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An alternative experimental method for predicting the diagonal shear cracking resistance of steel-reinforced
concrete beams is developed in this paper. Conventional extensometric strain-gauge rosettes are placed on the
lateral surfaces of a set of four beams. As diagonal cracking propagates through the beams, the load-strain curves
flatten out at a plateau and the mechanical property under consideration may be determined. The method is
applied to four beams cast from pumpable and self-compacting concrete mixes with cement types I and IV

containing electric arc furnace slag aggregates. The feasibility of applying standard design code formulas to the
concretes containing these aggregates may therefore be studied and compared with other recent research works.
Accurate experimental results were obtained with this method without having to interrupt the test for subjective
visual appraisals of the test specimen.

1. Introduction

Using the conservative formulas of standard design codes is a safe-
guard against failure mechanisms. However, if a non-conventional
concrete type that is not specified in the design codes is used or non-
static or temperature loading is applied, then the mechanical behavior
requires further investigation. Currently, a new generation of green
concretes based on the use of industrial by-products is under develop-
ment in the framework of the circular economy. Several studies have
been carried out, in order to assess their behavior and applicability to
building [1-6]. However, research on their mechanical behavior at the
structural or macro level is scarce [7-9]. A key property that must be
checked during the Ultimate Limit State Design of Steel Reinforced
Concrete (SRC) beams is resistance to shear failure or shear capacity. For
instance, when the risk of earthquakes is high, it would be of interest to
implement structural monitoring by means of non-destructive methods
such as acoustic emissions [10].

The first sign of shear failure is a critical diagonal crack, the width of
which increases until the applied load reaches the ultimate shear
strength. The diagonal crack load is referred to as the load at which the
first diagonal crack occurs. Determination of the onset of diagonal
cracking in structural concrete elements is essential to analyze their
behavior under shear loading. On the one hand, the diagonal crack plays
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a decisive role in the ultimate shear strength [11,12]. On the other hand,
the diagonal shear crack load is necessary to determine the reserve shear
strength factor. The reserve shear strength factor is defined as the ratio
of the ultimate shear load to the diagonal shear cracking resistance [13].
When analyzing the reserve shear strength factor, the effects of concrete
mixtures on shear resistance, such as aggregate interlock, must be taken
into account. The safety margin of each material between the first di-
agonal crack and the ultimate shear failure is a key parameter. Although
the pioneering study of Yang et al. [13] was on high-strength concrete
deep beams without stirrups, the reserve shear strength parameter was
computed later in other studies when analyzing the behavior of SRC
beams with stirrups in the case of concrete with recycled aggregates [14]
and self-compacting concrete (SCC) [15].

Diagonal cracking in SRC beams without stirrups has been exten-
sively studied. It is mainly influenced by the shear span to effective
depth ratio, a/d, the section height, h, and the concrete compression
strength, f. [16]. The influence of the shear-span-to-depth ratio on di-
agonal shear cracking resistance has been reported in various papers
[17,18]. Sato and Kawakane [19] assessed the influence of early-age-
shrinkage on the diagonal cracking of High-Strength SRC beams. In
contrast to the strength analysis of the beams under flexural loading, the
analysis in the case of shear loads is a complex problem. There is a lack
of analytical solutions for the distribution of shear stress in cross-
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Table 1
Hardened properties of the mixes.

Mixture  E* Poisson’s Compressive Direct tensile
(GPa) ratio (v) strength  (MPa) strength”~ (MPa)

i 38.6 0.23 42-53-63-64-64 3.91

VP 31.4 0.22 18-29-36-48-56 2.83

ISC 39.9 0.22 42-53-66-76-77 4.19

IVsC 33.8 0.21 19-31-37-55-62 3.69

" : after 90 days.

" : after 7-28-90-180-360 days in a moist room.
™+ after 180 days.

