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Abstract

A research programme is discussed, which has investigated the fracture of steel-fibre-reinforced sprayed concrete under flexural loading,
with the aim of developing a stress-block model to predict flexural behaviour in the form of a load—deflection response. This paper reports
the work associated with establishing the strain and crack width profiles in relation to mid-span beam deflection. A strain analysis technique
is described, which combines the use of electrical strain gauges with a semiautomated grid method (using digital image processing) for
measuring and monitoring the strain and crack width profile over the depth of a fibre-reinforced beam during a flexural test. This novel strain
analysis technique has established strain/crack width data, which forms a key part of a stress-block approach for predicting residual flexural
strength, an essential requirement of a much needed design rationale for steel-fibre-reinforced concrete. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction
1.1. Research objectives

The work reported here formed part of a larger research
project investigating the reinforcing mechanisms and frac-
ture processes associated with steel-fibre-reinforced sprayed
concrete under flexural load. A major aim of this project
was to develop a model — based on conventional principles
of mechanics — to predict flexural behaviour in the form of
a load—deflection response, and thereby predict flexural
toughness performance.

The principal objective of this study was to test the
following hypothesis: Given the matrix compressive
strength, fibre volume, fibre type, cross section dimensions
and loading geometry of a steel-fibre-reinforced sprayed
concrete beam, the flexural load—deflection curve can be
predicted using a stress-block diagram approach, if the
following principal parameter relationships are known: the
uniaxial compressive stress—strain relationship; the uniax-
ial tensile stress—strain relationship; the single fibre pull-
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out load vs. crack width relationship; the number,
distribution, embedment lengths and orientation of the
fibres bridging the cracked section of the beam; and the
strain profile and the crack width profile in relation to
mid-span beam deflection.

This paper presents work carried out on the last principal
parameter listed above, that is, the strain and crack width
profiles, while that on fibre pullout and distribution are
reported elsewhere [1,2].

1.2. Flexural modelling

The proposed model centres on predicting the stress-
block diagram at the critical section of a steel-fibre-
reinforced sprayed concrete beam in flexure for a given
mid-span deflection. If the shape and magnitude of the
stress-block diagram can be ascertained, then it can be
used to estimate the flexural capacity of the beam in a
similar way that stress-block diagrams are used in
conventional reinforced concrete design. Thus, flexural
loads can be calculated for any given beam deflection
and the complete load—deflection response curve can
be predicted.

The concept of the model is illustrated in Figs. 1 and 2.
A typical load—deflection curve of a steel-fibre concrete
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Fig. 1. Relationship between the four stages of crack propagation and the flexural load—deflection response of a steel-fibre-reinforced concrete beam.

beam is shown in Fig. 1, where four stages of crack
development are indicated: uncracked (Stage 1); micro-
cracked (Stage 2); macrocrack (Stage 3); and macrocrack
with fibres pulling out (Stage 4). The stress-block diagram
associated with Stage 4 is shown in Fig. 2, where the
stresses (and resultant forces) that develop at the critical
section are represented by three distinct zones: (i) a com-
pression zone; (ii) an uncracked tension zone; and (iii) a
cracked tension zone, which is further divided into three
subzones: an aggregate bridging zone; a fibre bridging
zone; and a traction free zone.

A stress-block model requires data relating to a wide
range of strain (approximately 200—250 microstrain in
tension and 5000 microstrain in compression) and crack
widths up to 5—6 mm. The novel strain analysis technique
developed for use in this investigation combined electrical
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Fig. 2. Schematic representation of a steel-fibre-reinforced concrete beam
under flexural loading: Stage 4 — development of traction free zone.

resistance strain gauges with a semiautomated grid method
using digital image processing.

2. Research context
2.1. SFRC sprayed concrete

Despite continued improvements in materials and spray-
ing technology, the development of steel-fibre-reinforced
sprayed concrete as a preferred construction method for
many of the specialist applications that can utilise its
flexibility and enhanced toughness performance is hindered
by a lack of appropriate analytical design rationales and
methods. There is a critical need to develop a fully
analytical design procedure, preferably based on conven-
tional principles of mechanics, which is able to predict load-
deformation behaviour in flexure for any given member size
and loading configuration.

