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The friction shear behaviour of concrete containing electric arc furnace (EAF) slag (hereafter called EAFC) was
experimentally evaluated and compared with a reference counterpart made with only natural aggregates. Two
concrete mixes were cast, both containing a cement blended with 30% fly ash to improve their sustainability. For
each mix, other than analysing the main mechanical properties (compressive strength, tensile strength and elastic
modulus), push-off specimens were tested to determine the shear strength, failure modes, stress–slip and stress–
crack opening curves. There was a clearly enhancement in the shear strength of EAFC compared with the reference
concrete, even though the relations between shear strength and tensile strength were similar for the two concretes.
The results were also compared with data from the literature pertaining to ordinary concrete and recycled aggregate
concrete. Existing models from both design codes and the literature were applied to the experimental results and
conservative predictions were obtained in all cases. The safety margin for the EAFC was found to be higher than that
for the reference concrete.
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NotationQ2

Ac shear plane area
Asw transverse steel area
c cohesion
D1, D2 recorded displacements
Ec elastic modulus
Ecm average elastic modulus
ds steel bar diameter
fc compressive strength
fck characteristic compressive strength at 28 days
fcm average compressive strength at 28 days
fct indirect tensile strength
fctd design tensile strength
fctk characteristic tensile strength
fctm average tensile strength
Pu ultimate load
s relative vertical slip
su ultimate slip
wu average ultimate crack width
μ coefficient of friction
ρc fresh density
ρv volumetric transverse reinforcement ratio
σncr stress normal to the shearQ3 plane
τ shear stress
τu ultimate shear strength
τ*u, τu

+ dimensionless shear strengths (shear strengths
divided by fc

1/2 and fct, respectively)

Introduction
Shear failure is considered to be one the most dangerous types
of failure in reinforced concrete (RC) structures as it occurs
suddenly, without warning cracks. Because of this brittle
failure, shear transfer mechanisms have been studied widely in
the literature in order to evaluate how concrete properties and
steel arrangements influence shear transfer along a sliding
plane. Among the different effects that play a role in the shear
strength of RC members, aggregate interlock is worthy of
mention. According to the first models proposed by Walraven
(1981) and Paulay and Loeber (1974), this phenomenon devel-
ops when aggregates at one side of a crack come into contact
with the cementing matrix on the other side, giving rise to tan-
gential frictional stresses. Thus, aggregate interlock depends
significantly on the crack opening, slip and, at a more in-depth
level, on the aggregates’ morphology (i.e. roughness, shape and
size) (Ruiz et al., 2015). In this context, the work of Sagaseta
and Vollum (2011) is noteworthy: the authors identified that
even the mineralogic composition of the aggregate has an
impact on shear strength transfer along cracks and experimen-
tally observed differences between limestone and dredged
marine gravel. They noted different brittleness of the aggre-
gates, which affected the crack paths, but similar aggregate
dilatancy values were observed. The strength of the cementi-
tious matrix also positively influences the shear strength
(Fenwick and Paulay, 1968), as does the presence of confining
pressure (Hobbs, 1974).
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Several experimental methods can be used to investigate shear
strength directly, but the most well known is the testing of
push-off specimens (Mattock and Hawkins, 1972). Figure 1
shows test layouts that can be used to investigate shear transfer
mechanisms on Z-type push-off specimens (Soetens and
Matthys, 2017) (Figure 1(a)), single-notched FIP-type speci-
mens (FIP, 1978) (Figure 1(b)) and double-notched push-
through specimens or modified JCSE SF6 specimens (Cuenca
et al., 2020) (Figure 1(c)). Variations may exist, depending on
the specific problem to be analysed, such as possible pre-crack-
ing, the arrangement of steel reinforcement, specimen dimen-
sions, the presence of confinement and so on. The push-off
test method shown in Figure 1(a) allows the application of
shear stress along a prescribed sliding plane, which is identified
through cut or cast notches in the specimen. This typically
ensures the most representative results, although it is more dif-
ficult to execute than the other layouts. The push-off specimen
is made from two L-shaped blocks, connected together by a
transverse element in the middle of the specimen. Load is
applied on the top surface, resulting in direct shear along the
plane that connects the two edges of the notches (dashed red
line in Figure 1(a)). The main advantage of adopting this test
method is that the specimens have small dimensions and the
shear sliding plane can be identified easily: in this way it is
possible to carry out many experimental tests to address the
specific influence of the analysed variable, which is clearly dif-
ficult to manage when testing real-scale elements. Additionally,
when testing RC beams failing in shear, the interaction with
bending actions is clearly not negligible.

In this context, the development of new, sustainable concretes
in which natural aggregate (NA) is replaced with recycled
aggregate (RA) opens questions about how the aggregate sub-
stitution influences the shear strength of RC elements and,
importantly, how it impacts on the aggregate interlock shear

transfer mechanism. Several research groups have attempted to
provide answers to these questions, depending on additions to
the concrete mix or on the recycled material used as an aggre-
gate substitution.

