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Abstract This paper deals with the use of a digital im-
age correlation technique for the determination of the
actual mechanical behaviour of a full scale reinforced
concrete beam after 25 years of service in a severe
industrial environment. The objective is to investigate
the influence of the service conditions on the cracking
process and the flexural behaviour of the beam. For
this purpose, one beam is removed from the exist-
ing structure before being tested in four point bend-
ing in laboratory. Displacement fields derived from
digital images captured during five loading cycles are
analysed in terms of crack detection and measurement,
beam deflection and curvature. Owing to its good res-
olution, the method proves suitable for early crack
detection and measurement. A comparison between
experimental results and theoretical values derived
from Eurocode 2 design code in the serviceability state
suggests the existence of a longitudinal compressive
force in the beam. A complementary analysis confirms
the validity of this hypothesis. It is concluded that the
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cracking and the flexural behaviour of the tested beam
are significantly affected by the existence of an initial
compressive stress, which is possibly resulting from a
swelling of the concrete due to long term exposure to
wet atmosphere and elevated temperature.
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Introduction

In situ assessment of actual mechanical state of existing
civil engineering structures is an important and difficult
task. In the case of reinforced concrete structures,
classic measurement techniques such as strain gauges,
extensometers, linear variable differential transformer
(LVDT) sensors, etc... hardly allow precise estima-
tions of strain fields or early crack detection and lo-
cal failure processes in deformed structural members.
Since the beginning of the eighties, alternative tech-
niques based on full-field measurements have been
developed, which allow detailed analyses within a
given zone of interest of a loaded structure. One of
them is the Digital Image Correlation (DIC) technique
[1, 2] which is based on a comparative analysis of
digital images of the structural member captured at
different deformation states. This technique has been
applied successfully to various classes of mechanical
and civil engineering structural problems (see [3–5] for
instance). Nevertheless, at the authors’ knowledge, the
number of experimental studies combining civil engi-
neering structures and DIC technique is limited. They
concern small structures (see [6, 7] for instance) or
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larger ones (see [8–10] for instance), although most of
them concern models of civil engineering structures or
parts of them. Very few experiments have been per-
formed on full scale structures, in laboratory or in situ
(see [11]). Besides, the published matter is generally
limited to the use of displacements fields for crack
detection and measurements.

The present study is dedicated to a full scale rein-
forced concrete beam previously in use in an industrial
environment over a 25 years period. The beam was a
part of a huge concrete structure subjected to sustained
loading, and exposed to wet atmosphere and elevated
temperature during its service lifespan. Some damages
were observed in the structure, involving a need for
an estimation of the actual mechanical state of the
structure components. To this aim, several beams were
removed from the structure, and they were transported
to laboratory for full scale testing. The beam concerned
in this study was devoted to the determination of the
actual flexural behaviour and the cracking process by
means of a digital image correlation technique.

The first part of this study is dedicated to the pre-
sentation of the experimental program. For this pur-
pose, the tested beam, the DIC technique used and
the experimental set-up for testing the beam in cyclic
four points bending are presented. In the next section,
the DIC technique is applied to crack detection and
to crack width measurements, based on the analysis of
displacement fields during five loading cycles. Obtained
distances between neighbour cracks are compared with
visual measurements performed on the beam during
the test. Then, the displacement fields given by the DIC
technique are analysed in order to determine the evo-
lution of the beam deflection and the flexural curvature
during the loading cycles. It is shown that, owing to
the good resolution of the method, the DIC technique
is suitable for early crack detection and crack width
measurements. Finally, the last section of the study is
devoted to a theoretical analysis of the crack widths
and the curvature in terms of the applied loading. Based
on a comparison between experimental results given by
the DIC technique and theoretical values derived from
Eurocode 2 design code provisions in the serviceability
state [12], it is shown that the flexural behaviour and

the cracking process are significantly influenced by the
existence of initial compressive stresses in the beam
cross-section. This initial stress state possibly resulted
from a swelling process of the concrete exposed to wet
and warm atmosphere during the 25 years of service.