2.2. Flexural response of SFRC

A typical load—deflection response obtained from a flex-
ural toughness test, for a steel-fibre-reinforced concrete beam
is shown in Fig. 1. In Stage 1, the beam is uncracked and the
curve is approximately linear elastic. In Stage 2, the matrix
tensile strength is reached causing microcracking to develop
in the tensile region, resulting in a gradual reduction in the
stiffness of the specimen. In a plain beam, microcracking
rapidly develops into a macrocrack over the full depth, but in
a fibre-reinforced beam, the presence of fibres stabilises the
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cracking process by a variety of toughening mechanisms
[3,4]. Thus, restricted microcracking continues until the
maximum load is reached, which is thought to coincide with
the first macrocrack [5]. In addition, the fibres begin pulling
out from the matrix depending upon the fibre type and
volume fraction. During Stage 3, the macrocracks widen
and propagate over a greater beam depth causing more fibres
to pull out until, during Stage 4, fibres begin being comple-
tely pulled out or fractured (causing a traction free zone at the
tensile face), eventually leading to the failure of the beam.

Generally, failure occurs at a single crack for fibre
contents less than 80 kg/m>, multiple cracking being possi-
ble at greater fibre contents. In the case of short fibres (i.e.
less than 40 mm in length), a variety of failure patterns may
develop depending upon the fibre geometry and volume
content [6]. Cracking causes the neutral axis to move
towards the compressive face of the beam, so that the
equilibrium of the section below the neutral axis is pre-
dominantly maintained by the pullout resistance of the
fibres bridging the cracks [7,8]. In the cracked section, the
compressive stresses are still related to the composite
strains, but the fibres pulling out across the widening crack
now provide the tensile forces and, hence, there is no simple
relationship between stress and strain in the cracked region.

Others who have investigated the mechanics of fibre-
reinforced concrete in flexure have generally assumed that
rigid body motion of the two broken halves of specimen,
rotating about a “plastic hinge” located at the neutral axis,
to be the dominant failure mode after a specimen in flexure
first cracks [9—13]. However, only two of these studies
[9,13] attempted to determine the position of the hinge
formed, or its relationship with mid-span deflection. Arme-
lin and Banthia [9] used a semitheoretical basis to show for
flexural toughness tests on 100 x 100 x 350 mm beams
using third-point loading that the neutral axis moves to
within 10 mm of the compressive face of the beam by the
time a 1 mm midpoint deflection has been attained. Mangat
and Gurusamy [13] report a similar shift but relate the
movement to crack widths only without any discussion of
the associated deflections. Therefore, the question still
remains on how to determine and monitor the position of
the neutral axis during a flexural test on an FRC specimen.

Assuming that the a cracked FRC beam does rotate about
a hinge, then from simple mechanics, a relationship should
exist between crack mouth opening displacement (CMOD)
and mid-span deflection (A). Armelin and Banthia [9] used
such an approach (backed up by experimental data) to
propose the following linear relationship between these
two parameters:

A !
CMOD ~ 4(d—c) m

where d is the depth of the beam, c¢ is the depth of the
neutral axis measured from the compressive face of the
beam and / is the span (assuming third-point loading).

Studies by others have also indicated a linear relationship
between CMOD and mid-span deflection [10,12].

From extensive experimental investigations involving
concrete beams containing 0—160 kg/m® of steel fibres
[5,10,14—19], the main parameters influencing the shape
of the load—deflection curve have been shown to include:
fibre volume; fibre type and geometry; specimen size; and
matrix composition. Thus, the flexural capacity of a steel-
fibre-reinforced concrete beam can be regarded as a function
of the following principal parameters: fibre pullout beha-
viour; fibre distribution; compressive and tensile stress—
strain relationships at the critical section; and the strain
distribution and crack width profile with respect to the mid-
span deflection of the beam. Work relating to strain and
crack width profiles is described below.