In the first group, it is worth mentioning the works carried out
on fibre-reinforced concrete, where dispersed fibres added to
the matrix carry a significant portion of the shear stresses
(Barr, 1987; Minelli and Plizzari, 2013). Experimental results
of push-off specimens (Barragan et al., 2006) and modified
push-off specimens (Echegaray-Oviedo et al., 2017) have
clearly demonstrated the crack bridging ability of steel fibres in
samples subjected to a combination of both mode I (opening)
and mode II (sliding) crack propagation, and this has also
been confirmed in modified JCSE SF6 specimens (Soetens and
Matthys, 2017).

With regard to the second group of works, research has been
conducted to study the influence of the introduction of
recycled materials on concrete shear strength. However, only a
few studies were carried out under pure shear failure. Fonteboa
et al. (2010) investigated the shear strength of recycled aggre-
gate concrete (RAC); they observed a reduction in shear fric-
tion capacity, especially for specimens designed without
transverse reinforcement. Xiao et al. (2012) obtained the same
results and identified the cause of strength loss as the presence
of microcracks and internal damage to the attached mortar of
the RA. Fakitsas et al. (2012) confirmed these observations
and showed that the shear planes in high-strength concrete
made with RA go through the aggregates, rather than around
them, thus reducing the shear strength. In normal-strength
concrete, Rahal and Hassan (2021) demonstrated that the
failure surfaces in RAC were generally less rough than those in
natural aggregate concrete (NAC) due to the development of
cracks along the old interfacial transition zone (ITZ) of the

(a) (b) (c)

Figure 1. Layouts used to investigate shear transfer mechanisms: (a) push-off specimen; (b) FIP specimen; (c) modified JSCE SF6
specimen
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RA, this being weaker than the new cementitious matrix.
However, when confined, the shear strength improves substan-
tially, as numerically validated by Sun et al. (2018). This is due
to the effect of the compression force applied normally to the
interface, which increases the contribution of aggregate inter-
lock and friction, in the same way in RAC and NAC. Waseem
and Singh (2016) studied the shear stress–slip relationships of
RAC compared with NAC in push-off specimens transversally
reinforced with stirrups and without. When reinforcement was
present and it crossed the shear interface, clamping and dowel
actions affected the shear strength development significantly.
Waseem and Singh (2016) also applied some existing strength
prediction models, with acceptable results. Trindade et al.
(2020) and Rahal and Al-Khaleefi (2015) obtained a conserva-
tive prediction of the shear strength when ACI 318-19 (ACI,
2019), even though the shear strength of RAC is inferior to
that of NAC; however, unconservative predictions were
obtained with other formulas. More recent works have
attempted to study the interaction of RAC with steel fibres
(Gao et al., 2017) and the direct shear strength of other con-
crete types (e.g. with alkali-activated slag) (Manjunath et al.,
2020).

According to the best knowledge of the authors, no specific
studies have been carried out to investigate shear transfer in
concrete made with electric arc furnace (EAF) slag (hereafter
called EAFC). This kind of sustainable concrete is realised by
substituting NA with EAF slag, which is a very hard, black,
stone-like, recycled material from the steelmaking industry
(Figure 2). Several works in the literature have shown that,
compared with NAC, EAFC has similar or even superior
mechanical properties (Abu-Eishah et al., 2012; Arribas et al.,
2015; Monosi et al., 2016), especially when the EAF slag used
is in the coarse grading fraction (Faleschini et al., 2015).
Promising results have been obtained for the use of EAFC for
structural applications, as observed from tests on different real-
scale elements: RC beams under flexure–shear (Faleschini and
Pellegrino, 2013; Santamaría et al., 2021), RC columns under
axial loading (Lee et al., 2018) and RC beam–column joints
under cyclic reversed lateral loading with flexural–shear failure
(Faleschini et al., 2017a). Furthermore, some recent works
have highlighted that, under gravity load (Zanini, 2019) and
seismic excitation (Faleschini et al., 2019), the use of EAFC
provides the same, or even higher, structural reliability than
NAC. However, for proper interpretation of the shear capacity
of this kind of concrete and its further safe use in RC struc-
tures, an experimental programme aimed at assessing the
aggregate interlock and friction contribution to shear strength
is required – this is the topic covered in this work.

Results are provided for the specific case of a sustainable
EAFC mix designed with 100% coarse EAF aggregates (as a
replacement for natural gravel) and with cement blended with
30% fly ash. Plain un-notched push-off specimens without
transverse reinforcement were tested in order to compare the

results with data from the literature on specimens with similar
geometry and steel reinforcement, but made with RAC. The
suitability of some current models from the literature and exist-
ing codes to predict the basic mechanical properties and shear
strength of EAFC was evaluated. This was carried out in order
to evaluate if the same accuracy could be obtained using these
models originally developed for NAC mixes.

Experimental programme

Materials and mix design
NAC and EAFC mixes were designed: the former contained
only NA, whereas EAF slag was used in place of natural
gravel in the latter. The fine aggregate (river sand) fraction
(0–4 mm) was the same for both mixes. The physical properties
of the aggregates are provided in Table 1. The aggregate
grading curves are shown in Figure 3: note that three fractions
of EAF slag were used to replace the 4–16 mm NA fraction,
in different proportions. All the mixes were made using
Cem IV/A (V) 42.5 R cement, according to BS EN 197-1:2011
(BSI, 2011). Adopting a pozzolanic cement with about 30% fly
ash replacing the clinker led to a more sustainable mix, with a
lower carbon dioxide footprint than concrete made with
Portland cement and a more rapid strength gain. A similar
cement type (Cem IV/B), containing much larger quantities of
supplementary cementitious materials (SCMs), was used by
Santamaría et al. (2020) in combination with EAF slag.