Experimental Setup

Description of the Tested Beam

The reinforced concrete beam concerned in the present
study was a part of a huge concrete structure subjected
to sustained loading. It was exposed to saturated water
steam at an approximately steady temperature about
35°C during 25 years of service life. The beam was
statically determinate in the structure. It was removed
from the structure and transported to laboratory for
full scale testing. A residual deflection, about 2.6 mm,
could be observed after unloading, possibly due to
irrecoverable creep. The external surface of the beam
was covered with a thin layer of tartar due to the
exposure of the structure. No evidence of damage could
be seen, excepted at both ends which were damaged
when the beam was removed from the structure. There
were no visible cracks on the surface of the beam, but
the existence of closed cracks under the tartar layer
could not been excluded. The aim of the present study
is to investigate various aspects of the actual mechan-
ical behaviour of the beam (i.e. cracking, curvature
and deflection) by means of a full field measurement
method.

The main dimensional characteristics of the beam
are as follows: 7,840 mm in length, with a 160 ×
450 mm2 rectangular cross-section (see Fig. 1). The lon-
gitudinal reinforcement consists of four deformed steel
bars, 14 mm in diameter. The transversal reinforcement
consists of vertical stirrups, 6 mm in diameter with
a constant spacing equal to 170 mm (the spacing is
reduced at both extremities of the beam). Preliminary
compression tests were performed on concrete core
cylinders drilled out from a companion beam. Since the
beams were precast, it is assumed that both beams ex-
hibit similar material properties. The actual mechanical

Fig. 1 Lay-out of the beam
tested in four point bending
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characteristics of the concrete were found as follows,
based on NF EN12 390-4 standard compression tests:
ultimate compressive strength equal to 29.8 MPa ±
1.7 MPa , and actual longitudinal Young modulus equal
to 30.1 GPa ± 0.8 GPa. No evidence of corrosion could
be observed at the surface of the reinforcing bars.

The Digital Image Correlation Technique

The full field measurement method used in the present
study is based on the Digital Image Correlation (DIC)
technique. It was first proposed by Sutton [1]. This
technique is based on a comparison between two digital
images of the sample surface captured at two different
levels of loading. It requires a random distribution of
the grey levels on both pictures. This can be easily
achieved by spraying small black or white paint spots
on the sample surface in order to create a contrasted
random pattern. A Region of Interest, denoted as ROI,
is chosen in the reference image. In the present study, it
corresponds to a rectangle-shaped area, 718 × 102 mm
in size, located between the two loading points in the
tension zone of the beam (see Fig. 1). A close view
of the ROI is shown in Fig. 2(a). The ROI extends
downward from the top surface of the beam. Its depth is
limited by the existence of a lighting device (wide hor-
izontal black strip on the picture) positioned between
the camera and the beam, aiming at ensuring uniform
lighting condition of the beam lateral face.

The ROI is divided into a number of square-shaped
grid elements. Each element is called a Zone of Interest
(ZOI). Centered on each of the four corners of a ZOI,
a square-shaped zone called the correlation pattern is
used for the DIC analysis of the images. The dashed

line in Fig. 2(a) indicates the horizontal location used
for crack detection and measurement in Section “Crack
Measurements”.

The analysis consists in matching the former image
(called reference image) and the second one (deformed
image) in relation to their grey level distributions.
For this purpose, the initial grey level distribution
in the reference image is represented by a function
f (x, y). This function becomes f �(x�, y�) = f �((x +
u(x, y), y + v(x, y)) in the deformed image, where
u(x, y) and v(x, y) are the components of the displace-
ment field onto the surface under investigation. A cor-
relation coefficient is calculated for each correlation
pattern, which is based on the grey level distributions
in the reference and the deformed images. It is worth
noticing that the correlation coefficient is independent
of a modification of the relative average grey level
between the two images. An iterative process based
on an optimization of the correlation coefficient calcu-
lates the relative displacement components (i.e. u(x, y)

and v(x, y)) between the two images at the nodes of
every ZOI within the ROI attached to the investigated
surface. This procedure provides discrete values of the
displacement components. A continuous displacement
field can be obtained by interpolation between the node
values.

A 2D image correlation system is used in the present
study.