2.3. Strain and crack width measurement

There are numerous experimental methods available for
determining strain distributions and crack width profiles in
flexure [20]. In order to choose the most appropriate for a
particular investigation, many factors must first be considered
for each method, including: (i) the range of strain (or crack
widths) that can be measured; (ii) the accuracy or sensitivity
of the measurements obtained; (iii) the maximum specimen
size that can be analysed; (iv) whether the method provides a
full-field solution or point by point measurements; and (v)
whether the method has been used in the past for similar work.

2.3.1. Electrical resistance strain gauges

This is probably the most widely used strain analysis
technique. Electrical resistance strain gauges offer a simple,
quick and relatively cheap method of strain measurement.
The method has been used on numerous occasions in the
past for obtaining strain measurements from conventional
steel bar and steel-fibre-reinforced concrete specimens in
flexure [21-24]. However, strain gauges only measure
strain at the point of fixing and in the direction of the gauge
alignment, and therefore they do not provide a full-field
analysis. Moreover, the size and geometry of the specimen
can limit the number of gauges that can be attached, and
strain readings are generally limited to around 2% strain.

2.3.2. Grid methods

The grid method is one of the oldest strain analysis
techniques available. The method requires the placement of
a well-defined grid of spots or lines on the surface of the
specimen, which is then photographed before and after
loading to determine specimen distortion, and, hence,
strains. Early applications of the grid method were limited
by three main problems: It was difficult to apply a well-
defined grid onto the specimen; the analysis was performed
manually by eye, and so the accuracy and precision of the
results were poor; and the manual analysis of the deformed
grid could be very time consuming.
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However, with recent advancements in photographic
and computer technology, a new automated approach to
the grid method has been developed using digital image
processing techniques [25,26]. In this method, a photoelec-
tronic camera, digitising (A/D) board and a computer-based
image-processing system are used to capture a digital
image of the grid. This digital image is then analysed,
using grey-level threshold techniques and centroid algo-
rithms [27] in order to determine the positions of the
centroids of the grid spots, and, hence, the grid deforma-
tions and strains.

The main advantages of the automated grid method
include: large strains (greater than 5%) and crack widths
can be measured; the analysis is fully automated; and the
method provides a full-field analysis over a large area of
the specimen.

The disadvantages are: the method requires expensive
state-of-the-art equipment; photoelectronic camera tech-
nology currently limits the size of the analysed grid to
individual areas of approximately 200 mm?* and accu-
racy can be poor (typically around 500 microstrain).
Note also that this method has not been used previously
to analyse plain or fibre-reinforced concrete specimens
in flexure.

3. Development of the optical grid method
3.1. Background

The four main stages considered in the development of
the optical grid method for strain measurement in the
fibre-reinforced beams were (i) the application of the grid,
(i) image acquisition, (iii) image processing and (iv)
image analysis.

A digital image is an approximation of a real image in
which segments of the image are represented by individual
digital elements (pixels) in an array of size X,Y, where X
and Y are the dimensions of the image in pixels. The light
intensity of each element is given by a discrete value
termed a ‘grey level’ in the range [0,G], where level 0
corresponds to zero or minimum light intensity (black) and
G corresponds to the maximum light intensity (white). The
resolution of a digital image depends on these three para-
meters (X, Y and G), and as their values increase, so the
approximation of the digital image to the real image
improves [26].

The size of the grid spots, and, hence, the number of
pixels making up a spot, is also a limiting factor on the
accuracy of an optical grid method. The spacing of the
grid spots (or pitch), which essentially equates to gauge
length, must also be chosen such that individual grid spots
can be easily distinguished. In order to obtain reliable
results, Sirkis and Taylor [28] recommend a grid spot
diameter of at least 10 pixels and a lower limit on the
grid spacing of between two and three times the spot

diameter. In this investigation, these recommendations
were achieved by using a grid of 2.5 mm diameter spots
at 5-mm centres (Fig. 3).