Figure 2. EAF slag of different particle size
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However, the experience of those authors was not positive as
undesirable thixotropic phenomena occurred both in pumpable
and self-compacting mixes, leading to a non-satisfactory com-
bination of the two materials. In the current work, an attempt
to use the two materials synergistically was made, assuming
that less SCM in the blended cement would not affect the
workability of the mix. Tap water from the city of Padova,
Italy, which does not contain any harmful substances, was
used for mixing. A superplasticising sulfonated naphthalene
admixture was added at different percentages of cement weight
to reach the required consistency.

Table 2 shows the mix design of the two concretes. For each
mix, three push-off specimens were cast, along with two cylin-
ders (1100� 200 mm) for each property to evaluate the com-
pressive strength ( fc) at 14, 28 and 56 days and the indirect
tensile strength ( fct) and elastic modulus (Ec) at 28 days. The
number of samples fabricated was limited due to the small
capacity of the mixer. After casting, all the samples were
covered with humid fabric and sealed in plastic bags for 24 h.
They were then demoulded and cured in water (20± 1°C) until
the test ages.

Push-off specimens and test setup
The push-off test method was adopted to study the shear transfer
mechanism in EAFC. The geometry and reinforcement details of
the push-off specimens are shown in Figure 4. The geometry was
similar to that used in other studies (Mathews et al., 2021; Rahal
and Al-Khaleefi, 2015). The height of each specimen was

260 mm, with a rectangular cross-section of b� h=
140� 100 mm. The specimens had two intermediate notches,
directly realised due to the shape of the formwork, which allowed
control of the flow of stresses and aimed to concentrate the devel-
opment of shear stresses properly across the plane of contact
between the two halves of each specimen. This region of the speci-
men is the shear transfer plane, where both shear and normal
stresses act simultaneously. Four deformed L-shaped longitudinal
bars of 10 mm diameter were located in the specimens to prevent
possible flexural failure outside the investigated shear plane
region; thesewere supported by six transverse bars of 6 mm diam-
eter. Steel type B450C was used for both types of reinforcement
(MIT, 2018). The main mechanical properties of the steel bars are
shown in Table 3. No transverse reinforcement was present cross-
ing the shear plane (similar to the work of Fonteboa et al. (2010))
for the condition of ρv=Asw/Ac = 0, where Asw is the transverse

Table 1. Physical properties of aggregates

NA
(0–4 mm)

NA
(4–16 mm)

EAF slag
(4–8 mm)

EAF slag
(8–12 mm)

EAF slag
(8–16 mm)

DensityQ34 (saturated surface-dry): kg/m3 2644 2769 3840 3800 3784
Water absorption 24 h: % 2.71 1.37 0.89 1.01 0.82
Shape Round Round Sharp Sharp Sharp
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10
0

0.0625 0.125 0.25 0.5

NA 0–4 mm EAF slag 4–8 mm EAF slag 8–12 mm EAF slag 8–16 mm

Sieve size: mm

1 2 4 8 16 32

Figure 3. Grading curves of aggregates

Table 2. Concrete mix designs

NAC EAFC

Cem IV/A (V) 42.5 R: kg/m3 400 400
Water: kg/m3 200 200
w/c 0.5 0.5
NA (0–4 mm): kg/m3 862.5 862.5
NA (4–16 mm): kg/m3 1026.5 —

EAF slag (4–8 mm): kg/m3
— 501.9

EAF slag (8–12 mm): kg/m3
— 358.6

EAF slag (8–16 mm): kg/m3
— 563.0

Superplasticiser Q35: kg/m3 3.2 4.8
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steel area, Ac is the concrete area in the sliding plane and ρv is the
volumetric transverse reinforcement ratio. The same configur-
ation was used by Barragan et al. (2006), Mathews et al. (2021),
Rahal and Al-Khaleefi (2015) and Waseem and Singh (2016). In
this way, the pure effect of the friction contribution to the shear
strength could be analysed, without focusing, at this stage, on the
interaction with the reinforcement. In fact, it is worth recalling
that non-ordinary concretes (e.g. concretes made with recycled or
lightweight aggregates or high-strength concretes) are subject to
different aggregate interlock mechanisms due to different crack
kinematics (Fang et al., 2020, Ruiz, 2021).

