






















































































































































































22 N. Bagge et al./Engineering Structures 80 (2014) 11-23

(ME.or)- The starting point for steel yield was estimated based on the
evolution of strains measured over the load history. Steel yield was
observed in every beam in the experimental programme except for
beams A1 and A5.

Examining the moment redistribution in beam B1, the redistri-
bution was approximately 56% when the steel started to yield for a
moment equal to 14 kN m, whilst the redistribution was approxi-
mately 68% at structural collapse. Thus, the redistribution under
elastic and plastic steel phases was approximately 56% and 12%,
respectively. The degree of moment redistribution at the ULS is
68% according to the experiments and 73% according to the
theoretical analysis. Moreover, for beams B2-B4 and C3, where
the flexural capacity was reached at the intermediate support
and the mid-span, the theoretical model predicted a slightly higher
degree of moment redistribution at the ULS. The reason for that is
considered to be due to the conservatism associated with model-
ling the load pad effect for the calculation of the moment at the
intermediate support, implying that there was a lower degree of
moment redistribution in the experiments than available accord-
ing to the theory. However, as shown in Table 3 the experimental
load-carrying capacity of the reinforced concrete beams was con-
servative in relation to the analysis, as a consequence of a slight
exceedance of the moment capacity at the intermediate support.
Despite a slight difference in the degree of moment redistribution
(1-5 percentage points), the theoretical assessment of the load-
carrying capacity at the ULS was in good agreement with the
experimental results for beams B2-B4 and C3. As stated previously,
the theoretical approach developed was aimed at predicting the
available redistribution of internal forces and thus the load-carrying
capacity at the ULS of reinforced concrete structures, based on the
structural ductility in combination with the upper limit of
the moment capacity. Therefore, it is not appropriate to compare
the experimental degree of moment redistribution with theoretical
analysis for the beams where shear-related failure occurred. Thus,
a mismatch of the results for beams A1-A5 and C1-C2 was
expected, whilst beams B4 and C3 were in good agreement due
to simultaneous shear and flexural failure caused by concrete
crushing.

4.2. Moment-curvature relationship

Fundamental to the theoretical assessment of the available
degree of moment redistribution, based on the plastic rotation
capacity, is the moment-curvature relationship describing the
cross-sectional behaviour. For evaluation of the experimental
plastic rotation capacity at the intermediate support, only a few
of the beams in the experimental programme were of interest.
Shear-related failure of several beams implies that their results
are not relevant when considering the plastic ductility between the-
oretical analysis and experiments. Therefore, the focus was on beams
B1-B2 which collapsed in flexural failure and also beams B3-B4
with combined shear and flexural failure. The moment-curvature
relationships are presented graphically for beams B1-B4 in
Figs. 13-16, as given by the theoretical and experimental
investigation.

A significant difference in the presented theoretical analysis and
experimental results relates to the consideration of a particular
section at the intermediate support in the theoretical analysis
and an average curvature over a specified distance (see Section
3.3) in the experiments. Therefore, there are difficulties associated
with comparing the theoretical and experimental results. Due to
unreliable measurements in determining the curvature over the
length equal to the effective depth, d, only the average curvatures
for the length of 1.2H and 2d/tan(35) are presented. However, the
curvature measurements over the distances 1.2H and 2d/tan(35)
are considered as adequately reliable, implying similar behaviour
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Fig. 13. Moment-curvature relationship for beam B1 predicted by the theoretical
model and the actual experimental response.
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Fig. 14. Moment-curvature relationship for beam B2 predicted by the theoretical
model and the actual experimental response.
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Fig. 15. Moment-curvature relationship for beam B3 predicted by the theoretical
model and the actual experimental response.
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Fig. 16. Moment-curvature relationship for beam B4 predicted by the theoretical
model and the actual experimental response.

with higher average curvatures at structural collapse in the case
of a shorter distance between reference points. This result was
consistent with the assumption that the main part of the plastic
deformation takes place in a very limited area. According to the
investigation of the deformation behaviour at the intermediate
support, the ultimate curvatures observed in the experiments were
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lower in comparison to theoretically analysis in all cases except for
beam B3. The reason for this departure in the moment-curvature
behaviour for beam B3 was due to the combination of the
formation of cracks within the area of measurement and decreased
ultimate curvature in comparison to beams B1-B2. Furthermore,
the associated support moment from the experiments was, in
several cases, higher than the corresponding theoretical moment.
One explanation of this observation could be the conservatism in
the applied model for moment reduction due to the load pad effect,
where the reaction force was uniformly distributed over the load
pad width.