3.2. Application of the grid

There are several methods available for applying a black
grid of spots onto a white background including stencilling,
etching and cementing [25]. Of these, stencilling was
considered the most versatile and economical for the size
and number of specimens to be tested in this investigation.
A series of trials were undertaken to assess a variety of
stencilling methods: inking using a fine fibre-tipped perma-
nent marker pen; painting using black emulsion; and spray-
ing using a black acrylic primer. The inking method was
found to be the most effective as it provided a quick drying
application with complete control over the quality of the
applied grid spots. As a result, this method was adopted in
the investigation.

3.3. Image acquisition

A photoelectronic camera (for example, a charged couple
device (CCD) camera) is normally recommended for
acquiring a digital image of the grid for strain analysis
measurements. This is because of the high degree of
accuracy that can be achieved with this type of camera
due to the minimal image distortion resulting from the
acquired images not being subjected to photographic devel-
oping procedures. However, these cameras are very expen-
sive (typically in excess of £10,000), have a limited field of
view (approximately 200 mm?®) and require an on-line
analogue-to-digital converter.

In this study, an alternative method of digital image
acquisition was developed, which used a conventional 35-
mm SLR camera to photograph the grid in combination with
proprietary electronic digital scanning technology. This
method offers significant advantages over photoelectronic
image acquisition including relatively low cost, use of

e,

Fig. 3. Grid method test specimen and target.
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readily available equipment and a virtually unlimited field
of view. However, it was also recognised that the accuracy
of the method would be compromised by an increase in
image distortion due to the photographic developing and
scanning processes.

A variety of technologies are available for the conversion
of the photographic negatives to digital format, and these
have recently been reviewed by Chandler and Padfield [29].
At one end of the price/precision range are the high
precision systems designed for photogrammetric produc-
tions capable of scanning full aerial format imagery at
resolutions as low as 7 pm with high geometric accuracy.
At the other extreme are desktop systems designed for
scanning A4 documents at resolutions of 60 pm with a
consequent degradation of accuracy. However, an alterna-
tive in recent scanning technology is the Kodak Photo CD
system [29], which has been developed primarily for digi-
tising photographic material for publishing and presenting
on a computer.

3.4. Image processing and analysis

A digital image processing software package was used to
determine the centroid coordinates (in units of pixels) of the
grid spots for each of the digital grid images analysed.

Image analysis consists of two main stages: (i) transform-
ing the digital image coordinates into ‘real’ two-dimensional
photo image coordinates in units of millimetres; and (ii)
determining grid deformations to enable strain and crack
widths profiles to be computed. A six-parameter affine
transformation, using least squares, was used to transform
the measured pixel coordinates system (X7Y) into the photo
coordinate system (xy). This transformation consists of
three steps: (i) a correction for size differences by means
of scale factors; (ii) a translation to shift the origin of the
grid from the X7V digital coordinate system to the xy photo
system; and (iii) a rotation of the XY axis to correspond
with the xy axis. In order to undertake the transformation,
the coordinates of at least four fixed points have to be
known in both the XY digital image coordinate system and
the xy photo image coordinate system. This was achieved
by stencilling 20-mm-diameter reference grid spots on to a
rigid steel target that was placed on the cross-head of the
test machine (Fig. 3).

4. Experimental details
4.1. Materials

The constituent materials used in the development of the
concrete mixes were chosen as being typical of those used
in wet process fibre-reinforced sprayed concrete. The
cement was Class 42.5N Portland Cement (PC) conforming
to BS12 [30]. The condensed silica fume was a water-based
slurry with a 50% silica fume content by weight. The

aggregate was a 6 mm maximum sized uncrushed river
sand of Zone M in accordance with BS882 [31], and the
aggregate grading generally conformed to the limits of the
EFNARCJ32] recommended grading curve. A melamine-
formaldehyde superplasticiser was used, and the steel fibres
were 30 mm long and 0.5 mm diameter collated hooked-
end fibres.

4.2. Mix proportions and specimen preparation

The base concrete mix used for the cast beams had a
water/cementitious content/aggregate ratio of 0.45:1:2.8
(Table 1). The mix contained a silica fume replacement at
10% by weight of cement, and steel fibres were added to the
base mix in quantities of 40, 80 and 120 kg/m>. The average
workabilities, 28-day compressive strengths and saturated
densities are given in Table 1.