The specimens were loaded in a universal 600 kN capacity
machine, with monotonic loading under displacement control,
fixed at 0.3 mm/min, similar to that used by Yusuf et al. (2019).
Figure 5 shows a push-off specimen before loading. The instru-
mentation included four linear voltage displacement transducers

(LVDTs) and two displacement and strain transducers (DSTs). A
pair of LVDTs was used on two faces of the specimen and the dis-
placement recorded by each instrument (D1 and D2) was used to
calculate the relative vertical slip (s) between the two L-shaped
halves:

1: si ¼ D1;i �D2;i

for each face (i) of the specimen. The precision of the LVDTs was
±0.01 mm over a gauge length of 20 mm. The DSTs directly
measured the crack opening in the transverse direction as they
were placed crossing the shear plane, similarly to the work of da
Cunha et al. (2022). The precision of the DSTs was ±0.001 mm,
with a maximum opening of 2.5 mm. In the loading machine, a
hinge connection was present on the top of the actuator: the aim
of this was to keep the applied load as axial as possible, thus mini-
mising bending emerging from irregularities possibly present in
the specimens and maintaining pure shear action in the analysed
region of the specimen. With the same objective (i.e. to minimise
the effect of discontinuities and irregularities on the surfaces), a
restraining steel plate and a thin layer of high-strength mortar
were placed on the top and bottom of the specimen.

Results
The results of the experimental campaign are now discussed in
terms of the fresh behaviour and mechanical properties at 14,
28 and 56 days, the shear strength and failure mode of push-
off specimens, the shear stress–slip curves and the shear stress–
crack opening curves.

Fresh behaviour and concrete mechanical properties
The fresh and hardened properties of the concrete mixes
(Abram’s cone slump, average fresh density (ρc), hardened

Table 3. Steel bar properties (average of three samples per each
bar diameter (ds))

ds = 10 mm ds = 6 mm

Tensile yield strength: MPa 545.8 515.7
Ultimate strength: MPa 679.8 602.1
Yield strain: % 0.32 0.31
Ultimate strain: % 9.67 9.79

70

140

140

100

70

70
70

90 26
0

10
0

26
0

15
15

Figure 4. Push-off specimens: geometry and reinforcement
details (dimensions in mm)

Figure 5. Push-off test setup and instrumentation positions
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density (ρc,28), compressive strength at 14, 28 and 56 days
( fc,14, fc,28 and fc,56), indirect tensile strength through splitting
tests at 28 days ( fct,28) and secant elastic modulus at 28 days
(Ec,28)) are shown in Table 4.

Santamaría et al. (2020) found that, when pozzolanic cement
with a large amount of SCM (Cem IV/B) was used, a signifi-
cant reduction in workability was experienced – such a large
reduction that Santamaría et al. (2020) suggested that the com-
bination of Cem IV/B and EAF slag is unsuitable. In the
current work, the workability of the EAFC made with
Cem IV/A (which differs from Cem IV/B by the amount of
SCM) was sufficient and the fresh EAFC had the same slump
class as the NAC mix (consistency class S3 according to BS
EN 206-1:2014 (BSI, 2014)). Compared with the NAC, only a
small reduction in the slump of the EAFC was found; this is
due to the well-known shape effect of EAF slag, which makes
fresh EAFC more difficult to place and work (Santamaría
et al., 2017). Typically, an adjustment of the content of fine
particles in the mix is sufficient to prevent this phenomenon.
Furthermore, during the casting operations, no sudden work-
ability loss was experienced, thus proving the feasibility of
combining slag aggregates with pozzolanic cement, at least
from the point of view of workability.

Concerning the mechanical properties, the results obtained
confirm the current knowledge about EAFC. In this work, com-
pared with the NAC, the EAFC showed compressive strength
increases of about 44%, 37% and 34% after 14, 28 and 56 days
of curing, respectively. The increases in tensile strength and
elastic modulus were 28% and 36%, respectively. These results
confirm the good interaction of the EAF slag with the blended

cement, which yielded a more rapid strength gain than that of
the NAC and continuous later strength development, as shown
by the results after 56 days of curing. The strength enhancement
compared with NAC has been already explained in the literature
as a consequence of the intrinsic greater strength of EAF aggre-
gates compared with NA (linked to the high content of iron
oxides (Roslan et al., 2020 Q4)), the good adhesion between the
slag and cementitious matrix due to the effect of the shape of
the EAF slag (Tamayo et al., 2019) and the high quality of the
ITZ, due to enrichment, in the aggregate wall zone, of products
from the late hydration of the slag (Arribas et al., 2015).

Assessment of mechanical properties based on
code predictions
Table 5 shows comparisons of the experimentally obtained
mean concrete tensile strengths and elastic moduli with those
predicted using the formulas of ACI 318-19 (ACI, 2019) and
BS EN 1992-1-1:2004 (henceforth referred to as EC2) (BSI,
2004). It is worth recalling that, very often, only the compres-
sive strength is experimentally investigated to characterise the
quality of a concrete mix; other mechanical properties are only
seldom tested in practice. The indirect tensile strength ( fct) is
often expressed as a power of the compressive strength.
According to ACI (2019) and BSI (2004), the average tensile
strength (at 28 days) can be estimated using Equations 2 and
3, respectively.