The images are shot with a 12 bits dynamic Philips
camera connected to a personal computer. The CCD
camera has 106 joined pixels (1,024 × 1,024 pixels2).
The images are processed using a DIC software called
SeptD and developed by Vacher [13]. The quality of
the measurement can be quantified by two quantities.

(a) (b)

ROI ZOI

Fig. 2 Close view of the ROI on the beam lateral face (a) and corresponding histogram of grey levels (b)
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The one is the spatial resolution, which is the smallest
distance between two independent points. This distance
depends on the quality of the random pattern on the
sample surface; it must be considered while choosing
the size of the ZOI. The other is the resolution, which
is the smallest detectable measurement. It depends on
the quality of the equipment (camera, lighting), and it
can be defined as the standard deviation of the noise.

Description of the Test

The beam was tested in four-points bending the upside
down as shown in Fig. 1. Since the extremities of the
beam damaged when they were disconnected from the
structure, it was decided to reduce the distance be-
tween the supports to 7,000 mm for the test (instead
of 7,680 mm in situ). The loading was applied by means
of two hydraulic jacks located at a distance of 700 mm
both sides of the mid-span of the beam. By this way, it
was possible to apply a preloading in order to counter-
balance the dead weight of the beam, then to increase
the loading forces in order to get a complete description
of the beam behaviour starting from a zeroed bending
moment in the mid-span cross-section.

Rather limited efforts were needed to prepare the
beam in order to use the DIC technique. A LVDT
sensor was positioned at mid-span in order to measure
the beam deflection in the course of test. A region of
interest was defined in the tensile zone on the lateral
surface of the beam, between the two loading points
(ROI in Fig. 1). The size of the ZOI was chosen equal
to 10 × 10 pixels2, leading to a spatial resolution equal
to 10 pixels. Owing to the light grey colour of the
concrete surface, only black paint spots were sprayed
onto the ROI to create a random contrasted pattern.
The quality of the random grey level was analysed in
term of histogram. Figure 2(b) presents the histogram
of grey level within the ROI on the concrete specimen
surface.

It is worth noticing that the SeptD sofware used
for DIC processing treats 8 bit images only, leading
therefore to 256 grey level scaling.

A Gaussian shaped distribution indicates that the
random pattern is satisfactory and that the image cor-
relation technique can be successfully processed.

The smallest detectable measurement is the resolu-
tion; it can be defined as the standard deviation of the
noise. It depends on the quality of the contrasted ran-
dom pattern, i.e. the spot sizes, the spot number by area
unit, the randomness of the pattern and the contrast in
terms of grey level. In the present study, the resolution
was found to be equal to about 0.01 pixels. For that pur-
pose, two images were captured before loading; they

were compared using SeptD software and the standard
deviation of the noise was calculated. Owing to the size
of the ROI, the focus of the camera was adjusted so that
one pixel on the picture corresponded to 0.725 mm on
the beam. For a ZOI of 10 × 10 pixels with a pattern of
10 × 10 pixels (meaning that the distance between two
independent points was equal to 10 pixels), the mean
standard deviation for the transversal and longitudinal
fields was found equal to 0.0097 pixels (ie. 7.05 μm).

The testing program consisted of five loading cycles.
Four loading-unloading cycles were first applied with a
maximum value of the loading force equal to 50 kN.
This value is in accordance with the maximum load-
ing condition of the beam observed during its in situ
service life. A minimum value equal to 5 kN upon
unloading was assigned to the loading force. During
the fifth loading cycle, the loading force was increased
until the bending failure of the beam occurred. Based
on usual methods suitable for RC-beams design [12],
the ultimate value of the loading force at failure was
estimated about 80.9 kN in the test conditions.

Vertical displacements measured by the LVDT sen-
sors were continuously recorded during the five loading
cycles. Simutaneously, digital pictures of the ROI were
captured by means of the digital camera and stored in a
computer at various loading stages during the test. One
picture was captured before loading; it was used as a
reference image for the DIC processing. Additional pic-
tures were captured at every 5 kN during the ascending
branch of each loading cycle. The pictures were post-
processed in order to determine the horizontal and ver-
tical components of the displacement field throughout
the region of interest for every loading level.

