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Abstract

This paper presents an experimental investigation and nonlinear finite element analysis (NLFEA),
using the numerical analysis tool ANSYS®, carried out on the shear and diagonal cracking effect on
the behaviour of reinforced-concrete (RC) beams made of normal strength concrete (NSC) and high-
strength concrete (HSC), with and without transverse reinforcement. Beams were tested using four-
point bending, by means of digital image correlation (DIC). In the experimental setup, the shear zone
was digitised using a high-resolution camera to assess the deformation of concrete in the compression
zone and to measure the diagonal crack widths. The results show that transverse reinforcement does
efficiently control the diagonal crack width, increases the shear capacity of the beams, shifts the mode
failure from shear to flexure, and significantly improves the ductility of beams in the ultimate state
particularly when using HSC, given the better quality of the bond developed in the concrete with steel
reinforcement. The values of ultimate shear strength obtained experimentally were compared to the
corresponding empirical values available in the literature. Furthermore, detailed 3D finite element
analysis (FEA) was used to predict the load-deflection response, the ultimate load, the cracking load,
the ultimate deflection, the maximum diagonal crack widths and the cracks patterns in RC beams. The
difference values between the numerical and experimental values range from —11.08 to +0.6%, from
—2.02 to —0.52% and from —13.27 to —1.01% for cracking load, for ultimate load and for ultimate mid-
span deflection, respectively. The ratio of the predicted to experimental maximum diagonal crack
width for the beams ranged between 0.95 and 1.06. Also, a good agreement between the experimental
and numerical crack patterns was achieved. Consequently, the FEA model is able to predict the shear

response of RC beams with a good accuracy.
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1. Introduction

An extensive body of literature is available on the shear behaviour of RC beams, from both
analytical and experimental stand points. However, no methodical study has previously been
performed for the calculation and designing of RC elements undergoing shear loading. This deficiency
is addressed in various international codes and technical documents, the contents of which vary
extremely widely. This clearly demonstrates the disparity of international opinions on the shear
behaviour of concrete. It can be said that there are negligible differences in the approaches to
calculating flexion in RC elements. However, as yet, debate continues as to the effect of shear, and
consensus appears a long way off. Also, at least at the present time, there is no theory able to explain
the majority of aspects of shear behaviour. The existing formulas are semi-empirical, based on
observations of ordinary concrete. Generally, HSC is more brittle; this difference of behaviour,
compared to NSC, means that the semi-empirical models need to be developed through
experimentation on HSC [1-4].

In current practice, many calculation parameters and equations in the design codes are derived
mostly from experimental research programs for on concretes whose compressive strength does not
exceed 40 MPa. Therefore, it is reasonable to verify the validity of these equations on concretes whose
strength exceeds 40 MPa, as is the case for HSC [5].

In a RC beam, the total ultimate shear force V, is countered by the shear contributions across the
compression zone V., the aggregate interlocking Vay, the dowel action effect of the longitudinal steel
V4 and the transverse reinforcement Vs [6,7].

Note that the contribution of each component has not been accurately established. Taylor [7]
concluded that the three components of the concrete contribute to ultimate shear resistance for
concrete compressive strength ranging from 26 to 49 MPa, as follows: the compression zone
Ve =20 to 40%, the aggregate interlocking V., = 33 to 50% and the dowel action effect Vq = 15 to
25%. On the other hand, for HSC beams whose strength is within the range of 40 to 110 MPa, Sarkar
et al. [6] suggested the following contribution: the compression zone V., = 13 to 17%, the aggregate
interlocking Vay = 34 to 40% and the dowel action effect V4 = 43 to 53%. In HSC, it has been reported
that the aggregate interlocking contribution to the shear strength (Va) is considerably reduced
[2, 4, 8, 9], compared to that in NSC. This is thought to be due to the nature of diagonal cracking,
straight and trans-granular with smooth crack faces as compared to the one in NSC which is rather
inter-granular with rough crack faces [4,5,10,11]. This may be caused by the nature of the cement,
which is highly resistant in HSC compared to NSC. However, the dowel action effect of the
longitudinal steel (V4) contributing to the shear strength of HSC better when compared to NSC. This is
the result of the better bond between the longitudinal reinforcement and HSC [12]. It should be
reported that these three shear components (Vay, Veoy, V4) and their interactions have not yet been

clearly defined, and no analytical method explains them rationally [6].



Digital image correlation (DIC) is an optical method that uses tracking and image registration for
accurate 2D and 3D measurements of changes in images. This method is often used to measure full-
field displacement and strain, and it is widely applied in many areas of science and engineering, with
new applications being found all the time. The greatest benefit of DIC is the high accuracy of the
results, for which reason, many researchers have made use of it. Applications of DIC include
measuring tensile strength and 3D displacements [13,14], analysis of the fracture mechanism of steel
fibre RC in tensile splitting [15], measurement of crack widths in concrete beams [16-18], study of
steel corrosion [19] and flexural strengthening of concrete beams using FRP [20].

In addition, various numerical programmes have studied the behaviour of RC members under
bending, using NLFEA [21-24]. The FE modelling tools ANSYS® or ABAQUS® are used to predict
the behaviour of RC structures. Generally, it has been found that the predicted FE results correspond
closely to the data measured in experimental tests. However, these researchers have not used FEA
software to calculate the crack widths.

This paper presents an experimental study of sixteen RC beams made of NSC and HSC under
shear, evaluating the shear capacity of the tested beams and comparing the results with the different
models taken from earlier published works, to examine the diagonal cracking behaviour in terms of
appearance and development, and measure the crack opening and the deformation of concrete using
DIC. Furthermore, the shear behaviour of RC beams using the NLFEA ANSYS® program, the

maximum diagonal crack widths and the crack patterns are investigated.