5. Conclusions

This paper presented an experimental programme that exam-
ined twelve two-span reinforced concrete beams with an associ-
ated theoretical assessment of their load-carrying capacity. An
extensive study was carried out of the redistribution of internal
forces over the full load history of the tested beams. Due to flexural
stiffness variation, caused by the actual reinforcing steel arrange-
ment and concrete crack formations, moment redistribution was
observed in the early stage of the load process. Consequently, an
appreciable degree of moment redistribution was exhibited even
before the longitudinal tensile reinforcing steel reached its yield
strength. This behaviour was concluded to be dependent on the
cracking of the structure and not to the final failure. According to
standards, such as the Eurocode, American standard and Canadian
standard, no consideration of the moment redistribution at the ser-
viceability limit state (SLS) is taken into account. Furthermore, the
experimental programme indicated that the available degree of
moment redistribution at the ULS is appreciably higher than
allowed by the abovementioned standards. As a result of the highly
nonlinear behaviour and the potential for moment redistribution
greater than stated in the standards, a method taking into account
parameters of importance was recommended for the assessment of
the load-carrying capacity of statically indeterminate reinforced
concrete members.

In the experimental programme, several beams collapsed in
shear-related failure modes. This observation highlights the impor-
tance of considering the combined moment and shear force in
analysis of reinforced concrete structures e.g. additional tensile
forces in longitudinal reinforcing steel due to inclined concrete
compression struts. Some of the beams within the experimental
programme unexpectedly failed in shear, with a considerable
reserve shear force capacity according to the Eurocode; therefore,
further investigation of the influence of moment on the shear force
capacity is necessary to clarify the experimental outcome.
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Abstract

An experimental study of the structural behaviour of two-span reinforced concrete beams
loaded to structural collapse was carried out with a focus on moment redistribution. A shear-
related failure mode occurred in several beams that was unexpected based on predictions
made using the European standard, necessitating an investigation into shear force resistance
within such beams. Several current design codes were used to predict the shear resistance of
diverse beams and their predictions were compared to experimental results. The Canadian
standard CSA A23.3-04 yielded the best agreement with the experimental data. The results
obtained emphasize the importance of considering the flexural moment when assessing shear
force resistance. Unfortunately, the European standard does not account for the interaction
between flexural moment and shear forces other than to describe the behaviour of inclined

cracks via the so-called shift rule. To address this deficiency, an additional limitation is
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proposed to facilitate more accurate assessment of shear force resistance in combination with

moment redistribution using the European standard.

Keywords: Experimental study, reinforced concrete, continuous beams, moment

redistribution, shear failure, shear force resistance, design codes, Eurocode.

1. Introduction

It is important to understand the structural behaviour of concrete members in structures such
as bridges in order to reliably assess their load-carrying capacity. This is particularly
important when dealing the ageing bridge stocks in many countries and the steady increase in
required load ratings [1-6]. Numerous investigations into shear force resistance in concrete
structures have been conducted over the last century, and a range of simplified methods for
predicting shear force resistance have been developed [7]. However, many of these methods
yield widely divergent predictions for the shear force resistance of specific concrete members
[8]. The authors recently conducted a detailed theoretical and analytical study on shear force
resistance in a range of continuous two-span reinforced concrete beams that was
accompanied by an experimental study on the influence of concrete strength and the

configuration of the reinforcing steel on the beams’ structural behaviour [9].