From the analysis of the displacement field, it is
expected to detect the cracks formation in the tensile
zone of the beam, and to determine the evolution of
the cracks opening in relation with the loading level.
It is also expected to determine the evolution of the
deflection and the curvature in the bent beam during
the test.

Full-field based DIC methods have been proposed
for strain determination in a homogeneous steel girder
[14], or for crack measurement in a silicon carbide sand-
wiched beam [15]. In the case of a cracked reinforced
concrete beam, the displacement field is complex due
to intricate interaction mechanisms between concrete,
cracks and embedded steel bars. The present study
aims at analyzing the progressive cracking process and
the actual flexural behaviour of the beam by means
of a DIC technique in comparison with usual design
provisions [12]. Therefore, the methodology is adapted
to this aim: the cracks are analyzed from longitudi-
nal displacement measurements in the vicinity of the
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steel reinforcement, and the flexural behaviour is de-
termined from vertical displacement measurements at
mid-distance between neighbour cracks in order to
minimize possible perturbations due to the cracks.

Crack Measurements

The distribution of the longitudinal displacement in the
tensile zone of a reinforced concrete beam is strongly
affected by the cracking process. The longitudinal com-
ponent of the displacement field can be measured with
a good resolution by means of the DIC technique as
soon as the loading is being applied. Therefore, this
technique gives an opportunity for easy crack detection
and measurements.

In this section, the Digital Image Correlation tech-
nique is used to investigate the cracking process and
the opening of cracks during the test. The images cap-
tured at different levels of loading are processed in
comparison with the reference image captured before
loading. The processing gives the displacement field in
the ROI during the test. In a first stage, the results of
the DIC analysis are used for detecting the crack for-
mation and determining their locations in the tension
zone of the beam. In a second stage, they are used to
analyse the crack openings during the loading cycles.
Owing to the brittleness of the thin tartar layer, it is
assumed that it has no significant influence on the crack
measurements.

Crack Detection

Figure 3 shows an example of the longitudinal compo-
nent distribution of the displacement field given by the
DIC technique for six different levels of loading at a dis-
tance of 59 mm from the tensile soffit of the beam, i.e. at
mid-distance between the two tensed reinforcing bars.

Similar curves are obtained by averaging longitudi-
nal displacement values obtained along three, five or
seven ZOI lines. Therefore, the analysis is based on the
displacement values given by one ZOI line only.

The following method is applied for the analysis of
this figure, in order to determine the location and the
opening of every crack within the ROI:

• every discontinuity in the longitudinal displace-
ment component reveals the existence of a crack,

• the abscissa at which the discontinuity occurs gives
the location of the crack (same for the all loading
levels),
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Fig. 3 Crack detection and measurement from the longitudinal
displacement component at mid-distance between the tensile
steel bars for six different levels of loading (for the sake of clarity,
each curve is shifted vertically by 0.1 mm in order to have it
separate from the others)—cycle 5

• the vertical amplitude of the discontinuity corre-
sponds to the crack opening (increasing with the
loading level).

Looking at Fig. 3, seven cracks are detected within
the ROI in the tensile zone of the tested beam. The
distances between neighbour cracks are obtained by
difference between the relevant crack locations. A vi-
sual detection of the cracks was performed at the end
of the test, just before bending failure, in order to
verify the information given by the DIC technique. The
measured values are compared with the observed ones
in Table 1. It is obvious that the two sets of values are
in fair agreement. The small differences between the
measured and the observed values can be due to the
fact that the visual crack detection was performed at
the uppermost tensile soffit of the beam. It is worth
noticing that visual crack detection requires a very close
inspection of the concrete surface in the tensile zone
of the beam. To make sure that all cracks will be de-
tected, the loading must be given a sufficient level. On
the contrary, the DIC technique only requires digital
images of the cracked concrete surface: looking at the
set of curves in Fig. 3, the progressive formation of
cracks at low loading levels is confirmed by the obvious
discontinuities in the longitudinal displacement compo-
nent at higher loading levels. Therefore, owing to the
high resolution of the method, and taking advantage of
the possibility to compare images captured at different
levels of loading, this technique is suitable for early
detection and precise location of cracks for low cost
preparation work.
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Table 1 Crack locations and
spacings