2: fctm ¼ 0:56
ffiffiffiffiffiffiffi
fcm

p

3:
fctm ¼ 0:3 fckð Þ2=3 fck , 50

fctm ¼ 2:12� ln 1þ 0:1fcmð Þ fck � 50

fck and fcm are, respectively, the characteristic and average com-
pressive strength at 28 days, which are linked, in a simplified
approach, by:

4: fck ¼ fcm � 8MPa

The values of fctm estimated using Equations 2 and 3 differed
from the experimental values by 2% and 17% respectively for

Table 4. Fresh and hardened concrete properties

NAC EAFC

Slump: cm 12.0 10.0
ρc: kg/m

3 2407 2824
ρc,28: kg/m

3 2431 2828
fc,14: MPa 32.48 46.98
fc,28: MPa 38.96 53.34
fc,56: MPa 43.89 58.81
fct,28: MPa 3.56 4.56
Ec,28: GPa 28.142 38.289

Table 5. Experimental and predicted mechanical properties

fctm: MPa Ecm: GPa

Exp.
ACI 318-19
(ACI, 2019)

EC2
(BSI, 2004) Exp.

ACI 318-19
(ACI, 2019)

EC2
(BSI, 2004)

NAC 3.56 3.50 2.96 28.142 29.336 33.083
EAFC 4.56 4.09 3.81 38.289 34.326 36.356 (38.170a)

aApplying a density-correction factor for EAF aggregates
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the NAC and by 11% and 17% respectively for the EAFC.
Both equations underestimated fctm, regardless of the mix, but
the prediction of the ACI method was more accurate than that
of EC2. However, the error of the EC2 method was constant
for the two mixes (17%), whereas the error using ACI 318-19
changed significantly, with an error of 2% (i.e. almost precise)
for the NAC and 11% for the EAFC. This is because these for-
mulas were both calibrated on ordinary concretes and the EC2
method uses the characteristic value instead of the average
value for the compressive strength, thus being implicitly more
conservative.

The average elastic modulus Ecm (at 28 days) can also be esti-
mated as a power function of the compressive strength, accord-
ing to ACI 318-19 (ACI, 2019) and EC2 (BSI, 2004) as
Equations 5 and 6, respectively.

5: Ecm ¼ 4700
ffiffiffiffiffiffiffi
fcm

p

6: Ecm ¼ 22 000
fcm
10

� �0:3

Equations 5 and 6 both overestimated Ecm for the NAC mix
(by 4% and 17%, respectively), whereas they underestimated it
for the EAFC (by −10% and −5%, respectively). It is worth
noting that the EC2 method allows for a correction of the pre-
dicted value depending on the aggregate type, which can be
considered as a density-correction factor. In particular, for
basalt aggregates, Ecm should be increased by 20%; in the case
of other lightweight aggregates, a reduction of 10–20% is
applied. Other works have shown that the inclusion of such a
modification improves the estimation of Ecm compared with
other codes, especially for those concretes with lightweight or
heavy-weight aggregates (Revilla-Cuesta et al., 2022). As such,
applying a correction of +5% for the EAF aggregates, the pre-
diction showed very high accuracy (an error of less than 1%).

Main results of shear transfer tests
The main test results of the experimental campaign are provided
in Table 6. The table lists the ultimate loads (Pu), the ultimate
shear strengths (τu), evaluated as Pu/Ac, where Ac is the shear
plane area (here, 9000 mm2), the average ultimate slips (su),
evaluated at Pu and the average ultimate crack widths (wu), eval-
uated at Pu. Results are shown for each tested specimen, along
with the averages and standard deviations (SDs).

Shear strength and failure mode
As shown in Table 6, the shear strength of the EAFC was
higher than that of the NAC (average increase of 30%). The
results showed almost the same scatter, as proved by the
similar SDs and the same coefficient of variation (CoV)
(CoV= SD/average= 0.10 in both cases). This result is a

fundamental point for ensuring the widespread use of EAFC
for structural applications, because it means that the heterogen-
eity possibly present in a recycled material does not substan-
tially affect the homogeneity of concrete properties.

The shear strengths were divided by fc
1/2 and fct to obtain τ*u

and τu
+, respectively. Several works have reported a clear effect

of concrete mechanical properties on the shear strength, typi-
cally dependent on fc

1/2 (Rahal et al., 2016), which is a simpli-
fied way of defining fct, according to ACI 318-19 (ACI, 2019).
However, as noted earlier in the paper, when dealing with non-
conventional concretes, the relation between fc and fct might
not follow the same laws for NAC: in fact, the accuracy of the
prediction of fct depending on fcm

1/2 (Equation 2) changes signifi-
cantly for NAC and EAFC. This result depends on the inter-
action of EAF slag with the cementitious matrix, which
properly modifies the interface characteristics, the thickness of
the ITZ and the adhesion strength. Such evidence was also dis-
cussed by Faleschini et al. (2017b), when dealing with the
bond of EAFC with steel rebars.

The dimensionless shear strengths (τ*u and τu
+) are listed in Table 7:

both τ*u and τu
+ were higher for the EAFC than for the NAC. The

average increase in τ*u for the EAFC was about 10%, which indi-
cates that the enhanced mechanical properties due to the use of
EAF slag in place of NA contributed substantially to the shear
strength enhancement. The increase in τu

+ for the EAFC com-
pared with the value for the NAC was marginal (only 1%). In
other words, both mixes had practically the same τu

+, which indi-
cates that the splitting tensile strength was well correlated with the
shear strength. Apart from the increased strength of the EAF
slag, the enhancement in EAFC shear strength may thus be
attributed to the sharp shape of the EAFaggregates, which would
affect the tensile behaviour of the concrete, allow contact areas to
be developed and increase the friction between the two L-shaped
blocks, consistent with the findings of Yang et al. (2017).