Table 2
Compressive strengths after 28 days (MPa).
S1 S2 S3 Mean value
iy 49 54 56 53
VP 24 30 33 29
ISC 50 53 55 53
IVSC 28 32 33 31

sections of composite materials [20]. It is therefore necessary to use
some hypotheses, which simplify the problem and experimental corre-
lations, as with the design code formulas. Various expressions for pre-
dicting the initiation of diagonal cracking can be found in ACI 318 [21]
and Eurocode 2 [22]. It is worth underlining that the interest in the
formulas of these codes is based on their simplicity and generality, hence
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their use in the design of real structures. However, their poor accuracy
when applied to diagonal cracking resistance [23] can be improved with
the formulations of some authors. Wu and Hang [24] presented a simple
formula for predicting the initial diagonal cracking load in ultra-high-
performance fiber-reinforced concretes. In the case of slender RC
beams without stirrups, Keskin and Arslan [25] and Al-Zoubi [26] used
an artificial neural network model and a shear-moment interaction
model, respectively. Javidmehr et al. [27] proposed a simple and accu-
rate formula with the following terms: shear span ratio, longitudinal
reinforcement ratio and concrete strength.

Fig. 4. Left shear span of the IP beam.
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Fig. 2. Instrumentation scheme on the IP beam.
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Fig. 3. Instrumentation scheme on the IVP, the ISC and the IVSC beams.
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Fig. 5. Right shear span of the IP beam.

Other works have analyzed shear behavior in the case of SRC beams
with stirrups when a high transversal steel reinforcement is used.
Michelini et al. [28] did so by means of different numerical models.
Chemrouk and Kong [29] proposed a formula for slender high-strength
deep beams. Campione and Cannella [30] proposed an analytical
expression for predicting the shear resistance of slender RC beams with
stirrups. Demir and Caglar [31] achieved an accurate estimation of the
diagonal cracking resistance in deep SRC beams with and without
transverse reinforcement by means of a numerical model.

The onset of diagonal cracking during shear loading is usually
determined by interrupting the test when the crack becomes visible and
annotating the corresponding load value. It may also be done by means
of linear crack gauges located at the center of the midspan in a three-
point flexural test [16], which are aligned with the principal stress di-
rections. However, these gauge types, due to their large size, make it
difficult to place the other experimental instrumentation. It would be
interesting to have an alternative experimental methodology, so that the
shear cracking load prediction test is not interrupted for visual
observation.

The aim of this study is to propose an alternative simple and accurate
experimental methodology for the determination of the onset of diago-
nal cracking in SRC beams under shear loading. This method is based on
using conventional extensometric rosette gauges. It was applied to four
SRC beams containing Electric Arc Furnace steel slag (EAFS) aggregates
and transverse steel reinforcements. The results supported the feasibility
of this simple technique when measuring diagonal cracking resistance.
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2. Materials
2.1. Concrete

Four types of medium-strength concretes containing EAFS were
employed as self-compacting (SC) and pumpable (P) concretes using
cement types I and IV: IP, IVP, ISC and IVSC. The concrete components
and mix preparation have previously been described by Santamaria et al.
[9]. The mechanical properties of the concretes are summarized in

Fig. 8. Right shear span of IVP beam.
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Fig. 6. Load-strain curves of the GFC4_C and GFE3_C gauges on the IP beam.
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Fig. 9. Load-strain curve of the GFC4_C gauge on the IVP beam.

Fig. 11. Right shear span of the ISC beam:

Table 1. The Young’s moduli and Poisson’s ratios were determined ac-
cording to EN 12390-13 [32]. The compressive strengths were achieved
by following EN 12390-3 [33]. In this case, tests were performed at
7-28-90-180-360 days, to assess concrete curing in the moist room. A
significant delay in the strength gain of the IVSC concrete was observed
when comparing the strength results at 28 days with the corresponding
direct tensile strengths at 180 days. The direct tensile strength of the
samples, after 180 days in a moist room, measured with the dog bone
test (a tensile test used on rocks and high strength concrete) [34] showed
a fairly good tensility in the range of 2.5-4.5 MPa.