The development of methods for predicting shear resistance in reinforced concrete members
began in the early 20™ century, when the pioneers Ritter [10] and Mérsch [11, 12] introduced
the truss analogy to model the behaviour of concrete structures with transversal
reinforcement. The original truss model, in which inclined concrete compression struts are
applied at 45°to the member’s longitudinal axis and the concrete’s tensile strength is

neglected, yields conservative results when compared to experimental data [7]. A range of



simplified approaches have since been developed to account for the most important shear
transfer mechanisms in reinforced concrete, namely: 1) shear carried by transversal
reinforcement, 2) shear in the uncracked concrete compression zone, 3) interface shear
transfer due to local roughness and aggregate interlock in inclined cracks, 4) dowel action of
longitudinal reinforcement and 5) residual concrete tensile stresses transmitted across cracks,

according to the principles of fracture mechanics [8].

The shear transfer mechanisms that operate in reinforced concrete beams are illustrated in
Figure 1. These mechanisms and thus the beam’s resistance to shear forces are influenced by
several parameters including the concrete’s strength, the size of the member, the moment to
shear ratio, axial forces, the transversal reinforcement ratio and the longitudinal tensile
reinforcement ratio [8]. All of these parameters are considered in different ways and to
varying degrees in current methods for assessing shear force resistance. To assess the impact
of these differences, this manuscript compares design codes based on the European
Eurocode 2 standard (ref: EC2) [13], the Japanese JSCE concrete code (ref: JSCE) [14], the
American standard ACI 318-11 (ref: ACI) [15] and the Canadian standard CSA A23.3-04
(ref: CSA) [16]. While several publications based on theoretical and experimental
investigations [17-19] have described the combined influence of flexural moment and shear
force on shear force resistance, such descriptions have yet to be fully implemented in current
design codes. In regions where the shear force is high relative to the flexural moment, the
effects of the latter are relatively small. However, the flexural moment can have an
appreciable influence on the shear force resistance if a high flexural moment and a strong

shear force interact, as is common in continuous beams [8].
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Vy  =shear in transversal reinforcement
V.. =shear in uncracked concrete compression zone
V.. = interface shear transfer and aggregate interlock in inclined cracks
V, = dowel action of longitudinal reinforcement
V.. = residual tensile stress in concrete

Figure 1: Schematic illustration of the shear transfer mechanism in reinforced concrete

beams. This figure is based on an illustration provided by the NCHRP [8].

The objective of this paper is to investigate the shear force resistance in sections of
continuous reinforced concrete beams where the effects of combined flexural moment and
shear force are critical at the ultimate limit state (ULS). In a previous study on non-linear
behaviour and moment redistribution in beams conducted by some of the authors [9], several
beams underwent shear-related failures at the ULS in areas adjacent to the mid-span that were
unexpected according to the EC2 code. These beams had been designed using the EC2 code
to have appreciable shear force safety margins. It was therefore considered desirable to
compare the description of shear force resistance in the EC2 code (which neglects the impact
of flexural moment) to that used in other design codes such as the JSCE, ACI and CSA. It is
important to highlight the various advantages and disadvantages of current design

approaches, and to identify the causes of differences between experimental observations and



theory-based predictions. The purpose of this paper is to propose modifications to the EC2

design code that enable more reliable assessments of load-carrying capacity.

2. Experimental programme

2.1. General description

An experimental programme was carried out in the autumn of 2012 that investigated the
structural behaviour of continuous two-span reinforced concrete beams. The reinforcement
configuration of these beams was designed to enable the plastic redistribution of internal
forces from regions of negative moment into adjacent regions with positive moment, in
diverging degrees at the ULS. In addition to the influence of the longitudinal reinforcement
ratio, the impact of varying the amount of transversal reinforcement was studied as the
structure was loaded to failure, for both normal and high strength concrete. The beams were
originally designed according to the EC2, with the purpose of providing varying degrees of
shear force reserve capacity after the redistribution of internal forces that correspond to the
maximal moment in both the mid-span sections and the intermediate support section. These
conditions are obtained with different transversal reinforcement ratios. In the first group of
beams this ratio is in accordance with the maximum allowable stirrup spacing given by the
applied design code. For the second group of beams twice this ratio was applied. Shear
related failures were identified for several of the beams in this test programme [9], however,

and accordingly the aim of this paper is to highlight shear related effects.