Both notched and unnotched cast beams were used in the
investigation. Beam specimens were cast in 100 x 100 x 500
mm steel moulds. Beam depths were either 75 and 100 mm
for the unnotched beams and 60 and 85 mm for the
notched beams. A 10-mm-deep notch was cast into the
tensile face of each notched beam at mid-span by attach-
ing a l-mm-thick brass plate to an appropriately sized
timber insert prior to casting. The purpose of the notch was
to act as a crack inducer such that the specimens cracked at
the notch.

Specimens for flexural toughness testing and strain
measurement were also obtained from spraying trials
undertaken by an experienced contractor on the site of
a wet process steel-fibre-reinforced concrete project. The
same base mix used for the cast mixes (Table 1) was used
for spraying, except that the fibre contents produced in
situ were 26 and 66 kg/m>. Each mix was sprayed by an
experienced and certified nozzle operator to produce
600 x 600 x 100 mm test panels. The panels were sealed
with a sprayed curing membrane, covered with polyethy-
lene sheeting and stored on-site for approximately 48 h,
before being transported back to the laboratory and
demoulded. Each panel was then sawn into three

Table 1

Mix proportions and basic properties

Constituents

Cement (kg/m®) 490
Silica fume (kg/m®) 50
Water (kg/m®) 245
Aggregate (kg/m®) 1510
Superplasticiser (% by weight of 1.5

cementitious material)
Steel fibres (kg/m’) 0, 40, 80 and 120
Properties®
Slump (mm) 55-90
Compressive strength (MPa) 72-74
Density (kg/m®) 2230-2300

 Range of average values of the mixes with 0—120 kg/m® steel fibres.
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75 %125 x 500 mm test beams in accordance with
EFNARC [32], which were then placed in a curing tank
at 20+2°C until they were tested.

Specimens were tested in flexure over a span of 450 mm
in third-point loading using a 100 kN capacity floor-
mounted Instron 6025 testing machine. Average mid-span
beam deflections were measured using an LVDT mounted
on a yoke around the specimen to enable net mid-span
deflections to be recorded. Tests were performed under
closed-loop control of the net mid-span beam deflection.
With the notched beams, an additional extensometer was
attached across the notch to measure the CMOD during the
test. The strain analysis test programme comprised 16 cast
and 4 sprayed beams.

4.3. Optical grid procedure and accuracy

Four days prior to testing, the specimens were taken out
of the curing tanks and dried. A grid of 2.5-mm diameter
black spots at 5 mm centres was then stencilled over the
middle third of one side of each beam. During each test, the
specimen grid was photographed at six mid-span deflec-
tions: 0, 0.2, 0.5, 1.0, 2.0 and 4.0 mm. The test was held at

€
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each deflection for 10 s to allow the photographs to be taken
(Fig. 3). A Cannon T-90 SLR camera equipped with a 50-
mm lens, and close-up attachment, was used to acquire the
35-mm photographic negatives of the grid on Kodak Tmax
Pro 100 ASA (black and white) film, with a fixed aperture
of f/11 and shutter speed of 1/125s. A 0.5 exposure
compensation, with centre-weighted average metering,
enhanced the contrast.

The six photographic negatives obtained from each test
were scanned and converted into a digital format using
Kodak Photo CD. Digital images were analysed at a
resolution of 1024 x 1536 with Visilog software to deter-
mine the centroid coordinates of each grid and reference
spot using automatic thresholding techniques. The digital
image centroid coordinates were then transformed into
photo image centroid coordinates and saved in a Microsoft
Excel file for subsequent analysis.

Grid deformations were plotted as a function of their
location within the grid, and from this plot, the position and
profile of any crack was determined for each grid image
analysed. The accuracy of the grid method was determined
by undertaking a series of controlled tests under zero-strain
conditions to establish the smallest grid deformation that

crack width (mm)

distance from compression face of beam (mm)

(b) 100mm unnotched, 40kg/m3

2.5

distance from compression face of beam (mm)

(d) 60mm notched, 40kg/m3

Fig. 4. Representative crack width profiles from grid method analysis.
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could be measured and to determine the effect of camera
lens size on the accuracy of the method. The 95% con-
fidence interval of significant grid deformation was found to
be approximately 0+0.1 mm, irrespective of camera lens
size, gauge length or cross-head movement, equating to a
strain of approximately 3500 pe.