Crack number 1 2 3 4 5 6 7 Average
Location (mm) / visual –260 –125 – 60 + 71 + 150 + 261 + 390
Location (mm) / DIC –258 –126 – 64 + 52 + 150 + 259 + 389
Spacing (mm) / visual 135 65 131 79 111 129 108.3
Spacing (mm) / DIC 132 62 116 98 109 130 107.8

Crack Widths

As it was already stated in Section “Crack Detection”,
the actual crack widths in the loaded beam are reflected
by the amplitude of the vertical steps in the plotted lon-
gitudinal component of the displacement (see Fig. 3).
This statement is used to determine the evolutions of
the crack widths during the test. This is achieved by
processing the pictures captured at every 5 kN during
the five loading cycles. Figures 4 and 5 show the evolu-
tions of the seven crack widths vs. the loading force dur-
ing the ascending branch of cycles 1 and 5, respectively.
Crack widths obtained for cycles 2–4 are very similar
to Fig. 4. It is obvious that all cracks don’t behave in
the same way. Large widths are observed for cracks 1
and 2. Smaller widths are observed for the other cracks
which behave more or less in a similar manner. Crack 3
proves almost inactive; its width hardly overcomes 0.02
mm during the whole test.

As it exists, it contributes anyway to the cracking and
the flexural behaviour of the tested beam. Therefore, it
is taken into account in the following.

The crack width distribution can be analysed in
terms of mean value and standard-deviation calculated
for the seven cracks at each loading level. The results
are shown in Fig. 6. Each of solid lines represents the
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Fig. 4 Crack widths versus loading force during cycle 1

mean width evolution during a given loading cycle.
It is obvious that the mean crack evolutions are very
similar for the five loading cycles. The dashed lines
represent the 10% lower limit and the 90% upper
limit of the width measurements for the five loading
cycles. Such a scatter is not unusual; indeed, it is in-
herent to the cracking process in reinforced concrete
members.

However, a difference is observed in Fig. 6 between
cycle 1 and the others for low loading levels. The exis-
tence of initial widths greater than zero for cycles 2–5
reveals that most of the cracks do not completely close
upon unloading. This can be due to interlocking effects
which prevent cracks from closing. Figure 5 shows that
not all cracks are affected to the same extent by this
phenomenon.

Finally, the DIC technique used in this study proves
suitable for precise assessment of the cracking process
in the tensile zone of the beam. The results pre-
sented above are consistent with the expected reso-
lution (see Section “Description of the Test”). One
of main advantages of the technique is that previous
visual detection of cracks is not necessary for width
measurements. It is therefore suitable for early mea-
surements of crack widths, starting from an uncracked
state.
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Fig. 5 Crack widths versus loading force during cycle 5
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Fig. 6 Mean crack widths versus loading force—cycles 1–5

Deflection and Curvature Measurements

Principle of the Method

From the knowledge of the displacement field it is
possible to derive the evolutions of the deflection and
the flexural curvature in the beam during the loading
cycles. In order to minimize the influence of the crack-
ing on the concrete strain state, it is decided to base
the analysis on local values of the vertical displacement
component given by the DIC technique at mid-distance
between every couple of neighbour cracks. The method
is divided in three steps as follows:

• Local values of the deflection at a given load are
estimated by averaging the vertical displacement
component given by the DIC technique along six
vertical lines located at mid-distance between every
couple of neighbour cracks. As seven cracks are
located in the ROI, six local values of the deflection
are obtained.

• The values obtained are plotted against the hor-
izontal position along the beam. Having in mind
that the beam is tested in four-point bending, the
six points are fitted by a second degree polynomial
in order to represent the averaged deflection line
along the beam.

• The maximum beam deflection corresponds to the
value of the polynomial curve at mid-span. The
averaged curvature is equal to twice the coefficient
value of the highest degree of the fitted polynomial.

The method is applied to each processed image (i.e.
at every 5 kN) during the five loading cycles.

Deflection Measurement

An example of the displacement vertical component
given by the DIC technique is shown in Fig. 7, where
the vertical displacement along the vertical line located
at mid-distance between cracks 1 and 2 is plotted for a
load of 40.9 kN (cycle 2). The average value obtained
for the local deflection is equal to 8.542 mm with a
standard deviation of 0.024 mm, which corresponds to
a variation coefficient about 0.28%. This representative
example shows the good resolution of the DIC tech-
nique for deflection determination.