2. Experimental program
2.1. Materials and mix proportions of concrete

The materials used in the concrete mixtures are ordinary Portland cement CEM I 52.5 N, river
rounded sand (0/4 mm), crushed gravel (4/15 mm), limestone fillers and water. For HSC, blast furnace
slag is used in a proportion of 10% by weight of cement to its economic and environmental
improvements [25], and high range water reducing admixture in proportion of 2.5% by weight of
cement. The ingredients of the concrete mix were mixed in a drum mixer with a horizontal axis. Table

1 shows the mixture proportion for the concretes tested.

Tablel. Mixture proportions of concrete (kg/m?).

Concrete Cement Slag ~ Limestone Sand  Gravel Water Admixture W/C  Slump

filler (mm)
NSC 275 / 55 860 945 165 / 0.60 120
HSC 382 382 90 700 1029 146 9.56 0.38 150




2.2. Material properties
2.2.1. Concrete

The compressive strength of the NSC and HSC used in making the beams with and without
transverse reinforcement was measured by crushing cylindrical concrete specimens 110%220 mm,
according to EN 12390-3 [26]. Also, splitting tensile strength was performed on the same dimensions
according to EN 12390-6 [27]. An extensometer was used to measure longitudinal compressive strains
in order to assess the Young’s modulus of the concrete in according with ASTM C469 [28]. The
testing machine used delivered a controlled load for the compressive test with a 3000 kN capacity load

cell. The mechanical properties of concrete obtained are summarised in Table 2.

Table2. Mechanical properties of concretes.

Compressive strength ~ Splitting tensile strength  Elastic modulus

Conerete f, (MPa) f, (MPa) E. (GPa)
NSC 32 32 387
HSC 65 5.9 4.3

2.2.2. Steel

The longitudinal reinforcement of the beams comprises 2010 in the tension zone and 208 in the
compression zone. The transverse reinforcement was provided by stirrups, 6 mm in diameter and
spaced a constant distance 100 mm apart.

The high-grade steel longitudinal reinforcement, 10 mm in diameter, is placed in the tension zone
and is characterised by a direct tension machine with a 500 kN load cell to determine the mechanical
properties: Young’s modulus and elastic limit. The current deformations are measured with an
extensometer with 12.5 mm gauge length. The test results show a Young’s modulus of 204 GPa and

an elastic limit of 500 MPa.

2.3. Beam specimens and testing procedure

This experimental programme involves testing sixteen RC beams with identical rectangular cross-
sections of 100x150 mm. The single span length is 900 mm and the shear span length is 300 mm. The
major test variables are the concrete compressive strength and the transverse reinforcement ratio. The
beams were divided into four series, each consisting of four specimens. The first series was made of
normal strength concrete, without any transverse reinforcement, represented as NSC-S0. The second is
reinforced transversally and made of normal strength concrete, written as NSC-S1. The third series did
not contain any transverse reinforcement and was made of high strength concrete, notated HSC-SO0.
The fourth series is transversally reinforced high strength concrete (HSC-S1). All beams were vibrated
with a vibrating needle. After casting, the beams were covered with wet burlap until demoulding after
24 hours, and were stored in the laboratory until the day of testing. Fig. 1 illustrates the steps

following in manufacturing the tested beams.



(a) Reinforcement. (b) Casting. (c) Storage.

Fig. 1. Manufacture of RC beams.

The RC beams were tested under four-point bending using a two-column machine with a 250 kN
capacity at a rate of 0.01 mm/s, as shown in Figs. 2 and 3. The loading applied is monotone static. One
LVDT is placed in the tension zone and at mid-span of each beam to measure the deflection history.

The beams were equipped with 5 mm-long electrical strain gauges, at the centre of the tensile
longitudinal reinforcement and at mid-height of two stirrups located in second and third position
relative to the first stirrups. Prior to testing, the surface of the shear zone between the support and the
loading point of the beam were polished, as shown in Fig. 3. A highly sensitive camera was also used
to capture the appearance and development of diagonal cracks in the shear zone (Fig. 3). The system
tracks the movement of the points applied beforehand on the surface of the tested beam. The digital
images are recorded and analysed by Gom-Aramis software [29], to measure the deformations of

compressed concrete and the diagonal crack widths (Fig. 4).
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Fig. 2.Reinforcement of tested beams (dimensions in mm).



Fig. 3. Four-point bending test. Fig. 4. Image analysis by Aramis software.

3. Test results and discussion
3.1. Apparition of cracks in beam and failure modes

The flexural cracks first develop in the tension zone of the beams. Before the occurrence of the
inclined cracks, the effect of transverse reinforcement can be ignored. When loading increases, from
60 to 70% of ultimate load of NSC and HSC beams respectively, diagonal cracks appear within the
shear zone in the directions both of the support and of the load application. Two types of diagonal
cracks are observed; those ones initiated by a flexural crack and those induced independently of
flexural cracks. The presence of the transverse reinforcement efficiently restricts the diagonal crack
widths and prevents shear failure. In the presence of transverse reinforcement, failure occurs by
flexion through crushing of the compressed concrete in the zone of maximum moment, and
subsequently, the flexural cracks push the neutral axis sufficiently towards the top of the beam for
failure to occur (Fig. 5(a)). In very few cases with HSC beams, the diagonal crack penetrates into the
compression zone at the point of loading and causes crushing of the concrete as shown in Fig. 5(¢).
This mode of failure is known as shear-compression.

No cracks developed lengthwise along the longitudinal reinforcement in the beams with
transverse reinforcement, while diagonal cracks increased. The transverse reinforcement confines the
concrete around the longitudinal steel elements and also prevents bond failure along the longitudinal
bars. This is especially true for HSC, which develops a better bond with the reinforcing steels. The
enhancing of the compressive strength of concrete from 32 to 65 MPa increases the number of
diagonal cracks, indicating a better bond between the concrete and the transverse stirrups in the high-
strength concrete beams (HSC-S1).