4.4. Strain gauging

The electrical resistance gauges were standard single
wire strain gauges, with a rigid polyester backing, specifi-
cally designed for the measurement of concrete strains. The
gauges had a gauge length of 30 mm and a strain limit of
2%, and were fixed to the concrete using a polyester precoat
and a polyester bonding adhesive. The active-dummy tech-
nique provided temperature compensation.

The strain gauges were fixed at the mid-span section on
the opposite side of the beam to the applied grid. A single
gauge was installed on the compressive face of each
specimen to measure the maximum compressive strain
throughout each test, and four to seven (depending on
the beam depth) gauges were fixed to the side of the beam
at different depths. The accuracy of the strain gauges,
determined by comparison with elastic theory, was within
15 pe.

5. Strain profiles and crack widths
5.1. Crack widths from the grid method

Representative crack width profiles for the beams failing
at a single crack are shown in Fig. 4 for the four beam sizes
investigated, and these results indicate that:

¢ crack width profiles are linear; as the beam deflection
increases, the crack widens and its origin moves to
within 5 mm of the compressive face of the beam;

¢ the CMOD at a given deflection increases with an
increase in beam depth for both notched and
unnotched beams; and

¢ crack widths less than 0.2 mm could not be measured
accurately.

Note that in some of the beams, the crack occurred
outside the area of the grid, and in others, multiple cracking
occurred. For both cases, crack width analysis was not
carried out.

As expected, the notched beams generally cracked at
mid-span (i.e. at the notch ) but the unnotched beams did
not. Fig. 5 shows the variation in CMOD (obtained from the
crack width profiles) as a function of the distance the crack
occurred from mid-span for the 75 and 100 mm deep
unnotched beams. The results show a general increase in
the value of CMOD for an increase in the distance the crack
occurred from mid-span.

04mm A2mm ©0.5mm gimm
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distance crack occurred from the beam centreline (mm)

(b) 100mm unnotched specimens.

Fig. 5. Variation in CMOD with distance crack occurred from mid-span.

This may provide an explanation for the high variability
commonly observed in flexural toughness testing [9]. For
an unnotched beam tested in third-point loading, the fail-
ure crack can occur anywhere within the middle third
without the test being invalidated. For a beam not cracking
at mid-span, the ‘true’ deflection of the beam at the crack
will be greater than the deflection at mid-span, and as a
result of the increase in beam deflection at the crack
(relative to the beam deflection at mid-span), the CMOD
will be greater at the crack (Fig. 5). In the case of notched
beam tests, these influencing factors are minimised
because the crack occurs at the notch (i.e. mid span)
and, hence, the variability in the load—deflection responses
will be reduced. Notched beams, therefore, appear to offer
an advantage for flexural toughness tests controlled by
mid-span deflection.

Validation of the crack width measurements obtained
from the grid method is demonstrated in Fig. 6, which
compares the crack width profiles obtained from the grid
method [Fig. 4(b)] with average CMODs measured using
an extensometer fixed at the notch. Note that the crack
profiles in Fig. 6 have been extrapolated to the point at
which CMOD was measured during the flexural toughness
tests (that is, at a distance of 95 mm from the compressive
face of the beam). Good agreement between the results can
be seen.
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Fig. 6. Comparison of grid method crack width profiles with CMOD values
from extensometer at the notch for varying mid-span deflections (85-mm-
deep notched beam).