Concerning the failure modes, Figure 6 shows images of repre-
sentative specimens of NAC and EAFC after testing. When
loaded, the specimens did not display any visible cracking

Table 6. Main results of push-off tests

Pu: kN τu: MPa su: mm wu: mm

NAC
NAC-1 54.98 6.11 0.511 0.054
NAC-2 46.44 5.16 0.303 0.025
NAC-3 57.00 6.33 0.466 0.037
Average 52.81 5.86 0.427 0.039
SD 5.61 0.62 0.109 0.015

EAFC
EAFC-1 70.37 7.82 0.316 0.026
EAFC-2 60.98 6.78 0.248 —

EAFC-3 73.80 8.20 0.393 0.050
Average 68.38 7.60 0.319 0.038
SD 6.64 0.74 0.073 0.017
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phenomena until more the 90% of the peak load; only when
approaching the maximum applied load did some cracks start
to open. Failure occurred in a brittle way, with the sudden for-
mation of a firstQ5 thick vertical crack and then sub-vertical
cracks, crossing the shear plane and identifying a compressed
strut. The first crack, which was the thickest, appeared first at
one notch edge and was typically vertical; onceQ6 the crack
reached the second notch edge, the second main sub-vertical
crack grew rapidly until failure. These cracks were inclined at a
maximum of 30° from the shear plane. The failure mode was
dominated by tensile splitting. The absence of any transverse
reinforcement crossing the shear plane did not allow for a
certain load after the peak load, resulting in a definitive separ-
ation between the two L-shaped blocks forming the push-off
specimen. The same applied to the slip: initially, no clear slip
was evident. Instead, the observed movement was linked more
to a relative rotation between the two blocks due to the com-
pression of the formed inclined concrete strut. For the sake of
brevity, in this paper, this displacement is also referred to as
slip. After this, a sudden increase in slip occurred, resulting in
extensive separation of the two L-shaped blocks.

Figure 7 shows the split surfaces of NAC and EAFC speci-
mens after testing. In both figures, it is possible to distinguish
two phenomena when an aggregate is present in the shear
surface: cracks passing directly through the aggregates, thus
cutting the sample into two separate portions (Figure 8(a)),
and cracks propagating around the aggregates, concentrated in
the ITZ (Figure 8(b)). Both phenomena were present in the
NAC and EAFC specimens, but with a main difference – in
the EAFC, aggregate failure was dominant; in the NAC, the
two cracking paths occurred with almost the same frequency.
This behaviour was also confirmed from observations of the
splitting surfaces after indirect tensile strength tests on the
NAC and EAFC specimens. When analysing the crack paths,
it should be noted that failure in the EAFC occurred at a load
about 29% higher than that in the NAC and the cementitious
matrix was of relatively good quality as the cement dosage was
quite high. It can thus be stated that the good quality of the
ITZ of the EAFC allowed one type of failure to be postponed

but, when the shear stress exceeded a certain limit, the speci-
mens failed due to aggregate cracking (Figure 8(b)), as
happens in high-strength concretes. The bond strength between
the matrix and the slag should thus be similar to (or even
higher than) the tensile strength of the EAF aggregate par-
ticles. Compared with the NAC, both the bond strengths and
tensile strengths were higher in the EAFC. Furthermore, the
crack surfaces exhibited significant angularities and roughness,
allowing a certain contact area to develop.

Shear stress–slip curves
The shear stress–slip curves of the NAC and EAFC specimens
are plotted in Figure 9; the values were obtained as the average
from the four LVDTs used on each specimen. Curves could be
plotted until the ultimate shear strength was reached, beyond
which the curves are interrupted due to the brittle failure of

(a)

(b)

Figure 6. Failure modes and cracks in front and back faces of
(a) NAC-2 and (b) EAFC-1

Table 7. Dimensionless shear strengths

τ*u τu
+

NAC
NAC-1 0.98 1.72
NAC-2 0.83 1.45
NAC-3 1.01 1.78
Average 0.94 1.65
SD 0.10 0.17

EAFC
EAFC-1 1.07 1.71
EAFC-2 0.93 1.49
EAFC-3 1.23 1.80
Average 1.04 1.67
SD 0.10 0.16
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the specimens. The maximum shear strength could not be
maintained after the peak; the curves thus showed a sudden
decrease, which are not shown here because of the few sense of
slip recordsQ7 . The values of su listed in Table 6 were obtained
from the shear stress–slip curves: the EAFC showed lower
values of slip (on average 26% less than those of NAC). The
CoV was similar for the two concrete types (0.26 for NAC and
0.22 for EAFC). These results indicate that the behaviour of
EAFC was more brittle than the NAC: indeed, the brittleness
of concrete increases with an increase in strength (Hamadi and
Regan, 1980). This is confirmed by the slopes of the curves
shown in Figure 9: the slope defines the shear stiffness, and the
slope was greater for the EAFC than for the NAC. However,
in general, the deformation behaviour of the two concrete
types was similar.