2.2. Geometry, material and loads
Twelve two-span continuous beams were tested to collapse. Six of these beams exhibited a
shear-related failure mode at the mid-span. The beams were 5.5 m long with a constant

rectangular concrete cross-section of 240 x 200 mm” (depth x width). Each span length was



equal to 2.5 m based the centreline of the supports. Concentrated loads were applied to the
top of each beam at its mid-point, as shown in Figure 2. The beams were designed to be
dominated by flexural moment, with the influence of arch action in the structure minimized.
The dimensions of the beams were limited by the available reinforcement bar dimensions (8,

12, 16 and 20 mm) and the space and loading arrangements available in the laboratory.

The beams were subdivided into three groups (A-C) on the basis of their transversal
reinforcement ratios and concrete class. Within each group, the impact of varying the amount
of longitudinal tensile steel reinforcement (4,;) in sections close to the intermediate support
was examined (see Figure 2). The area of the top tensile reinforcement region at the
intermediate support was increased from 151 mm” to 942 mm’ in several steps, with a
constant tensile reinforcement area of 942 mm? in the bottom span sections (4,y). In this way
varying degrees of structural ductility were established, some of which were expected to yield
different types of failure. The longitudinal tension and compression reinforcement was
configured in similar arrangements to those commonly used in existing structures, as shown

in Figure 2.

The transversal reinforcement in the first group of beams (Group A) consisted of 8 mm
stirrups with a 150 mm spacing, which was approximately equal to the maximal spacing
recommended by the EC2 code. For group B the stirrup spacing was reduced to 75 mm.
Group C consisted of beams reinforced using the maximal EC2 stirrup spacing for high
strength concrete beams rather than those for normal strength concrete. The longitudinal and
transversal steel reinforcement arrangements for the six beams that are analysed and

discussed in this paper are described in Table 1 and Figure 2.



The mean value of the concrete compression strength was found to be 36.4 MPa for normal
strength concrete and 73.8 MPa for high strength concrete. These strengths were obtained
from compression tests of concrete cylinders that were carried out on the same day as the
testing of the reinforced concrete beams, i.e. 28 days after pouring the beams and material
test specimens. As there was negligible variation in the concrete’s strength over the testing
period of 11 days, the above concrete strengths can be assumed to represent the mean
strength values over the entire period. Table 2 presents some important characteristics of the
reinforcing steel in the beams. The yield strength (f,), tensile strength (/) and ultimate strain
(g54) are reported as mean values from standardized material tests for each bar size. This
paper focuses primarily on shear-related factors and therefore only describes some of the

beams tested in the experimental programme.
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Figure 2: The geometrical configuration, reinforcement steel arrangement and load

application for a representative reinforced concrete beam.



Table 1: Description of reinforced concrete beams.

Beam Ag A Ays Agq Agls
mm® mm® mm’ mm’>  mm%mm
A3 339 101 101 942 0.67
A4 603 101 101 942 0.67
AS 942 101 101 942 0.67
B3 603 101 101 942 1.34
B4 942 101 101 942 1.34
C3 603 101 101 942 0.67

Table 2: Steel reinforcement characteristics.

® 5 i »
mm MPa MPa %
8 536 657 9.5
12 565 656 11.6
16 560 656 11.1
20 557 662 12.6

The reinforced concrete beams used in the experimental programme were loaded
symmetrically at the mid-span using hydraulic jacks, as shown in Figure 3. As the beams
were loaded, the reaction forces at each support were measured using load cells. In order to
evaluate the beams’ structural behaviour, the distribution of forces within them was
monitored throughout the loading process. Detailed information about the complete

experimental programme and corresponding measurements and techniques is presented in

[9].



Figure 3: The arrangement of continuous two-span reinforced concrete beams.