The experimental results corresponding to the compressive strength
after 28 days are given in Table 2. According to EN 12390-3, three
specimens were tested at each age, named S1, S2 and S3.

2.2. Steel rebars

Ribbed steel rebars of two diameters (#25mm, @#8mm) were used as
longitudinal tensile and compressive reinforcements within the beams.
Web reinforcements, consisting of 6-mm diameter vertical closed stir-
rups were incorporated in the beams. The ribbed steel rebars were
manufactured from B 500 S steel, in accordance with the specifications
of the UNE 36,068 standard [35]. A rebar yield strength of 525 MPa was
considered in the calculations. The yield strength of 525 MPa was
considered at a theoretical strain of 4.5 thousandths (2 + 525/E(GPa)).

3. Method

A set of four beams was tested. The nominal beam dimension was
200x300x4400 mm. The beams were reinforced with two 25-mm bars in
the tension zone (p; = 0.019) and two 8-mm bars in the compression
zone. A low transversal steel reinforcement was used: 6 mm stirrups
spaced at 200 mm. The details on the reinforcement can be seen in Fig. 1.

The diagonal cracking resistance of each beam was tested under
three-point flexural loading. In [36], an overview of the development of
the experimental techniques employed in shear tests is depicted. How-
ever, the use of strain gauges for determining the diagonal cracking load
in shear tests has not been found in the literature review. Two pairs of
cracks were expected to appear on the lateral sides of the beams cor-
responding to the left and the right shear spans. Accordingly, the rosette
gauges were placed in a first configuration on the IP beam. Then, the
direction and the location of the shear cracks observed during the first
test were used to relocate them in more suitable positions for the
intended purpose in the other tests. The positioning of the rosette gauges
for the IP beam is depicted in Fig. 2 and those corresponding to IVP, ISC
and IVSC are shown in Fig. 3. The locations of the other instruments
relating to the shear test are also shown: GFFN gauges for detecting the
neutral axis (both sides, numbered 1 to 4) and LVDTs for measuring the
beam deflections. Two additional comparator clocks on the upper face of
the beam (clock 1 and clock 2) were positioned on the vertical lines
above the supports, for visual readings and to evaluate the settlement of
the support system located on the lower face of beam.

The shear span was 750 mm and the effective depth was 258 mm.
Therefore, the shear span to effective depth ratio a/d was 2.9 in all cases.
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Fig. 12. Strain patterns within the ISC beam. (a) GFE2 B and GFE2_C gauges. (b) GFE4_B and GFE4_C gauges.

Fig. 13. Front view of the IVSC beam.

In all, 8 rosette strain gauges were used to measure the strain pat-
terns on the lateral surface of the beam. The locations of the onset of
diagonal cracking shear resistance were derived from the readings of
those gauges (numbered 1 to 4 on both sides of the application load: GFE
and GFC).

4. Results and discussion

In Figs. 4 and 5, the photographs corresponding to the shear failure
of the IP beam are shown.

The diagonal cracks passed through the following gauges GFC4_C
and GFE3_C.

In Fig. 6, the load-strain curves of the aforementioned gauges are
depicted. A plateau may be observed at P = 157 KN. Therefore, ac-
cording to the static problem of the test, the diagonal crack shear
resistance was assumed to be Vcr = P/2 = 78.5 KN.

In Figs. 7 and 8, the photographs corresponding to the shear failure
of the IVP beam are shown.

The cracks propagated through gauges GFE2_C, GFE4_C and GFC4_C.
The first diagonal crack appeared in the last gauge, according to the
annotations on the beam during the test performance.

In Fig. 9, the load-strain graph of gauge GFC4_C is depicted. The
plateau is observed at P = 119 KN. The diagonal crack shear resistance

Table 3
Diagonal shear cracking resistance (KN).
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Fig. 14. Load-strain curve of the GFE4_C gauge on the IVSC beam.
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was therefore assumed to be Vcr = P/2 = 59.5 KN.

In Figs. 10 and 11, the photographs corresponding to the shear
failure of the ISC beam are shown.