Shear stress–crack opening curves
Shear stress–crack opening curves are plotted in Figure 10;
the values were obtained as the average of the values from the

two DSTs used on the two faces of each specimen. For speci-
men EAFC-2, it was not possible to provide the whole curve
because cracks led to detachment of the instrumentation. All
the other curves are plotted until the ultimate shear strength
was reached, in a similarly way as for stress–slip curves. The
values of ultimate crack width (wu) listed in Table 6 were
obtained from the curves shown in Figure 10. At shear stress
peak, the NAC and EAFC were found to have almost the
same average wu (with a difference of only 2%). The wu

values were considerably low, in all cases less than 0.1 mm,
consistent with the brittle failure mode. For both concrete
mixes, the scatter of the results was similar and higher com-
pared with the scatter of the other properties analysed.
Indeed, the CoV was more than 35% for both the NAC and
the EAFC.

(a)

(b)

Figure 7. Crack paths in the shear planes of (a) NAC-2 and
(b) EAFC-1
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Figure 9. Shear stress–slip curves. A full-colour version of
this figure can be found on the ICE Virtual Library
(www.icevirtuallibrary.com)
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Figure 8. Shear cracks in plain concrete: (a) cracks around
aggregate; (b) cracks through aggregate. A full-colour version
of this figure can be found on the ICE Virtual Library
(www.icevirtuallibrary.com)
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Discussion

Comparison with literature data on NAC and RAC
In the literature, few works have reported on the shear transfer
in concrete made with recycled constituents by means of push-
off specimens and only some studies used specimens without
any transverse reinforcement.

Fonteboa et al. (2010) studied the shear friction capacity of
concretes containing recycled concrete aggregates (RCA) and
silica fume using push-off specimens with ρv = 0–0.57%. They
tested four mixtures with a nominal cement dosage of
325 kg/m3 and a water/cement ratio (w/c) of 0.55, with

specimens labelled as NAC, RAC, NACS and RACS. These
specimens were, respectively, a conventional NAC, a mix with
50% RCA and NAC and RAC mixes with different contents of
silica fume.

Waseem and Singh (2016) evaluated the shear transfer in
normal- and high-strength RACs. They used different percen-
tages of ρv to analyse the contribution of the stirrups. They
cast three mixtures of normal concrete (nominal cement
dosage of 435 kg/m3 and w/c= 0.45) with RCA replacements
ranging from 0 to 100% of the total coarse aggregate fraction
(called N00, N50 and N100, respectively). The three mixtures
were high-strength concretes (nominal cement dosage of
546 kg/m3 and w/c = 0.28) with the same proportions of coarse
aggregate fraction (called H00, H50 and H100, respectively).

Yusuf et al. (2019) analysed the shear transfer mechanisms in
non-transversally reinforced NAC and RAC specimens, before
and after high-temperature exposure. They used concrete mix
designs similar to those used in this study (i.e. cement dosage
of 416 kg/m3, w/c = 0.52 and a small amount of superplastici-
ser). The NA (crushed limestone) was substituted with different
percentages of RA (0, 30, 70 and 100%); these mixes were
called NAC, RAC30, RAC70 and RAC100, respectively. Since
the mixtures cast by Yusuf et al. (2019) were similar to those
of the current study in terms of mechanical strength at room
temperature, the experimental results are suitable for compari-
son. However, unlike the NAC tested in the current work,
Yusuf et al. (2019) used crushed aggregates (both natural and
recycled), which in general ensures the development of a good
friction mechanism during shear sliding because of the large
contact areas between the particles and the matrix.

2.5

This work

Fonteboa et al.
(2010)

Yusuf et al. (2019)

τ *
u

τ +
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Figure 11. Comparison of dimensionless shear strengths of NAC, RAC and EAFC. A full-colour version of this figure can be found on
the ICE Virtual Library (www.icevirtuallibrary.com)
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Figure 11 shows a comparison of the average normalised shear
strengths (normalised to fc

1/2 (τ*u) and fct (τu
+)) obtained in this

work and the other studies. Overall, the results obtained in this
work agree with those of NAC and RAC having a similar mix
design and strength, with the EAFC in this work showing
higher shear strength than most of the RAC counterparts.
Only the mixes tested by Fonteboa et al. (2010) were character-
ised by higher normalised shear strength; this is because of the
addition of silica fume, which was found to balance the loss of
shear strength typically observed in RAC due to improvement
of the cement matrix and thus the quality of the ITZ. The use
of RA is almost always detrimental for shear strength develop-
ment and also for other mechanical properties (Fakitsas et al.,
2012), because of the lower strength of RA compared with NA
(Silva et al., 2015). This is exactly the opposite of what
happens in concretes cast with EAF slag as NA replacement:
indeed, such a replacement is made with an aggregate gener-
ally characterised by remarkably higher strength than ordinary
gravel. However, at failure, the cracks passed mainly through
the EAF aggregates, opposite to that in NAC specimens where
they passed both through the NAs and around them. The
shear transfer capacity is thus higher in EAFC, thanks to a
sort of interlocking at the macro-level, similarly to that
reported by Sagaseta and Vollum (2011) and Haskett et al.
(2011). Such phenomenon occurs due to the irregular shape of
the crack surfaces, which allows contact areas to develop,
despite the aggregate particle fracture almost completely at the
cracks (compare Figures 7(a) and 7(bQ8 )).

