels with a step of 7 pixels. The rigid body motion is then
removed and the measurement uncertainty is directly assimilated to the
residual displacements. Fig. 15 shows the histograms of horizontal,
vertical and out-of-plane displacements without any filter and with the
green filter for one pair of images. Statistics of the histograms are re-
ported in Table 3. The results evidence that the measurements are un-
biased, and that the measures with the green filter are slightly more
dispersed, with a dgs value 2.5 times higher than without the filter.
Nevertheless, the values of dyg are of the same order of magnitude.

3.2.2. Thermal expansion
3D-DIC measurements were performed using VIC-3D while heating
the cylindrical and the parallelepipedal samples from room temperature
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up to 1200 °C. Images were acquired with additional light at room
temperature, and without additional light at high temperature. For the
cylindrical sample, an AOI of 310 pixels width and 1560 pixels height
was considered, the typical physical size of a pixel is 0.021 mm, and 3D-
DIC was performed on large subsets of 125 pixels x 125 pixels with a
step of 20 pixels to have a smooth measure of overall thermal expansion.
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pixels with a step of 7 pixels, and the AOI was 1020 pixels wide and 910
pixels high. The strain related to thermal expansion was computed from
the average slope of coordinate at high temperature plotted as a function
of coordinate at room temperature. The results are reported in Fig. 16
and show that the strain is consistent in all measurements and of the
order of magnitude of the dilatometric curve reported in Ref. [24] in this
range of temperature.

3.2.3. Curvature of a cylindrical sample

In section 3.1.1, the effect of dilation angle and eccentricity on the
compression sample profile was investigated. The present section is the
experimental counterpart and focuses on the curvature analysis of a
cylindrical profile along the cylinder axis direction (vertical) and in the
mid-height plane (horizontal).

3D-DIC measurements were performed using VIC-3D on the same
cylindrical sample at room temperature and 1200 °C. Images were ac-
quired with additional light at room temperature, and without addi-
tional light at high temperature. An AOI of 470 pixels width and 1430
pixels height was considered, the typical physical size of a pixel is 0.021
mm, and 3D-DIC was performed on subsets of 47 pixels x 47 pixels with

Table 3
Statistics of displacement uncertainty in mm related to rigid body motion (1°
rotation).

Average (mm) St. dev. (mm) dos (mm) dgg (mm)
No filter U -2.80-107* 0.0048 0.0094 0.018
\% -3.54.10712 0.0066 0.0070 0.016
W 29210712 0.012 0.014 0.041
Green filter U 5.54.107° 0.011 0.019 0.023
\% -6.36:1013 0.0061 0.012 0.019
W -7.3410712 0.019 0.037 0.045
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Fig. 14. Out-of-plane displacement after 1 h creep at 1200 °C in diametral compression along the horizontal axis at the surface of the specimen (a.) and out-of-plane
displacement as a function of time at the centre of the specimen assuming to values of dilation angle (b.). Eccentricity ¢ e 5, in MPa.
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directions), measured by 3D-DIC from room temperature up to 1200 °C, compared to the dilatometric curve in Ref. [24] (same refractory concrete, but unreinforced
by metallic fibres). A large part of the gap is related to the different thermal management and sample volume in both experiments.

a step of 7 pixels.

Fig. 17 illustrates the 3D-DIC measurement at 1200 °C, and shows
the profiles extracted from the surface for curvature analysis along the
X-axis (mid-height plane), Fig. 18, and along the Y-axis (vertical axis of
the cylinder), Fig. 19.

The first result is that 3D-DIC is able to provide very similar results at
room temperature and at 1200 °C. As expected, the profile in the mid-
height plane (Fig. 18) is very close to a circle, allowing a very proper
curvature identification. The nominal initial radius of the cylinder is
12.5 mm, and the radii of curvature measured after compression creep
are respectively of 13.1 mm at 1200 °C and 13.0 mm at room temper-
ature. It is noteworthy that the difference of radius is of the order of
magnitude of the thermal expansion expected between room tempera-
ture and 1200 °C.