3.  Shear force assessment approaches

3.1. General description

This section summarizes and compares four of the most widely used approaches for
predicting shear force resistance in reinforced concrete members with transversal
reinforcement configurations: the European (EC2) [13], Japanese (JSCE concrete code) [14],
American (ACI 318-11) [15] and Canadian (CSA A23.3-04) [16] standards. The description
of shear force resistance in the EC2 code is largely based on the variable-angle truss model
while the JSCE and ACI 318-11 codes rely on the 45-degree truss model. In contrast, the
description of shear force resistance in the Canadian standard is rooted in modified
compression field theory (MCFT). In the 45-degree truss model, the inclined concrete
compression struts are oriented at 45° to the longitudinal axis of the beam. In contrast, the
strut angle is not fixed in the variable-angle truss model or in MCFT. The sectional shear
force resistance can, in general, be expressed as the sum of the contributions from the

transversal reinforcement and the concrete, as shown in Equation (1).



V.=V, +V, (1)

Predictions of the shear force resistance based on the ACI or CSA account for the interactions
between the flexural moments and shear forces in the sections of interest. In this paper,
calculations are performed using flexural moments determined by experimental measurement
at the point of collapse. These measurements were acquired by monitoring the external forces

applied to the beam and accounting for the influence of the load pad.

In order to compare the shear force resistance predicted by the specified codes with the
experimental response, the mean values of material characteristics are used, as presented in
the previous section, excluding safety factors. Because the experimental loads were applied
perpendicular to the longitudinal beam axis and no pre-stressing was applied, the beams are
not subject to axial forces. Furthermore, the transversal reinforcements were oriented
perpendicularly to the members’ longitudinal axes. Consequently, the terms influenced by
axial forces and pre-stressing were neglected when performing shear force resistance

calculations.

3.2. The European standard

The EC2 code uses two different models to predict shear force resistance depending on
whether or not the member of interest contains transversal reinforcement. For sections
without transversal reinforcement, shear resistance calculations are based on an empirical
formula [20]. Conversely, shear resistance in reinforced sections is calculated using the
variable-angle truss model with limitations imposed by the theory of plasticity [21]. In the

variable-angle truss model adopted in the EC2, the concrete’s contribution to the shear



resistance is excluded (V. = 0), and the angle between the inclined concrete compression strut
and the longitudinal axis, 6, is allowed to be less than 45° due to aggregate interlock and
dowel forces in the crack [7]. This approach implies that the transversal reinforcement carries
all of the shear forces. The theory of plasticity as applied to description of shear forces in the
EC2 code assumes that the transverse reinforcement yields at the same time as the inclined
concrete strut is crushed, with 8 being restricted to values between 21.8° and 45°. The static
lower-bound expression for the yielding of the transversal reinforcement is given in
Equation (2), and the upper-bound expression for concrete crushing is given in Equation (3).
Tensile stresses cause the formation of shear cracks, which reduce the compressive strength
of the concrete by the empirical factor v;, as shown in Equation (4). The shear force
resistance is determined by the most favourable angle of the inclined compression strut,
corresponding to the value at which Equation (2) and Equation (3) are equal. The limitation

of 21.8° is due to the problem of transmitting forces across shear cracks at flatter angles [20].
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3.3. The Japanese standard

In the JSCE the shear force resistance is determined using the 45-degree truss model, which
assumes that the transversal reinforcement yields. Owing to this, the contribution of the
transversal reinforcement to the shear force resistance, see Equation (5), becomes

independent of the angle of the inclined concrete compression strut. When calculating the



shear force resistance carried by the transversal reinforcement, for characteristic concrete
compressive strengths less than or equal to 60 MPa the yield strength cannot be greater than
400 MPa, otherwise it is taken to be no greater than 800 MPa. This restriction is imposed to
reflect the reduced effects of aggregate interlock and dowel action on longitudinal tensile

reinforcement in extensive and wide inclined shear cracks at the point of shear failure [14].

A
V= %fyz )

JSCE uses Equation (6) to account for the concrete contribution to the shear force resistance,
regardless of the transversal reinforcement content. The shear strength of concrete is
determined empirically by Equation (7), which accounts for the size effect, 4, the ratio of
longitudinal tensile reinforcement, B,, and concrete tensile strength, 3 Vf.. The influence of

axial force is excluded in the concrete shear strength formula.