The relationships shown in Figs. 4 and 7 appear to
indicate the following results: (i) a cracked FRC beam is
subjected to rigid body motion rotating about a central
hinge; (ii) CMOD is linearly related to mid-span deflection;
and (iii)) CMOD at a given deflection increases with increas-
ing beam depth. These results agree well with previous
work [9,12] as discussed earlier. In particular, the results
provide a reasonable fit with the relationship proposed by
Armelin and Banthia [9] — Eq. (1) — between CMOD and
mid-span deflection. Assuming that the neutral axis is
located at a distance from the compressive face correspond-
ing to approximately 5% of the beam depth at a deflection of
4 mm (see Fig. 10), comparisons can be made between the
theoretical and experimental data using Eq. (1). For the
beam sizes used in this study, this gives theoretical deflec-
tion/CMOD ratios at a deflection of 4 mm of 1.18, 1.58 and
2.37 for the beam depths of 100, 75 and 50 mm, respec-
tively, which compare favourably with the corresponding
experimental ratios (Fig. 7) for the three beam sizes of 1.20,
1.43 and 2.45.

5.2. Strain profiles from the gauges
Unlike the grid method, which is able to measure the
crack widths across the cracked section of a beam, providing

that that the beam cracks within the area of the grid, the
strain gauges measure strain at fixed points located at the
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Fig. 7. Relationship between CMOD and mid-span deflection.
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Fig. 8. Influence of strain gauge reading relative to compression face of an
85-mm-deep notched beam — crack occurring close to mid-span
(compressive strain negative).

mid-span section irrespective of the crack position. There-
fore, only if a beam cracks at mid-span will the gauges yield
information on the distribution of strain at a cracked section
in a beam. Fig. 8 shows strains in a beam that cracked at
mid-span. Note the magnitude of the strain gradient, and the
fact that the gauges recorded tensile strains of 3500 to over
7000 pe before gauge failure occurred (characterised by a
sudden drop in the gauge reading). These high values are
not of course tensile strains in the concrete, but are an
indication of the crack width.

The influence of the proximity of the crack, relative to
the centre of gauges, on the profile of the strains recorded
is further illustrated in Fig. 9, which shows how the
neutral axis depth (relative to the compressive face of
the beam) changes with distance from the crack. Prior to
the beam cracking (i.e. at deflections up to approximately
0.15 mm), the neutral axis is located at mid-depth across
the whole of the middle third region of the beam.
Following cracking, there is a shift in the neutral axis
position towards the compressive face of the beam; the
magnitude of this shift decreases with increasing distance
from the crack. For example, at a deflection of 2 mm, the
neutral axis depth is within 10 mm of the compressive

distance from crack (mm)
75 -50 25 0 25 50 75

w
o
L

depth of neutral axis (mm)

75

Q2mm A 1mm x0.5mm ©0.2mm x0.1mm +0.05mm |

Fig. 9. Distribution of neutral depth either side of a crack (75-mm
unnotched and 85-mm notched beams).
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Fig. 10. Relationship between (a) neutral axis depth and mid span
deflection and (b) strain measured at the compressive face of a beam and
mid-span deflection.

face of the beam at the crack, but close to mid-depth at a
distance of 75 mm from the crack. These results are
similar to the movement in the neutral axis position as
reported by Armelin and Banthia [9] and Mangat and
Gurusamy [13] following semi-theoretical studies of FRC
beams in flexure.

The strain readings obtained from all the tests were
combined and extrapolated to determine an average strain
profile (at each deflection) for a crack occurring at mid-
span. The average strain profiles were then used to deter-
mine a neutral axis depth and maximum compressive strain.
Figs. 10(a) and (b) show the relationship between these
parameters for the 60-mm notched, the 85-mm notched and
the 100-mm unnotched beams. Note that in these figures,
neutral axis depth is plotted as fraction of the corresponding
overall beam depth, d.

The relationships in Fig. 10 suggest that the shape of the
strain profile of a fibre-reinforced concrete beam, with a
relatively low fibre content, may be independent of beam
depth. More specifically, for the range of beam depths and
fibre contents investigated, the average strain profiles reflect
the following behaviour:

(i) once the beam cracks, the neutral axis moves rapidly
towards the compressive face of the beam, with the rate
of movement gradually reducing with increasing deflec-
tion [Fig. 10(a)];

(i) the maximum compressive strain increases non-
linearly with an increase in deflection [Fig. 10(b)] and
corresponding movement in the neutral axis position
towards the compressive face of the beam; and

(ii1) over the deflection range investigated, the value of
maximum compressive strain never exceeded 3200 e,
indicating that none of the beams failed in compression.