The failure of beams without transverse reinforcement (NSC-S0 and HSC-S0) is characterised by
the development of one diagonal crack within the shear zone, in the direction of support and loading
point, independently of the flexural crack, and by disconnection of the concrete below the longitudinal
tension reinforcement. When this crack becomes sufficiently large, the failure occurs by diagonal

fracture of the beam, as shown in Figs. 5(b) and (d). This mode of failure can be expected in the



absence of the transverse reinforcement, which was designed on the basis of shear criteria. In some
cases of HSC beams, the concrete crushes at the loading point in brittle and explosive mode
simultaneously with the diagonal failure.

The two types of concrete present almost an identical slope of the diagonal cracks: approximately
45° from the longitudinal axis of the beam. The trajectory of the diagonal cracks grows around the
aggregate particles in the beams made of NSC. For HSC beams, this trajectory appears to be straight,
and the crack traverses the aggregate particles. With this type of cracking, the contribution of
aggregate interlocking to the shear resistance of HSC is decreased, by comparison to NSC. It should
be noted that this inner parameter of shear resistance has not been rationally identified as have the
other parameters (namely the contribution of the compressed zone of the concrete and the dowel
action effect of the longitudinal steel).

The presence of transverse reinforcement seems to change the mode of failure, from diagonal
shear failure observed in the series of beams without transverse reinforcement (beams NSC-S0 and
HSC-S0), which were particularly sudden and explosive in the case of HSC, to more flexible, ductile
failure by flexion in the series of beams which are transversely reinforced (NSC-S1 and HSC-S1).

Fig. 5 shows the modes of failure of four series of the tested beams.

. Deviated trajectory
‘diagonal cracking -~




(c) Failure of series HSC-S1 beams (with stirrups) (d) Failure of series HSC-S0 beams (without stirrups)

Fig. 5. Different modes of failure of the tested beams.

For each beam tested, Table 3 indicates the first crack load (P.), the diagonal cracking load (Pq),
the ultimate load (P,) and the ratio P, /P4. The beams for which no value of the first crack load and the
diagonal cracking load are given have not been analysed by Aramis software [29] only the ultimate
load and mid-span deflection were measured for these beams. The study parameters illustrated in
Table 3 are the compressive strength of concrete (f.) to simulate the type of concrete, and the
transverse reinforcement ratio (py) to simulate the presence or absence of transverse reinforcement.
The shear-span/effective depth ratio (a/d) and the longitudinal reinforcement ratio (ps) were considered

constant in the sixteen test beams (a/d = 2.2 and ps = 1.16%).

Table 3. Ultimate load and cracking loads of tested beams.
Beams f.(MPa) pu(%)  Pua(kN) Pa(kN)  P,(kN)  P,/P

NSC-S0 32 0 13.52 45.08 47.54 1.05
11.70 41.05 45.97 1.12
9.20 33 47.36 1.43
NT* NT 49.68 NT
NSC-S1 32 0.56 18.52 43.30 72.18 1.67
13.47 43.83 73.92 1.69
13.52 NT 74.89 NT
NT NT 73.87 NT
HSC-S0 65 0 16.93 37.81 60.31 1.59
16.08 49.77 62.93 1.26
21.65 NT 55.22 NT
NT NT 55.90 NT
HSC-S1 65 0.56 17.56 63.70 83.90 1.32
19.94 57.54 86.65 1.50
11.00 NT 88.00 NT
NT NT 82.00 NT

*NT : Not tested by Gom-Aramis
The diagonal cracking load represents approximately 70% of the ultimate load for beams without
transverse reinforcement for both types of concretes. For higher values of this load, the concrete in the

beam deteriorates along the diagonal cracks up to the diagonal fracture. In the beams with transverse



reinforcement, this load represents roughly 65% of the ultimate load, and the concrete remains
serviceable after installation of the transverse reinforcement, which restrains the evolution of diagonal
cracks, up to changing the mode of failure to compression. In general, the presence of the transverse
reinforcement slows the apparition of diagonal cracks for both types of concrete studied, and improves
the resistance reserve of the beams, represented by the ratio P,/Pa.

An increase in ultimate load was recorded for beams with transverse reinforcement compared to
those without transverse reinforcement. This improvement, which varies up to 50% for the two types
of concrete as indicated by the ratios Py.si/Puso in Table 4, is identical for the two materials.
Comparable results have been reported in the literature on beams made with different compressive
strengths of concrete, ranging between 20 and 68 MPa [1,4,30,31]. This shows that the effect of
transverse reinforcement is practically the same for any type of concrete, though that effect is more
pronounced with higher strength concrete, due to the better adhesion with the steel elements.

As regards the influence of the type of concrete, the ultimate load of beams made with HSC is
greater than that of the beams made with NSC, because of the greater resistance of HSC, inducing
better shear behaviour and also bending behaviour in HSC. It should be noted, however, that despite
the large increase in compressive strength from 32 to 65 MPa, the loading capacity of the HSC beams
has only increased from 15 to 22% compared to those in NSC, which shows that different HSCs have
different shear strengths compared to NSC, or at least, there is a difference in the contribution of
internal parameters of shear strength in the two materials. One of the major differences observed is in
the aggregate interlocking contribution, which is reduced by the effect of trans-granular cracking

observed in the HSC beams.

3.2. Diagonal crack widths

Fig. 6 shows the variation of the diagonal crack width measured by Gom-Aramis software, versus

the transverse applied load.
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Fig. 6. Variation of diagonal crack widths of the tested beams.



At high load level (greater than 70% of the ultimate load), the diagonal crack widths in the
HSC-S1 beams are smaller than those in the NSC-S1 beams; the average ratio between the two widths
is about 0.6. This is due to better adhesion with the steel and the high strength of RC beams, where the
diagonal cracks are efficiently restrained and their width never exceeds 0.3 mm, which is within the
serviceability limit of cracking, up to the point of failure, which proves that this concrete performs
well when properly reinforced. In all loading stages, as illustrated in Figs. 6 and 7, for the two types of
concrete, the beams with transverse reinforcement have narrower diagonal cracks compared to those
of beams without transverse reinforcement. This clearly demonstrates the need for transverse

reinforcement in the shear zones in order to limit the crack widths in serviceable state.
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Fig. 7. Sequence of crack development within a shear zone in the tested beams.