The same procedure is repeated for the six vertical
lines located between the cracks, for every intermediate
step of loading during the five loading cycles. As an
example, the averaged vertical displacements obtained
for the six vertical lines vs. the horizontal position
are plotted in Fig. 8 for the five cycles at the same
loading level equal to 40.9 kN. The fitted deflection
lines obtained for cycles 2–5 prove very similar. The one
obtained for cycle 1 is slightly lower than the others.

The beam deflection corresponds to the vertical dis-
placement at mid-span. It is easily derived from the
expression of the fitted deflection line for each interme-
diate level of loading during the test. Figure 9 presents
the deflection plotted against the load for the whole
test. In this figure, the values given by the LVDT sensor
(solid line) are compared with the values obtained
with the DIC technique (marks) during the ascending
branches of the five loading cycles. It is observed that
cycles 2–5 are pretty similar, and that the discrepancy
between DIC and LVDT values is negligible for all
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Fig. 7 Vertical displacement at mid-distance between cracks 1
and 2—cycle 2 (40.9 kN)



886 Exp Mech (2011) 51:879–890

Deflection (mm)

7,8

8,0

8,2

8,4

8,6

8,8

9,0

-300 -200 -100 0 100 200 300
x (mm)

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5

Fig. 8 Vertical displacement vs horizontal position: measured
from DIC technique (marks), fitted second degree polynomial
(solid lines)—cycles 1–5 (40.9 kN)

cycles up to 50 kN. A difference is however observed
over this limit during cycle 5. It is concluded that
the DIC technique used in this study is suitable for
fair deflection measurement on full scale structural
members.

Curvature Measurement

The flexural curvature at a given load is derived from
the fitted deflection line shown in Fig. 8. As it was
stated before, the curvature corresponds to twice the
coefficient value of the highest degree of the interpo-
lation polynomial. Figure 10 presents the evolution of
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Fig. 9 Mid-span deflection vs load from LVDT measurement
(solid line) and from DIC technique (marks)—cycles 1–5
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Fig. 10 Curvature vs load, theoretical (interrupted lines) and
experimental using DIC technique (marks)—cycles 1–5

the curvature plotted against the load during the five
loading cycles.

For the sake of comparison, two lines corresponding
to the theoretical behaviour of the reinforced cross-
section in an uncracked state (mode 1) and in a cracked
state (mode 2) [12] are plotted on the same figure. It
is observed that the evolution of the flexural curvature
of the beam can be analyzed in two stages: although
cracks have already formed in the tensile zone of the
beam (see Section “Crack Widths”), the beam behaves
as in uncracked mode 1 up to about 30 kN; over this
limit, the beam flexural behaviour turns parallel to
cracked mode 2. This behaviour suggests the existence
of an initial compressive stress state in the beam before
application of the external loading. The next section
will be devoted to an analysis of the test results based
on this hypothesis. The existence of a residual curvature
is observed for low values of the loading force. This
can be caused by the incomplete closing of the cracks
at unloading, as already mentioned in Section “Crack
Widths.”

Analysis and Discussion

Analysis of a Cracked Cross-section

Based on usual assumptions for the analysis of a rein-
forced concrete beam in the serviceability state [12], the
kinematics equations for a cracked cross-section sub-
jected to a decentred longitudinal force N (see Fig. 11)
reduces to the following governing equation

S − I
e

= 0 ⇒ e = I
S

(1)
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Fig. 11 Cracked
cross-section subjected to a
decentred longitudinal force
(dashed areas represent
compressed concrete zones)
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where e is the eccentricity of the longitudinal force mea-
sured from the neutral axis in the cracked cross-section.
S and I denote the first and the second moment of
inertia of the transformed cracked cross-section respec-
tively; they are written as follows in terms of the depth
X of the compressive zone in the cross-section

S = b X2

2
+ αA′

s

(
X − d′) + αAs(X − d) (2)

I = b X3

3
+ αA′

s

(
X − d′)2 + αAs(X − d)2 (3)

In the above equations b is the width of the beam
cross-section, and α is the steel to concrete Young’s
modulus ratio. A′

s and As are the cross-sectional areas
of the Re-bars located in the compressive and the
tensile zone of the beam respectively, at distances d′
and d from the compressed face of the cross-section.