Ve=Iabud (6)

£y =0208,B,3/f. <0.72MPa (7)
B, =4/1000/d <15 (8)
B,=3100p <15 (9)

The shear force resistance that corresponds to the compressive failure of the inclined concrete
strut is calculated using Equation (10), which relies on an estimate of the concrete’s

compressive strength that is obtained using Equation (11).

Vymax = feubud (10)



fun=125/f. <78MPa (11)

3.4. The American standard

Like the JSCE, the ACI standard uses a semi-empirical sectional approach to assess shear
force resistance in reinforced concrete members. This approach accounts for the contribution
of the transversal steel using the 45° truss model but employs empirical formulas to describe
the contribution of the concrete [7]. The shear force resistance carried by the concrete is
determined through regression analysis of results obtained from experimental tests,
considering only the parameters that have been shown to be of appreciable importance [17].
The shear resistance of transversal reinforcement is determined according to Equation (12).
This approach differs from those described above as it is based upon the effective depth, d,

rather than the internal lever arm, z.
A
v, =52 fd (12)
K

The ACI standard includes two expressions for calculating the concrete shear force
resistance: Equation (13), which is used for simplified practical assessments, and
Equation (14) for more detailed assessments. The simplified approach considers only the
concrete tensile strength whereas the detailed procedure also accounts for the influence of the
longitudinal tensile reinforcement ratio and the relationships between cross-sectional
effective depth, shear force and flexural moment in the section [7]. As a consequence of this
refinement, the calculation of the shear force resistance implies an interaction between the
flexural moment and shear force. The impact of low-density concrete is accounted for using

the factor A, which is equal to 1.0 for normal-density concrete. The model proposed in the



ACI does not permit a concrete compressive strength higher than 69 MPa due to the absence

of experimental data for such concrete when the standard was introduced [15].

w (13)

v,d\b,d
v, =£/1\/7¢ +1zopA;J; <0294\f.b,d (14)

The upper limit of the shear force resistance, which corresponds to the crushing of the

concrete in the inclined compression strut, is given by Equation (15).

V, max = Ve +0.66\[f.b,d  (15)

3.5. The Canadian standard

The approach for assessing the sectional shear force resistance in the CSA is based on a
simplified version [22, 23] of the full MCFT [24]. The MCFT uses constitutive, compatibility
and equilibrium relationships to describe the load-deformation behaviour of reinforced
concrete elements that are subjected to simultaneous shear forces, axial forces and flexural
moments. The influences of tension stiffening, interface shear transfer (aggregate interlock)
and concrete tensile stresses across cracks are all considered in order to determine the current
state of the stresses and strains within the beam. The strains between cracks and the local
strains at cracks are considered together, with the effects of bond-slip and crack-slip being
converted into average strains. A new constitutive relationship that depends on the magnitude
of the average tensile strains in the cracked concrete is formulated, using the average stresses

and strains, in accordance with experimental data. Since the procedure required for MCFT is



complex and requires a number of iterations, the simplified MCFT has been developed for
the calculation of sectional shear force resistance using the axial force and flexural moment.
The shear force resistance, formulated as the sum of the concrete contribution and the
transversal reinforcement contribution, is calculated according to Equation (16) using the
same equilibrium relationship as was applied in the variable-angle truss model given in
Equation (2). Therefore, the angle of the inclined compression strut, 6, and the factor for
tensile stresses in cracked concrete, [3, are essential to describe the current state of the cracked
concrete in the simplified MCFT. A number of assumptions are made so that the shear force
resistance can be expressed in terms of the parameters 6 and P, with the fundamental
assumption being that shear stresses are uniform over the effective shear area b,z [25]. This
makes it possible to capture a lot of geometric and loading effect information (e.g. the
amount of longitudinal reinforcement, the level of pre-stressing, the applied shear force, the
axial force and the flexural moment) in a single parameter: the mid-section longitudinal

average strain &,.

For non-prestressed sections subjected to a shear force and a flexural moment, the mid-
section longitudinal strain is approximated according to Equation (19), with the parameters 6
and [3 being calculated using Equations (17) and (18), respectively. Equation (18) is used for
beams with at least the minimum level of transversal reinforcement as defined by the CSA,
neglecting the size effect. The derivations of Equation (16) to Equation (19) are explained by
Bentz [22, 23] and Vecchio [24]. The Model Code 2010 [26] uses the simplified MCFT

adopted in the CSA for refined assessments of concrete structures.