The profile extracted in the axis of the cylinder (Fig. 19) is much
more rough, due to the very low curvature in this direction. However,
high temperature is not the issue, since similar circular fits are provided
at room temperature and 1200 °C, with average curvature radii of
respectively 764 and 777 mm.

-2
X, mm

Fig. 17. Surface measured by 3D-DIC on a cylindrical sample at 1200 °C. The
red lines are the profiles extracted to perform curvature analysis (Figs. 18 and
19). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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4. Discussion

Since the intended measurements do not require local values, but
more general average data, the dgs value will be used in the discussion as
uncertainty of displacement measurement. The results of Table 2 (con-
verted from pixel into mm) and Table 3 are sum up in Table 4, keeping
the highest absolute value among all available for U and V.

The bias is an order of magnitude lower than dgs and is not consid-
ered in uncertainty. Without any filter, the uncertainty related to in-
plane displacement is typically below 0.01 mm with subsets of 1.3
mm and 0.03 mm with subset size of 0.5 mm. The out-of-plane mea-
surement uncertainty is below 0.02 mm. The green filter slightly in-
creases the uncertainty with subset size of 1.3 mm, typically below 0.02
in-plane and 0.04 out-of-plane, but decreases the in-plane uncertainty
below 0.02 mm with subsets of 0.5 mm. This result can be related to the
increase in MTF (Fig. 8) at high frequency discussed in section 2.4.3.

4.1. In-plane displacement

3D-DIC may be used to measure the deflection in bending tests. Such
a contactless measurement will provide more reliable results than LVDT
sensors because of the complex setup of the latter. The uncertainty of in-
plane measurement, about 0.01 mm allows to accurately measure the
deflection, whose order of magnitude is of 0.2 mm (Fig. 11.a). In section
3.1.2, the sensitivity to dilation angle of deflection was assessed to 3.3
pum per °, i.e. an order of magnitude lower than uncertainty. This mea-
surement is therefore sensitive only to large dilation angle change.

4.2. Out-of-plane measurements

The order of magnitude of out-of-plane displacements reported in
Fig. 11.b for bending creep is of 0.02 mm, which is of the level of un-
certainty. Moreover, the sensitivity to dilation angle (0.8 pm per °) is
much lower than uncertainty. This means that the method will not be
able to provide data useful for identification. However, Fig. 11.c shows
that the value increases with time and longer experiments are likely to
provide data to check the relevance of the model.

Similar conclusions can be drawn about diametral compression: the
order of magnitude of the out-of-plane displacement is 0.05 mm (Fig. 14.
b), i.e. a few times the uncertainty level. The sensitivity to dilation angle
of out-of-plane displacement is 1.7 pm per ° (section 3.1.3). These values
will increase with time, and computation is faster for diametral
compression than for bending creep. Diametral compression is then
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Fig. 19. Sample profiles along Y-axis at 1200 °C and room temperature.

Table 4
Displacement uncertainty at 1200 °C.

Subset size 1.3 mm (Table 3) Subset size 0.5 mm (Table 2)

Bias (mm) dgs (mm) Bias (mm) dos (mm)
No filter U  28010°*  0.0094 0.00220 0.0229
V 3541072 0.0070 0.00185 0.0272
W 2921072 0.014 - -
Green filter U  5.5410°  0.019 0.001372  0.0165
V  6.36107%  0.012 0.00437 0.0198
W 7.34107'%2  0.037 - -

more suitable to perform several simulations for a rough identification,
but it requires much longer experiments, of several hours, instead of 1 h
for bending.

4.3. Curvature of cylindrical samples

Section 3.2.3 shows that the lower curvature radius of cylindrical
samples can be extracted with a high level of confidence from the 3D-
DIC measurements at 1200 °C, as well as at room temperature. This
measure is more profitable than just monitoring the profile change with
time to compare to numerical data. Indeed, in the experiments, the
symmetry around the axis of the sample cannot be ensured and the
profile can translate because of asymmetric friction for instance.