(Photos obtained by Gom-Aramis)

3.3. Load-deflection curves

The effect of the transverse reinforcement is illustrated in Fig. 8, where the load-deflection curves
for NSC and HSC beams are displayed. For beams without transverse reinforcement, the load-
deflection curves show two main phases:

- The first linear phase (phase OA) corresponds to the elastic behaviour before the appearance of
cracking in the tension zone of concrete. In this phase, the beams remain stable with constant flexural
stiffness.

- The second linear phase (phase AB) corresponds to the formation of the first flexural crack in the
tension zone of the beam, which consequently reduces the rigidity and the slope of the curve. The first
crack occurs at a load of P, = 11.70 kN for the NSC beams, and P.; = 16.93 kN for the HSC beams.
This means that the increased compressive strength of HSC delays the manifestation of the first
cracks.

However, while the compressive strength of concrete has doubled, the improvement in the
flexural strength is only about 45% on its initial value. This result proves that the improvement of the
performance of concrete in tension progresses in direct proportion to the compression force. The
failure of the beam eventually occurs at the end of this second phase with very little plasticisation of
the longitudinal reinforcement.

For beams with transverse reinforcement, the load-deflection curves are identical to those of
beams without transverse reinforcement. In addition, before the failure corresponding to the
plasticisation of the longitudinal reinforcement, a third, plastic phase (phase BC) occurs, as shown in
Fig. 8.This plastic phase reflects the ductile behaviour of the beams with transverse reinforcement.
Therefore, in addition to improving the shear behaviour, the presence of the transverse reinforcement
increases the ductility of the RC elements in particular for those made of HSC, which is initially

considered as a brittle material.
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Fig. 8. Load-deflection curves for different tested beams.

This improvement of ductility is due to the better quality of the concrete-steel adhesion, ensuring
a more efficient transmission of forces between the two materials and limiting any relative slippage
between them.

Table 4 below, presents the ultimate deflections (Ay) corresponding to the ultimate loads (P,), and
the ratio (Pusi/Pu-so) and (Ausi/Auso) of the beams with and without transverse reinforcement,
respectively.

Table 4 also shows that the ratio (Ausi/Auso) increases with increasing compressive strength,
expressing a better deformability of the HSC beams in the presence of the transverse reinforcement
and consequently substantially more ductile behaviour compared to NSC with transverse
reinforcement. Therefore, it can be said that the presence of transverse reinforcement has an even

more favourable effect on the ductility of HSC beam:s.

Table 4. Ultimate load and ultimate deflection of all tested beams.

Pu-si Pu-so Au-si Au-so Number and type of crack

Beams (kN) (kN) Pust /Puso (mm)  (mm) Ausi/ Auso (along the study zone)
NSC-S0-01 -- 47.54 -- -- 3.47 -- 2F+3FS+1D
NSC-S0-02 -- 45.97 -- -- 2.52 - - 2D

NSC-S0-03 -- 47.36 -- -- 2.34 -- 2F+1FS+1D
NSC-S0-04 -- 49.68 -- -- 3.21 -- --

NSC-S1-01 72.18 -- 1.52 7.23 -- 2.08 --

NSC-S1-02 73.92 -- l1.61 7.92 - - 3.14 2F+2FS+2D
NSC-S1-03 74.89 -- 1.58 7.45 - - 3.18 5F

NSC-S1-04 73.87 -- 1.49 8.08 - - 2.52 - -

HSC-S0-01 - - 60.31 -- - - 2.75 - - 3F-S
HSC-S0-02 - - 62.93 -- - - 4.56 - - 4F+1FS+2D
HSC-S0-03 - - 55.22 -- - - 3.25 - - 2D

HSC-S0-04 - - 55.90 -- - - 3.24 - - - -

HSC-S1-01 83.90 -- 1.39 10.97  -- 3.99 6F+1F-S
HSC-S1-02 86.65 -- 1.38 11.70  -- 2.56 7F+2F-S
HSC-S1-03 88.00 -- 1.59 10.30  -- 3.17 8F+1F-S+2D
HSC-S1-04 82.00 - - 1.47 11.68  -- 3.60 - -

F = Flexural crack D = Diagonal crack F-S = Flexural-Shear crack
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3.4. Strain variation in the stirrups

The development of strains in the transverse reinforcement indicates the contribution of concrete
to the shear strength of RC beams. Fig. 9 shows the evolution of strains in the stirrups of both NSC
and HSC beams. The strain in the stirrups in the area with higher shear force, where the first diagonal
crack occurs, was delayed in HSC beams and in every case, comparatively less. The use of stirrups
improves the shear strength and hence the ultimate load of HSC beams by comparison with NSC
beams. It was noted during the testing process that before the appearance of the first diagonal crack,
the behaviour of the stirrups is almost identical for both NSC and HSC beams, with negligible
deformation. At the first diagonal crack load, an increase of 53% of strain in the stirrups of NSC
beams is recorded, compared to those of HSC beams, which, once again, demonstrates the efficiency

of HSC in RC beams.
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Fig. 9. Strain variation in stirrups of NSC and HSC beams.

3.5. Strain evolution in the longitudinal reinforcement

Fig. 10 shows the evolution of strain in the longitudinal reinforcement depending on the loading
applied, for NSC and HSC beams. Before the appearance of the first flexural crack, the behaviour of
the longitudinal reinforcement is alike for the two types of tested beams, with strain equal to zero for
both NSC and HSC beams. This shows that, before cracking, the concrete is able to withstand the
whole of the applied load. After cracking, the strain in the longitudinal reinforcement increases in a
linear manner with the load, and the cracking load is higher for HSC beams, which is attributable to
good adhesion with the steel reinforcement, resulting in good transmission of loads between the
concrete and the reinforcement steel, showing significant ductility. The post-elastic behaviour of
beams began to manifest at an approximate strain of 2.5%o, and the ultimate deformation of 10%o,
recommended by the various international design codes for the longitudinal reinforcement in

designing RC structures, is exceeded in both NSC and HSC beams.
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Fig. 10. Strain variation in the longitudinal reinforcement of NSC and HSC beams.