Existing shear friction formulas
There are several formulas in the codes and the literature that
can be used to estimate the shear transfer strength, mainly

developed for the verification of concrete construction joints.
Most are based on the Coulomb failure criterion because, as
the shear stress (τ) increases across an interface, most of the
load is carried by the concrete-to-concrete cohesiveness:

7: τ ¼ cþ μσncr

where c is the cohesion (typically, a percentage of the splitting
tensile strength), μ is the coefficient of friction along the shear
plane (depending on the roughness of the interface) and σncr is
the stress normal to Q9the shear plane, which is connected to the
amount of confinement provided by the transverse reinforce-
ment crossing the shear plane.

When adopting Equation 7 for the case analysed in this work,
the second term of the addition goes to zero because of the
absence of transverse reinforcement. Thus, τ is constant and can
be estimated according to the proposal of the single code/author,
just depending on the crack surface roughness. All the formulas
based on Equation 7 were developed primarily for ordinary con-
cretes, where cracks do not directly cross aggregates but propa-
gate around them. Only in a few cases have authors been more
specific and proposed a particular value for different aggregate
types (Climaco and Regan, 2001; Loov and Patnaik, 1994).

Table 8 lists some common expressions and values for estimating
the shear strength under the testing conditions of this work, thus
providing estimations of the experimental shear strengths. The
table shows that the predictions are quite rough, generally under-
estimating by more than half the experimental values. In Table 8,
the predictions that use fctk (the characteristic tensile strength) and
fctd (the design tensile strength) were simplified here through the
average tensile strength; thus, any partial safety factor was not

Table 8. Predicted shear strengths from formulas based on the Coulomb failure criterion

Model and aggregate type τu= c

NAC EAFC

τu,th: MPa Δ (= τu,th/τu,exp) τu,th: MPa Δ (= τu,th/τu,exp)

Sagaseta and Vollum (2011)
Gravel c=0.57fctk 2.029 0.346 2.599 0.342
Limestone c=0.91fctk 3.239 0.552 4.150 0.546

ACI 318-19 (ACI, 2019)
Monolithic ordinary c=2.75 MPa 2.750 0.469 2.750 0.362
Rough ordinary c=2.75 MPa 2.750 0.469 2.750 0.362
Medium ordinary — — — — —

EC2 (BSI, 2004)
Rough surface c=0.4fctd 1.424 0.243 1.824 0.240
Smooth c=0.2fctd 0.712 0.121 0.912 0.120
Very smooth c=0.025fctd–0.1fctd 0.356 0.061 0.456 0.060

Hamadi and Regan (1980)
Gravel c=4 MPa 4.000 0.682 4.000 0.526
Expanded clay c=2 MPa 2.000 0.341 2.000 0.263

Climaco and Regan (2001)
Rough c=0.25fc

2/3 2.873 0.490 3.542 0.466
Medium c=0.25fc

2/3 2.873 0.490 3.542 0.466
Smooth c= 0.5 MPa 0.500 0.085 0.500 0.066
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applied. Even with such a simplification, the predictions were far
from the observed values, with the maximum Δ (= τu,th/τu,exp) of
0.682, provided by the model of Hamadi and Regan (1980) model
for gravel aggregates. The results were more conservative for the
EAFC than for the NAC, thus the safety margin is even higher
for the EAFC compared with the NAC, despite different cracking
paths at the interface for the two concretes.

Conclusions
The effects of EAF slag as recycled coarse aggregate on the
mechanical properties and shear strength of plain concrete
were analysed experimentally in this work. Specifically, push-
off specimens were tested to assess the shear transfer mechan-
isms. One novel element of this work is the synergistic adop-
tion EAF slag and cement blended with fly ash, which
produced a workable mix with good mechanical performance.
The main conclusions on the shear strength of EAFC, about
which no other experimental evidence in the literature was
found, can be summarised as follows.

& The EAFC had higher shear strength than the NAC, as
observed from push-off tests without transverse
reinforcement or confinement effects. All the specimens
failed in a brittle manner when the maximum load was
reached. There was no difference in the global failure
modes of the NAC and EAFC, although the crack paths
along the interface differed.

& Two phenomena were distinguished when an aggregate was
present in the shear surface: in the EAFC, for the cement
dosage and w/c ratio used in this work, aggregate failure
was dominant; in the NAC, the cracks mostly crossed the
aggregates or propagated around them. However, the crack
surfaces in the EAFC were very rough and presented many
angularities, thus allowing for the development of several
contact areas, increasing the shear strength thanks to
macro-scale aggregate interlock.

& Existing shear friction formulas based on the
Mohr–Coulomb approach, developed for ordinary
concretes made with NA, were found to be very
conservative for the analysed case, where only cohesiveness
is accounted for. The formulas provided better predictions
of the experimental values for the NAC than for the
EAFC. However, the safety margin for the EAFC was
higher than that for the NAC.
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