The measurement of the curvature in the vertical plane is not rele-
vant because the roughness of the sample is large and the curvature very
low. However, an extraction of the curvature in horizontal planes at
several heights would be useful to compare to simulated data, as re-
ported in Fig. 10. The uncertainty in out-of-plane displacement, about

12

0.02 mm and averaging by identification of the radius of curvature al-
lows expecting experimental data accurate enough for rough identifi-
cation purpose. The sensitivity to dilation angle of the mid-plane radius
is of 8 pm per ° in the case of low eccentricity (Fig. 10.a). In the case of
high eccentricity, either dilation angle (sensitivity 0.01 mm per °) or
eccentricity (sensitivity 0.025 mm.MPa’l) could be assessed.

4.4. Strain measurement

A careful analysis of strain uncertainty has not been performed yet,
but in view of the thermal expansion measurements reported in Fig. 16,
principal strain levels as low as 10~ are likely to be measured by
averaging over a large AOL

This uncertainty is low enough for measuring the axial strain in
compression creep tests, whose order of magnitude (Fig. 9) is of 0.015.
This will avoid tedious measurement of the machine stiffness at high
temperature or complex LVDT setup. However, the uncertainty is not
low enough to allow an identification of dilation angle and eccentricity.

Strain levels from —1073 up to 2.5 e 1073 are reported in Fig. 13 after
25 min of bending creep. These values are compatible with an extraction
of neutral axis location from 3D-DIC measurement by averaging along
horizontal lines between the upper span, and even more accurate results
are expected for longer creep experiments.

The sensitivity to dilation angle and eccentricity is very low and
confirms that monitoring the neutral-axis location in bending creep
experiments is an excellent way to identify the friction angle. Unfortu-
nately, this identification requires 3D simulations of high computational
cost. Indeed, in Ref. [20], using plane-strain simulations of bending tests
and 3D-DIC at room temperature after interrupted tests, a friction angle
of 42.9° was identified assuming associated flow. In the present paper,
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using 3D simulation shows that the neutral-axis defined as the
iso-surface LE11=0 is not constant across the sample (cf. Fig. 13). The
relative neutral axis location at the surface, which in turn corresponds to
the experimental one, is found to be of 0.18, whereas the experimental
value is 0.28 [8]. This shows that 2D simulations are not relevant for
friction angle identification from DIC surface measurements.

5. Conclusion

In this paper, it was investigated how 3D-DIC at high temperature
would contribute to Drucker-Prager creep model calibration by
providing out-of-plane displacement fields, which are of importance to
understand the dilatant behaviour of the material.

It has been shown that the natural texture of the material constituted
a relevant pattern for DIC, despite the loss of contrast at high tempera-
ture. The main limitation is related to the size of the aggregates, which
requires to choose the subset size accordingly. Using a green filter is a
lead to be further explored to allow lower subset size. Indeed, it results in
a higher amount of light in the chromatism correction range, which
seems to provide a better contrast, specifically at high frequency.

The heat haze turns out to be the main limitation for more accurate
measurement, in particular because of its different effect on both cam-
eras. However, the level of uncertainty of displacement measurement
was found to be of 0.01 mm in-plane and 0.02 mm out-of-plane.

The numerical analysis has shown that 3D simulations are required
to calibrate the friction angle from neutral axis location in bending creep
experiment, since the 2D simulations are not representative of the sur-
face strain field, which is the reference experimental data.

A comparison of measurement uncertainty and numerical sensitivity
analysis shows that 3D-DIC at high temperature is a promising way to
acquire experimental data of importance for model calibration:

The deflection in bending creep experiments can be monitored with a
sufficient level of uncertainty, but is not sensitive enough to dilation
angle to consider accurate identification.

The out-of-plane displacement can be measured with a sufficient
level of uncertainty to (i) bring confirmation of the dilatant behav-
iour of the material in bending and diametral compression creep
tests, and (ii) to provide curvatures of cylindrical samples allowing a
rough identification of dilation angle or eccentricity.

3D-DIC provides a contactless measure of axial strain in compression
creep tests.

The neutral axis location can be monitored with a sufficient level of
uncertainty and is almost insensitive to dilation angle and eccen-
tricity, which confirms its relevance for friction angle identification.

These conclusions pave the way for a more exhaustive calibration
method using high temperature 3D-DIC.
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