V.=fb,z  (16)

0=29+7000s,  (17)
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The upper-limit of shear force resistance, corresponding to the crushing of the concrete of the
inclined compression strut, is calculated using Equation (20).

V.max =025f.b,z  (20)

In contrast to the variable-angle truss model, the above method for shear force resistance
assessment requires an iterative procedure based on the current sectional state to account for
the concrete contribution and transversal reinforcement contribution. The current sectional

state, given by mid-section average strain €,, is used when calculating the parameters 8 and f3

and, accordingly, the shear force resistance must be updated until convergence is achieved.

The CSA also provides a simplified non-iterative method for assessing the shear force
resistance using simplified expressions for the parameters 0 and B. This method is not

presented herein.

4.  Results and discussion

4.1. Experimental results and prediction with current design codes

In the experiments the two-span continuous beams behaved nonlinearly, with an extensive
redistribution of internal forces occurring during the loading process. Internal forces were
transmitted from the intermediate support region into adjacent stiffer regions, implying a

redistribution of flexural moment relative to linear elastic assumptions. In [9] the importance



of shear related aspects to the evolution of the flexural moment in highly loaded sections is
highlighted, with an interaction existing between the high flexural moment and the shear

force.

Table 3 lists the flexural moment resistance in the mid-span section and the corresponding
flexural moment measured at the point of structural collapse for beams that exhibited shear-
related failure at the mid-span (see Figure 4). This table also reports the ratio of the
experimental and theoretical flexural moment resistances, Ny, for these beams. These data
indicate that beams A3-A5 had a degree of flexural moment reserve capacity whereas the
flexural moment resistance was exceeded for beams B3-B4. The predicted flexural moment
resistance of beam C3 was approximately equal to its observed flexural moment. The fact
that the flexural moment resistance was exceeded is explained by the experimental flexural
moment determination being conservative. This conservatism could be caused by the load
pad effect, based on the load distribution equal to the actual load pad width [9]. The
theoretical ratios of the concrete compression depth and the effective depth of the cross-
section at the ULS, x,/d, in the mid-span sections were 0.47 for beams A3-A5 and B3-B4,

and 0.28 for beam C3.

In the final sequence of the loading process, there was a tendency for the concrete at the top
of the mid-span beam section to be crushed; this was observed for beams B3-B4 and C3. This
is consistent with the observed degree of utilization for these sections and was especially
pronounced for beam B3 (see Figure 5), where the failure mechanism proceeded through
concrete crushing in the top of the beam (Figure 5a) and buckling of the longitudinal
compressive reinforcement (Figure 5b), leading to a reduction of the internal lever arm, z, and

a consequent decline in shear force resistance. Further formation of shear cracks then



occurred (Figure 5¢) prior to the beam’s final collapse. The beam thus failed in a combined

flexure and shear mode with concrete crushing in the top of the beam and wide shear cracks

(Figure 5d).

Table 3: Predicted flexural moment resistance (M,), experimental flexural moment (#£,) and

corresponding utilization degree (N,) for the mid-span section of reinforced concrete beams.

Beam M, M, nm
kNm kNm -

A3 89.0 79.9 0.90

A4 89.0 72.2 0.81

AS 89.0 79.8 0.90

B3 89.0 94.7 1.06

B4 89.0 94.7 1.06

c3 100.7 99.6 0.99

Figure 4: The reinforced concrete beam C3 at the ULS.



Figure 5: Collapse mechanism for the reinforced concrete beam B3: a) concrete crushing in
top of the beam; b) buckling of the top longitudinal compressive reinforcement; c) formation

of shear cracks; d) final combined flexural and shear failure.