3.6. Strain variation in the compressed concrete

The recorded images show the strains in the most compressed fibre in the cross-sectional area of
the beams obtained versus the applied load. Fig. 11 shows the evolution of the strains in the most
compressed fibre of concrete located between the two loading points. In this zone, the crushing of
concrete observed after flexural cracking is sufficiently wide and long. This shifts the neutral axis to
the top of the concrete section, and hence significantly reduces the area of compressed concrete. This
crushing of the concrete in the compressed zone of the beam has been observed especially in the
presence of transverse reinforcement in beams, which prevented the shear failure of RC beams, as
clearly shown in Figs. 5(a) and (¢). In particular, in the HSC beams, the ultimate deformation of 3.5%o,
recognised by the different international design codes, is exceeded before failure occurs. This ultimate

deformation is equal to 4.5%o, which shows that high strength RC beams have good ductility.

100
HSC-S1

o] ©
o o
! !

NSC-S1

Load (KN)
N w B n [} ~
o o o o o o
1 1 1 1 1 1

-
o
!

o

T T T T T

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Strain (%o)

Fig. 11. Strain variation in compressed concrete in NSC and HSC beams.
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3.7. Comparison of experimental results to the theoretical values

This section compares the ultimate shear strength (v = V,/bd) obtained by the present
experimental investigation and the theoretical values predicted by different expressions in the
literature. In particular, for the beams without transverse reinforcement, the expressions suggested by
Zsutty [32] (Eq. (1)), Bazant and Kim [33] (Eq. (2)), and Hamrat et al. (Eq. (3)) [4] are used to

estimate the contribution of concrete v, expressed in MPa, to the ultimate shear strength:

4

1
v, =(160p, f.)} (2)3 for %<2.5 (1)

1 13 p
=0.83| ——— f, +250 s 2
Ve (,/1+d/(25daJ(pS) [\/_” (a/d)SJ @)
9\ .
vV, = 3.88(fC Ps —j for —<2.5 3)
a d

When transverse reinforcement is present in the beam, the expression (Eq. (4)) from Russo and

Puleri [34] is used to estimate the contribution of stirrups vs, in MPa, to the ultimate shear strength:
1.674/f,
V.- S 4)
p
f +250 |
R (0}

where f, is the concrete cylinder compressive strength (MPa), p. = A /b, d is the ratio of the tension

steel longitudinal reinforcement, d is the effective depth of the beam (mm), a is the shear span of the

beam (mm), d. is the maximum size of the aggregate (mm), p, =A, /b,s is the ratio of the steel

transverse reinforcement and fi is the yield strength of the steel stirrups (MPa).

Fig. 12 illustrates the experimental results obtained in this research on ultimate shear strength for
NSC and HSC beams. Generally speaking, the results show that the shear capacity of HSC beams is
higher than NSC beams, which means that, in general, HSC can be considered a more reliable
structural material. However, this increase in ultimate shear strength is limited, never exceeding 25%.
The improved compressive strength of HSC gives higher values. This result can be related to the
internal parameters of ultimate shear force in HSC, which are higher than those in NSC, and also to
the minimal effect of tension strength of NSC, which can be taken as similar to the shear effect. Both
effects are dependent on the quality of the cement paste and adherence of the aggregates. With this in
mind, the anti-crush capacity of HSC is greatly improved, while the shear effect is not, compared to

NSC.
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Fig. 12. Experimental values of ultimate shear strength.

The ultimate shear strength of NSC and HSC beams is dependent on the contribution of the
concrete v, and of the transverse reinforcement vs, if they are in place. The series of beams NSC-S0
and HSC-S0 are not reinforced transversally, so the ultimate shear strength of these beams is governed
by the concrete v.. Tables 5 and 6 contain the results obtained by different expressions, which are
presented in Figs. 13(a) and (b).

The concrete contribution v, to the shear strength found in the experiment represents 65% of the
total shear capacity, while the transverse reinforcement contribution vs represents 35%, for each type
of concrete. The theoretical values obtained by the different expressions to predict the contribution of
concrete to the shear strength of RC beams are quite close to one another. The difference in values
between the theoretical prediction and the experimental results can be considered acceptable.
However, the expression put forward by Hamrat et al. [4] (Eq. (3)), based on experimental work with
HSC beams, yields a reasonably accurate prediction of concrete’s contribution to the shear strength,

with a ratio Vu-test/Vu-predicied Of 1.06 and 0.93 for NSC and HSC beams, respectively.

Table 5. Experimental results on ultimate shear strength for beams without stirrups.

Vu-Predicted (MPa) Vu-Test /Vu-Predicted
Beam Vu-Test Average
(MPa) Eq(1) Eq() Eq(3) Eq(l) Eq(2) Eq(3)
NSC-S0 1.76 1.34 1.49 1.66 1.31 1.18 1.06
HSC-S0 2.17 1.70 1.89 2.34 1.28 1.15 0.93
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Table 6. Experimental results on ultimate shear strength for beams with stirrups.