The curvature χ caused by the decentred longitudi-
nal force N in the cracked cross-section is written as:

χ = Ne
Ec I

(4)

where Ec denotes the Young’s modulus of the concrete.
The tensile steel stress corresponding to this curva-
ture is:

σs = Esχ(d − X) = α
Ne(d − X)

I
(5)

where Es denotes the Young’s modulus in the steel bars
(assumed as 200 GPa in the present work).

Finally, having in mind that e0 = e − X + h/2 and
e0 = M/N = Pa/2N, where h is the beam depth (see
Fig. 11), and a is the distance between one support and
the nearest jack (see Fig. 1), the following relationship
between the loading force P, the longitudinal force N
and the compressive zone depth X is obtained

P = N
a

[
2

(
I
S

− X
)

+ h
]

(6)

According to [12], the average crack width wm

caused by a short term loading is:

wm = 1

Es

[
σs − 0.6 fctm

(
α + 1

ρs,ef f

)]
srm ≥ 0.6

σs

Es
srm

(7)

where fctm denotes the mean tensile concrete strength.
srm is the average crack distance, i.e. 107.8 mm in the
present work (see Table 1). ρs,ef f is the effective tensile
steel ratio, which is defined as follows

ρs,ef f = As

bhc,ef f
(8)

where hc,ef f = Min (2.5(h − d); (h − X)/3; h/2).
In the case of pure bending (i.e. N = 0), equation (1)

reduces to S = 0, and X is written as:

X = α
(

As + A′
s

)

b

⎡

⎣−1 +
√√√
√1 + 2b

(
dAs + d′ A′

s

)

α
(

As + A′
s

)2

⎤

⎦ (9)

In this case, the curvature and the corresponding ten-
sile steel stress can be calculated substituting M = Pa/2
for Ne in equations (4) and (5). The above equations
will be used in the next section devoted to the analysis
of the curvature and the cracking process in the tested
beam.

Curvature Analysis

Following the remark in Section “Curvature Measure-
ment,” the existence of an initial longitudinal compres-
sive force in the beam is considered for the analysis
of the curvature. It is noticed that equations (1)–(3)
depend on the value of X. Therefore, the following
procedure is used for the analysis. The longitudinal
force N is given an arbitrary constant value. Starting
from the value given by equation (9), X is progressively
increased, and the corresponding values of S and I
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Fig. 12 Experimental curvature from DIC technique (marks)
and theoretical curvature based on bending plus longitudinal
force (solid and dotted lines) versus loading force—cycles 1–5

are calculated using equations (2) and (3). Finally, the
values of χ and P corresponding to the given values
of N and X are calculated using equations (4) and (6),
respectively.

The experimental values of the curvature derived
from the DIC method are compared with the values
obtained by this procedure in terms of the loading
force in Fig. 12. The two interrupted lines represent the
theoretical relationship in pure bending (i.e. without
longitudinal force) in mode 1 (uncracked state) and
mode 2 (cracked state) respectively. The solid line and
the two dotted lines represent the theoretical values
obtained for a pre-existing compressive stress equal to

4.2 MPa ± 1.2 MPa. Despite a discrepancy observed in
the experimental results, it is observed that the most
of experimental values are located between the two
dotted lines for P > 30 kN. The difference observed
for lower values of P is due to the residual curva-
ture caused by the incomplete closure of the cracks
at unloading (see Section “Curvature Measurement”).
Therefore, it is possible to conclude that the flexural
behaviour of the tested beam is significantly affected
by the existence of an initial longitudinal force in the
beam. This force could be resulting from a swelling of
the concrete due to long term exposition to water steam
saturated atmosphere over 25 years of service of the
structure.