5.3. Complete profile from combination of data

The final stage of the strain analysis investigation was to
combine the crack width profiles obtained from the grid
method with the strain profiles obtained from the strain
gauge analysis, in order to determine the complete strain/
crack width profiles for use in the proposed model. The
interface between the strain and crack width profiles was
assumed to occur at the point along the strain profile where
the matrix cracking strain is first exceeded, corresponding
to a zero-crack width (Fig. 11). The depth of this point,
relative to the compressive face of the beam, is termed the
‘zero crack width depth’. In this analysis, the concrete
matrix cracking strain was assumed to be 190 pe, this
being the average cracking strain from the tests (range
165-225 yg).

The strain gauges were found to be suitable for
measuring both the compressive and tensile strain pro-
files to an accuracy of +£15 pe up to a strain limit of
around 200 pe in tension and 3500 pe in compression,
and the grid method was found to be suitable for
measuring crack widths greater than 0.2 mm to an
accuracy of £0.1 mm. Thus, when using a combination
of these methods, it seems that a range of specimen
deformation exists — between a strain of 200 pe
(equivalent to 0.006 mm over a gauge length of 30
mm) and a crack width of 0.2 mm (equivalent to 6500
pe over a gauge length of 30 mm) — which cannot be
accurately measured. However, it was found that when a
crack passed under an electrical strain gauge, without
failure of the gauge, the output of the gauge could be
converted to a crack width (by assuming that once the

A A
Zero crack-width
Strain depth
Neutral axis
— N

r N
Crack-
widths

v

CMOD

Fig. 11. Idealised strain/crack width profile showing zero crack width
depth.
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Fig. 12. Strain and crack width profiles from grid and strain gauge data.

crack has formed all the deformation recorded by the
gauge is the crack opening). In this manner, the gauges
were found to give information on crack widths in the
range 0 to about 0.1 mm.

The combination of strain gauging and the grid
method can therefore yield information on compressive
strains (from gauges), tensile strains before cracking
(from gauges) and crack widths (0—0.1 mm from gauges,
and 0.2 mm upwards from grid readings). Examples of
combined strain and crack width profiles are shown in
Fig. 12 for one of the 75 mm deep beams at mid-span
deflections of 0.5 and 1.0 mm. Note that at the 0.5 mm
deflection, most of the crack width information has come
from the gauges, whereas for the 1 mm deflection, most
have come from the grid method. The information from
the grid measurements and the electrical strain gauges
can be seen to complement each other, providing infor-
mation on strains and crack widths over the full depth of
the section.

6. Conclusions

A strain analysis technique has been developed, which
combines electrical strain gauges with a semiautomated
grid method (using digital image processing) for measur-
ing and monitoring the strain and crack width profile
over the depth of a fibre-reinforced beam during a
flexural test. The main merit of this technique is its
ability to measure a wide range of full-field strain and
crack widths using these two relatively simple techniques
of strain measurement.

The technique has been shown to be capable of measur-
ing strain to an accuracy of +15 pe over a range between
200 pe in tension and 3500 pe in compression, and crack
widths greater than 0.2 mm to an accuracy of £0.1 mm
form the grid method with the possibility of crack width
information from the strain gauges in the crack width range
0-0.1 mm.

The strain profile results show that fibre-reinforced con-
crete beams, with a given test geometry and fibre content,
have a common failure mode in terms of the movement in

the neutral axis position (measured as a fraction of beam
depth) and the associated values of maximum compressive
strain measured at the compressive face of the beam, which
appears to be independent of beam depth.

The crack width profile results show that, for a given
deflection, the width of a propagating crack increases
linearly over the depth of a beam. In terms of the CMOD,
the results show that: (i) the CMOD increases linearly with
increasing mid-span deflection; and (ii) the CMOD at a
given deflection increases with an increase in beam depth.

An essential element of the stress-block approach to
predicting the flexural behaviour of steel-fibre-reinforced
concrete has been established.
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