Vu-Predicted (MPa) Vu-Test/ Vu-Predicted
Beam Vu-Test Average
(MPa) Eq.()*+4) Eq.(2)t4) Eq.(3)t4) Eq(1)+t4) Eq.(2+4) Eq.(3)+4)
NSC-S1  2.73 2.77 2.92 3.09 0.98 0.93 0.88
HSC-S1  3.15 3.33 3.51 3.96 0.94 0.90 0.79

The contribution of the transverse reinforcement vy to the improvement of the shear strength in
series NSC-S1 and HSC-S1 beams can also be seen in Table 6 and in Figs 13(a) and (b). The
transverse reinforcement started to exercise an influence as soon as the first diagonal cracks appeared
[10,35]. Actually, the transverse reinforcement begins to resist certain shear stresses well before
diagonal cracks become visible [36]. After the development of the diagonal crack, most of the shear
force is resisted by the transverse reinforcement [37]. It can be seen that the expression given by Russo
and Puleri [34] (Eq. (4)) significantly overestimates the contribution of transverse reinforcement to the
shear strength of NSC-S1 and HSC-S1 beams; the average overestimation is about 47% and 66%,
respectively. However, the overestimation of the contribution of transverse reinforcement to the shear
strength of HSC beams [2] has also been recorded by the models in the four codes namely: ACI 318
[38], BS 8110 [39], Eurocode 2 [40], and NZS 3101 [41]. This may be due to the fact that the
transverse reinforcement’s contribution to the shear strength adopted in Eq. (4) and in the four code
models is based on the condition under which such reinforcement yields.

In the present experimental work, when the transverse reinforcement was used, failure by
crushing of concrete in the compression zone, close to the top of a diagonal crack (Fig. 5(c)), is
observed in the tested beams. This mode of failure is not considered by the Richter [42] and Mdorsh
[43] truss analogy and consequently not considered in these models. Hence, more refinement is needed

in these models to reflect the real contributions of concrete and transverse reinforcement to the shear

strength of RC beams.
4.5
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S 3 Eq.(1)+4) .
c
(]
s 25
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Fig. 13. Comparison of the experimental and theoretical ultimate shear strength.

4. Finite element model development

3D NLFEA was used to predict the shear behaviour of simply supported RC beams in a four-
point bending test. The FE simulation ANSYS® software [44] was used to model the shear behaviour
of the RC beams. The nonlinear models were validated by comparing the predicted load-deflection
response, ultimate load, cracking load, ultimate deflection and maximum diagonal crack widths with

the experimental results.

4.1. Description of elements

Multiple element types were used to model the RC beams. The concrete was modelled using the
element SOLID65 (Fig. 14(a)). SOLID185 was used to model the loading and supporting steel plates
(Fig. 14(b)). The longitudinal and transverse reinforcement were modelled with a two-node spar

element, LINK 180, as shown in Fig. 15(c) [44-49].

(a) SOLID65 (b) SOLID185
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2 3D-Bar Element ( FE)

(c) LINK180
Fig. 14. Details of the types of finite element used [44-49].

4.2. Material properties and real constants

Concrete has different compressive and tensile behaviour and exhibits quasi-brittle properties.
The various material parameters which are input in the NLFEA ANSYS® program, to simulate the
nonlinear behaviour of concrete, include isotropic material properties for concrete such as Poisson’s
ratio, elastic modulus, multi-linear stress-strain values and other concrete parameters such as
compressive and tensile strength and shear coefficients. From the stress-strain relationship for concrete
under uniaxial compression, the linear phase represents the elastic linear region. After, the plastic
region (nonlinear region) starts subsequently. Therefore, the ultimate load cannot be achieved only by
the elastic characteristics of the RC beam. The stress-strain constitutive relationship has to be defined
for the plastic region. The FE model should be capable to predict the concrete failure by both cracking

©

and crushing failure modes. In FE simulation ANSYS® software, the multi-linear uniaxial compressive

stress-strain curve for isotropic concrete is obtained by the following expressions [22]:

f= Ece _

1+(£) )
g = 5 (©)
Ec=- (7)

where, f is the stress (MPa) at strain &, f. is the compressive strength (MPa) corresponding to the strain
€0 and E is the elastic modulus of concrete (MPa).
The detailed material properties of NSC and HSC used in the numerical model and implemented

in ANSYS“are given in Table 7. Table 8 presents the material properties of the steel reinforcement.

Table 7. Material properties of concrete.

Material model number  Element type =~ Material properties NSC HSC |
1 SOLID65 Elastic modulus (GPa) 38.7 42.3
Poisson’s ratio 0.2 0.2
Open shear Transfer 0.5 0.5
Closed shear coefficient 0.9 0.9
Uniaxial cracking (f;) 32 5.9

Stress (MPa)

Uniaxial crushing (f.) 32 65
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Table 8. Material properties of steel reinforcement.

Material model number Element type ~ Material properties
2 LINK180 Elastic modulus 204 000 MPa
Poisson’s ratio 0.3

Yield stress (Elastic limit) 500 MPa

The SOLID185 element requires elastic linear isotropic material. Table 9 presents the material

properties of the loading and supporting steel plates.

Table 9. Material properties of steel plates.

Material Model Number ~ Element Type = Material Properties
3 SOLID185 Elastic modulus 200 000 MPa
Poisson’s ratio 0.3

Furthermore, the real constants for SOLID65 and LINK 180 element types are shown in Tables 10
and 11, respectively. A value of zero is required for all real constants for SOLID65 element, because

the concrete used in this study is non-fibrous.

Tablel0. Real constants for SOLID65.

Real constant set ~ Element type  Real constants | Real constants for Rebar
1 SOLID65 Material number 0
Volume ratio 0

Orientation angle () 0
Orientation angle (¢) 0

Tablell. Real constants for LINK 180.

Real constants

Real constant set ~ LINK180 element type (sectional area (mm?))

2 Tensile longitudinal reinforcement 78.5
Compressive longitudinal reinforcement  50.24
Transverse reinforcement 28.26

4.3. Finite element simulation

The FE model of each RC beam generated in NLFEA ANSYS® with boundary condition and
loading position is shown in Fig. 15(a). The perfect bond between the steel reinforcement and the
concrete is considered. For this purpose, the steel reinforcement within the concrete was modelled
using the discrete method (Fig. 15(b) and Fig. 15(c)). The SOLID65 element was connected to the
adjacent nodes of the LINK 180 element, so the two materials could share the same nodes.