Crack Width Analysis

The experimental values obtained for the mean crack
width are compared to the theoretical values wm given
by equation (7). Firstly, σs used in equation (7) is
calculated under the assumption of pure bending, i.e.
for X given by equation (9) and with substituting M =
Pa/2 for Ne in equation (5), as it was explained above.
The results are shown in Fig. 13 where the theoretical
(interrupted line) and the experimental (solid marked
lines) values of wm are plotted against the loading force
P. It is obvious that the observed crack opening rate
is much lower than expected in pure bending. As for
the curvature, this phenomenon can be possibly due to
the existence of a longitudinal compressive force in the
beam, which causes the cracks to open with a delay.

Fig. 13 Mean crack width
versus loading force:
measured with DIC
technique (marked lines), and
estimated from equation (7)
(solid and dotted
lines)—cycles 1–5
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In a second stage, the process of crack opening is an-
alyzed under the assumption that a constant longitudi-
nal force exists in the beam. Similarly to the procedure
used for the curvature analysis, the longitudinal force
N is given a fixed value. X is progressively increased
starting from the value given by equation (9), and the
values of S, I and e are calculated using equations
(2), (3) and (1). Then, the values of χ , P and σs are
calculated using equations (4), (6) and (5), respectively.
Finally, the corresponding values of wm are calculated
using equation (7).

The theoretical values obtained with this procedure
are plotted in Fig. 13 against the loading force P.
The solid line and the two dotted lines represent the
theoretical values obtained for the same pre-existing
compressive stress as for the curvature analysis, i.e.
4.2 MPa ± 1.2 MPa. Although the fit between the
theoretical and the experimental curves is not as good
as in Fig. 12, the similarity between the theoretical and
the experimental curves seems to confirm the influence
of a longitudinal force on the process of crack open-
ing during the five loading cycles. Furthermore, the
consistency of this conclusion is backed by the perfect
correspondence of the pre-existing compressive stress
value considered for the curvature analysis and for the
crack analysis. It is finally concluded that the flexural
behaviour and the cracking process in the tested beam
is affected in a similar manner during the five loading
cycles by the existence of an initial longitudinal force in
the beam.

Conclusion

The actual mechanical behaviour of a full scale rein-
forced concrete beam was investigated using a digi-
tal image correlation technique. Detailed information
about the cracking process and the flexural behaviour
were easily derived from the analysis of displacement
fields processed from digital images of the beam cap-
tured at different loading levels. A satisfying resolution
about 0.01 mm was achieved for low preparation efforts
despite a high length to pixel ratio (0.725 mm/pixel).
Main conclusions concerning the measurements and
the analysis are listed below.

The DIC technique used in the study proved suitable
for early crack detection and measurements. Concrete
cracks were located and their widths were precisely
measured during five loading cycles in the tensile zone
of the beam. A good reproducibility is observed for
the mean crack width evolution during the five loading
cycles, although large discrepancies are observed be-
tween individual crack behaviours. One of advantages

of the method is that cracks can be detected and their
widths measured as soon as they appear. Details such
as residual crack widths due to interlocking effect at
unloading are observed.

Precise information concerning the deflection and
the curvature of the bent beam were derived from
the displacement fields given by the DIC technique.
Values of the mid-span deflection obtained with the
DIC technique are in fair agreement with values mea-
sured by the LVDT sensor. A bimodal behaviour is
evidenced, which suggests the existence of a compres-
sive stress state in the beam cross-section. This hypoth-
esis is supported by the existence of a delay observed
in the evolution of crack openings during application
of the loading force. A theoretical analysis based on
Eurocode 2 design code provisions in the serviceability
state leads to the conclusion that the cracking and the
flexural behaviour of the tested beam are significantly
affected by the existence of initial compressive stresses
in the beam cross-section. This initial stress state could
possibly result from swelling of the concrete during the
25 years of service in wet atmosphere and elevated
temperature.

Finally, this work hightlights that DIC technique is
suitable for the analysis of deformation and cracking
process in full scale reinforced concrete members. One
of main advantages is that it allows easy crack detection
and measurements for limited preparation works. The
research and the experimental program done in this
study open the possibility of applying DIC technique
for detailed damage assessment of existing civil struc-
tures. Although the present study was carried out in
laboratory, one could as well imagine to conduct such
a study in situ in a near future.
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