The first visible diagonal cracks appeared on the lateral side of the
left shear span, according to the notes written down on the beam during
the test. Thus, the cracks that were assessed had only passed through the
strain gauges on the left-hand side: GFE2 B, GFE2_C GFE4_B and
GFE4_C.

In Fig. 12, the load-strain curves of the aforementioned gauges are
depicted. A plateau was observed at P = 142 KN in GFE2_B and GFE2_C
gauges. The plateau was located at P = 150 KN in relation to the GFE4_B
and GFE4_C gauges, which means that the first crack appeared in the
former pair of gauges. Therefore, the first value of P was taken into
account to determine the diagonal cracking shear resistance: Vcr = P/2
=71 KN.

The photograph in Fig. 13 shows the shear failure of the IVSC beam.

The first diagonal crack appeared to the left of the span, at the
GFE4_C gauge, when the load was close to 150 KN, as annotated on the
front face of the beam.

In Fig. 14, the load-strain curve of the aforementioned gauge is
depicted. A plateau can be observed where the curve flattens out at P =
148 KN. Therefore, the diagonal crack shear resistance was equal to: Vcr
=P/2 =74 KN.

The values obtained with the proposed method were compared to
those using another experimental method based on the Linear Variable
Differential Transformer (LVDT) readings at mid span, standard design
codes and the approaches proposed by Javidmehr and Al-Zoubi. These
authors’ formulas were selected because of their greater accuracy than
those of other authors and their easy application to the conditions of the
present specimens and tests. The results for the diagonal cracking
resistance in the SRC beams with a shear-span to depth ratio of 2.9 can
be seen in Table 3.

The other experimental method is based on the fact that a peak in the
load-displacement curve can be observed at mid span when diagonal
cracking occurs [37].

In Table 3, it can be seen that the ACI code yielded more conservative
results than Eurocode 2. It is worth underlining that the computations in
the case of Eurocode 2 were based on the real properties of the material,
and therefore y. = 1 was considered. Moreover, Al-Zoubi’s approach
appeared more conservative than the one that Javidmehr proposed. The
experimental results agree in all the cases under consideration.

The highest discrepancy between the experimental results and those
computed with the formulas was noted in the case of the IVSC beam. It
was due to the calculations with the analytical expressions based on
concrete strength after 28 days. A delay in the strength gain occurred
when using cement type IV and the self-compacting concrete. This fact
can be seen in Table 3. In the other cases, the agreement between the
experimental and analytical results is clear, and that agreement is
greater when using the formulas that the aforementioned authors pro-
posed. The experimental results are somewhere between the ACI code
and the results for Eurocode 2.

5. Conclusions

An experimental method based on using rosette gauges for predicting
diagonal cracking resistance has been proposed in this study.

e Two different gauge schemes have been employed. The second one
was more effective at capturing the pair of cracks that delimited the
strut. In this case, gauges GFE2, GFE4, GFC2 and GFC4 were decisive
when determining the strengths of the different cases.

e The results obtained with the proposed method have been
compared to the results of an experimental method based on the LVDT
readings, two standard design codes and the approaches proposed by
Javidmehr and Al-Zoubi. In general, agreement between all of them was
observed except in the case of the IVSC beam, due to the delayed gain of
concrete strength.
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e ACI yielded more conservative results than Eurocode 2 in all cases.
The experimental values were somewhere between both and agreed
with the former ones, except in the above-mentioned case.

o The results that were obtained with the formulas of Javidmehr and
Al-Zoubi showed better agreement with the experimental results than
the results using the two codes.

e Both experimental methods showed good agreement. The proposed
method was based on the determination of a plateau in the gauge
readings. In the other one, the diagonal cracking shear resistance was
determined by locating the peak of the load-displacement curve at mid
span.

e The method has yielded results without having to interrupt the test
for visual readings and without any subjective visual appraisal of the test
specimen.

e The technique could be applied to analyze the diagonal cracking
resistance under other conditions and with deep beams.
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