The contact between the loading plates and the RC beam was generated using CONTA174 and
TARGEI170 element. CONTA174 is an 8-node element that is intended for general flexible-flexible
and rigid-flexible contact analysis, is associated with the 3D target segment elements (TARGE170)

using a shared real constant set number. Contact pairs were generated between the RC beam surface
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and the loading steel plates to transfer the load and reduce the local stress concentration at the loading

point. In this study, a surface-to surface contact was created considering the loading plates as rigid.
Also, the contact between the RC beam surface and the supporting steel plates was created using

the friction coefficient of 0.05; normal penalty stiffness and penetration tolerance were of 1.0 and

0.0001, respectively.

ELEMENTS AN ELEMENTS AN
Concrete ¥ov 1 2020 wov 1 2020

01-12:37 01:11:15

Applied load

Compressive longitudinal

Steel reinforcement reinforcement (¢8)

Support

Tensile longitudinal
reinforcement (¢10)

(a) (b)

Transverse reinforcement

()
Fig. 15. Finite element model of RC beam: (a) numerical model; (b) modelling of longitudinal

reinforcement without stirrups (c) modelling of longitudinal reinforcement with stirrups.

Convergence and accuracy of numerical results is sensitivity with the mesh size. In order to find
the optimum mesh size, three trial analyses were performed using mesh sizes 20, 30 and 40 mm.
Table 12 shows the influence of mesh size on the ultimate mid-span deflection of NSC-S1 beam. The
value of ultimate mid-span deflection corresponding to the mesh size of 20 mm is approximately equal
to the experimental value of 6.18 mm. Hence, an optimum mesh size of 20 mm was adopted for the
present numerical study. Moreover, the mesh size of 20 mm reduced computational time and computer
disk space requirements significantly than that of smaller mesh size. The finite element model of RC

beams was approximately composed of 1635 nodes and 1348 elements.
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Table 12. Influence of mesh size on ultimate mid-span deflection of NSC-S1 beam.

Mesh sizes Experimental ~Numerical (Experimental-Numerical)/Experimental

(mm) A, (mm) Ay (mm) Au
20 6.18 7 -13.27%
30 6.18 8.56 -38.51%
40 6.18 9.78 —58.25%

In order to predict the nonlinear shear response of RC beams, the total load applied to a FE model
was divided into a series of load steps (load increments). At the end of each incremental solution, the
stiffness matrix of the model was adjusted to reflect nonlinear changes in structural stiffness before
proceeding to the next load step. The NLFEA ANSYS® software employs Newton-Raphson
equilibrium iterations for updating the model stiffness. Newton-Raphson approach provides
convergence at the completion of each load step within tolerance limits. Fig. 16 illustrates the use of
the Newton-Raphson method in a single degree of freedom (DOF) nonlinear analysis. Before to each
solution, the Newton-Raphson method evaluates the residual load vector, which is the difference
between the applied load vector and the restoring force vector calculated from the element stresses.
The algorithm then carries out a linear solution, using the residual load vector, and checks for
convergence. If convergence criteria are not obtained, the residual load vector is re-evaluated and the
stiffness matrix is corrected, hence a new solution is achieved. This iterative procedure continues until
the problem converges [22,44].

In the present study, convergence criteria were based on force and displacement, and the
convergence tolerance limits were initially selected by the NLFEA software ANSYS®. It was found
that solution convergence for the models was difficult to attain due to the nonlinear response of RC
beams. Therefore, in order to obtain convergence of the solutions the convergence tolerance limits was

increased to five times the default tolerance limits.

.................................

Unconverged solution

Displacement
Fig. 16. Newton-Raphson method for single DOF [22, 44].
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4.4. Numerical simulation results and discussion
4.4.1. Numerical model validation

NLFEA was conducted to simulate the shear behaviour of RC beams with and without transverse
reinforcement, subjected to a four-point bending test. FE modelling of RC beams was validated by
comparing the load-deflection curves produced by the numerical model with those illustrating the
experimental data for NSC and HSC, as shown in Figs. 17(a) and (b), respectively. The deflection was
measured at the mid-span of each beam. From these plotted results, it is clear that the FEA is generally
in good agreement with the experimental tests at all stages of loading until failure. Generally, the
numerical models are stiffer than the beams tested in the real world. This is due to the bond between
the concrete and steel reinforcement. In the numerical model, the bond is assumed to be perfect, which
could add stiffness during the nonlinear behaviour. Also, in the experimental test, dry shrinkage
micro-cracks are present in the concrete to some extent.

Table 13 compares the ultimate load (P.), cracking load (P), ultimate deflection (Ay) of the
experimental beams and those from the FE models. The difference values between the numerical and
experimental values range from —11.08 to +0.61% for cracking load, and from —2.02 to —0.52% for
ultimate load. Also, these values for ultimate deflection at mid-span of beam vary between —13.27 and
—1.01%. Consequently, it can be concluded that the numerical approach based on FEA is reliable and

could be used as a valid numerical tool in investigating the shear behaviour of RC beams.

100

3 ‘ — —HSC-SO:Exp |-
| | —NSC-S0:Exp |
- |-=-NSC-S0:Num | ==~ HSC-S0:Num
| —NSC-SL:Exp |- —HSC-SL:Exp |
; : ===NSC-SI:Num | : ‘ ‘ : === HSC-S1:Num|-
0 ‘ ‘ ‘ ‘ i ; ; 0 ‘ ‘ ‘ ‘ ; l i
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(a) (b)

Fig. 17. Load-deflection responses obtained from FEA and measured experimental data
(a) NSC (b) HSC.

Table 13. Numerical model validation.

Beams Experimental Numerical (Experimental-Numerical)/Experimental
Po(kN) Py(kN) A,(mm) Pe(kKN) Pu(kN) A,(mm) Per Py Ay
NSC-S0 1147 4596 297 11.4 46.89 3 +0.61% -2.02% -1.01%
NSC-S1 15.17 7177  6.18 16.8 72.14 7 -10.74% -0.52% -13.27%
HSC-S0 16.16 5245 287 1795 5339 3 -11.08% -1.79% -4.53%
HSC-S1 1822 8779  9.85 20.21 88.66 10 -10.92% —-0.99% -1.52%
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4.4.2 Crack patterns
The crack patterns of the RC beams were achieved using the crack/crushing plot option in
NLFEA ANSYS®. Fig. 18 represents typical cracking signs appearing in FEA for NCS-SO beam: (a)

flexural cracks; (b) compressive cracks; (c) diagonal shear cracks.

| b e i | SR
Z KJ_I |
© (a)

Fig. 18. Typical cracking signs occurring in FEA (NCS-S0).

A cracking signs are shown with a circle outline, they appear when a principal tensile stress
exceeds the ultimate tensile strength of the concrete element. The cracking sign appears perpendicular
to the direction of the principal tensile stress. The first and second cracks at an integration point are
illustrated with a red and green circle outline, respectively (Fig.19 (a)). Crushing occurs when all
principal stresses lie outside the failure surface; subsequently, the elastic modulus of the concrete
element is set to zero in all directions and the element effectively disappears. Crushing sign is

represented with an octahedron outline (Fig. 19 (b)) [44].

(a) (b)

Fig. 19. Cracking and crushing signs observed in concrete element: (a) cracking (b) crushing.

Fig. 20 displays a comparison between experimental and numerical crack patterns at failure for
RC beams. Good agreement of crack patterns observed in experimental investigation with those
obtained from the FEA of RC beams can be seen.

From numerical investigation, flexural cracks general begin to manifest early at the mid-span of
the beams. When the applied load increases, a vertical flexural crack propagates horizontally from the
mid-span to the support. Hereafter, diagonal shear cracks appear at a higher applied load, and as the

applied loads continue to increase, an additional diagonal shear and flexural crack appear. Finally,
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compressive cracks appear at nearly the last increment of the applied load. Moreover, the enhancing of
the compressive strength of concrete from 32 to 65 MPa increases the number of cracks. Also, the
numerical crack number in the beams with transverse reinforcement is greater than that in the beams
without stirrups. Furthermore, diagonal crack is approximately inclined at 45° to the longitudinal axis
of the beam. All these findings obtained from numerical approach were also observed during the

experimental tests.

HSC-S1

Fig. 20. Crack patterns in RC beams at failure obtained from experimental and numerical study

4.4.3. Numerical diagonal crack widths

Nevertheless, the diagonal crack widths are not automatically calculated by ANSYS®. However,
Eq. (8) can be used to calculate the diagonal crack widths (Fig. 21) [50].
w = (e1te1) le ()
where w is the diagonal crack width (mm); l. is the size of the FE of concrete, equal to 20 mm; &; and

&, are the left and right strain (um/m), respectively, predicted by the NLFEA ANSYS®.
Node 1 Node 2

Concrete element

Strain g; (um/m)  Crack width (mm) Strain &, (um/m)

Fig. 21. Procedure of calculation of the diagonal crack width.
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Table 14 compares the maximum diagonal crack widths obtained from FEA using Eq. (8) and
experimental data for all beams. The modelled maximum diagonal crack widths are shown to
correspond closely to those measured experimentally, with an average ratio of 1.02, a standard
deviation of 0.05 and a coefficient of variation of 4.90%. Thus, the results obtained demonstrate that
the developed FE models can be used to better predict the diagonal cracking behaviour of RC beams

with and without stirrups.

Table 14. Comparison of experimental and numerical maximum diagonal crack width.

Experimental diagonal Numerical diagonal

Beams crack width wey, (mm)  crack width wyym (mm) Wexp/ Wium
NSC-S0 0.392 0.381 1.03
NSC-S1 0.124 0.131 0.95
HSC-S0 0.283 0.274 1.03
HSC-S1 0.137 0.129 1.06

Average 1.02
Standard deviation 0.05
Coecfficient of variation (%) 4.90

5. Conclusions

From the results of the present experimental and numerical study on the shear behaviour of RC
beams, the following conclusions can be drawn:
- Beams without transverse reinforcement, particularly those made of HSC, exhibit relatively brittle
behaviour.
- Changing the concrete compressive strength from 32 to 65 MPa noticeably improves the shear
capacity of beams. This improvement ranges between 15 and 20%, and is not proportional to the
increase of the compressive strength.
- The mode of failure of the tested beams changes from shear to flexure in the presence of transverse
reinforcement, with increases in the ultimate load capacity of NSC and HSC beams.
- The presence of transverse reinforcement efficiently restricts the diagonal crack widths and limits
residual stresses after cracking takes place. Diagonal crack formation is delayed and their width is
significantly contained; in our investigations, diagonal cracks did not reach the 0.3 mm serviceability
limit width, even at the point of failure. In this sense, diagonal cracks are effectively stitched in HSC
beams, compared to those in NSC beams.
-The experimental results are similar to the values extracted from the theoretical predictions of the
contribution of concrete to the shear strength of RC beams.
- The contribution of the transverse reinforcement is overestimated by the empirical expression,
because it is based on the yielding of the reinforcement, which is not observed even when the beams
collapse.
-The FE predicted results of the load-deflection response, the ultimate load, the cracking load, the

ultimate deflection and the maximum diagonal crack widths are in close agreement with the

26



experimental test data. The difference values between the numerical and experimental values range
from —11.08 to +0.6%, from —2.02 to —0.52% and from —13.27 to —1.01% for cracking load, for
ultimate load and for ultimate mid-span deflection, respectively. The ratio of the predicted to
experimental maximum diagonal crack width for the beams ranged between 0.95 and 1.06, with an
average value of 1.02 and a C.0.V of 4.9%. Moreover, the crack patterns obtained by FEA are in good
agreement with those of laboratory tested beams. Thus, the FE models developed here can be used to

predict the shear behaviour of RC beams.
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