The actual shear force between the intermediate support and the applied load in the mid-span
that was obtained at the point of structural collapse is presented in Table 4, assuming
negligible beam self-weight. In addition to the critical shear force, the experimental angle, 8,
between the longitudinal beam axis and the inclined compression strut was determined from
geometric measurements performed after the testing procedure, see Table 5. Tables 4 and 5
summarize the theoretical shear force resistance, V,, and adopted angle of inclined concrete
compression strut, 6, from assessments following the simplified approaches in the EC2,
JSCE, ACI and CSA codes. Table 6 presents the ratio of experimental shear force to

theoretical shear force resistance, .



Table 4: Experimental shear force and predicted shear force resistance according to the EC2,

JSCE, ACT and CSA codes for the mid-span sections of the tested reinforced concrete beams.

Shear force resistance, kKN

Beam

Test EC2 JSCE ACI CSA
A3 98.5 163 102 116 108
A4 109 163 102 116 111
AS 124 163 102 116 108
B3 139 268 150 190 169
B4 157 268 150 190 169
C3 142 163 123 132 107

Table 5: Experimental and theoretical angles of the inclined concrete compression struts in

the tested beams according to the EC2, JSCE, ACI and CSA codes.

Angle of inclined concrete compression strut, deg.

Beam

Test EC2 JSCE ACI CSA
A3 41 21.8 45 45 39.2
A4 38 21.8 45 45 38.4
A5 33 21.8 45 45 39.2
B3 44 26.0 45 45 41.8
B4 43 26.0 45 45 41.8
C3 37 21.8 45 45 41.2

Table 6: Experimental degree of shear force utilization according to the EC2, JSCE, ACI and

CSA codes for the mid-span sections of the tested reinforced concrete beams.

Shear force utilization degree

Beam

EC2 JSCE ACI CSA

A3 0.60 0.97 0.85 0.91
A4 0.67 1.07 0.94 0.98
A5 0.76 1.22 1.08 1.15
B3 0.52 0.93 0.73 0.82
B4 0.59 1.05 0.83 0.93
C3 0.87 1.15 1.08 1.33
Average:  0.67 1.07 0.92 1.02

Cov: 0.19 0.10 0.15 0.18




For the beams that exhibited shear related failure in the region around the mid-span, the shear
force resistance predictions made by the EC2 code are consistently non-conservative. The
largest differences between the theoretical and experimental results are found for beams B3
and B4, which contained transverse reinforcements at half of the maximal allowable stirrup
spacing. The cause of this discrepancy in shear force resistance between theory and
experiment can be explained in terms of the flexural moment resistance reached at both the
mid-span and at the intermediate support sections. The condition for concrete crushing of the
inclined concrete compression strut is critical for the shear force resistance in beams B3 and
B4. The inclination angle 8 was 26.0°, higher than the lower limit of 21.8°. The predicted
shear force resistance is 163 kN for beams A3, A4, AS and C3, in comparison to the actual
shear forces at the ULS that were equal to 98.5 kN, 109 kN, 124 kN and 142 kN,
respectively. For beams B3 and B4 the predicted shear force resistance is 268 kN, with
experimental outcomes of 139 kN and 157 kN, respectively. A comparison of the inclined
strut angle adopted in the EC2 with that measured experimentally reveals appreciable
disagreement. Generally a lower angle is predicted by the EC2 code, consequently resulting
in an overestimation of the shear force resistance. This difference can be explained by the
EC2 code’s neglect of parameters that reflect the current state of strains caused by sectional
forces that are not described in the plastic approach. The ductility of the reinforced concrete
is therefore inaccurately assessed, leading to an overestimation of the shear force resistance.
Based on these observations, the angle of the inclined compression strut should be limited
when assessing the shear force resistance of concrete structures. In addition, the effects of

moment redistribution should be accounted for.

The assessments of shear force resistance using the semi-empirical approach in the JSCE

were found to be conservative relative to the experimentally observed shear forces in all cases



bar those of beams A3 and B3. For beam A3, the calculated shear force resistance was
marginally higher than the experimental result (3.2 %) while for beam B3, concrete crushing
was initiated in the top of the mid-span section before the formation of shear cracks. The
concrete contribution to the shear resistance was only slightly overestimated for these beams
because the observed angle of the inclined concrete compression strut was in good agreement
with the conservative assumption of the 45-degree truss model. However, the assumption of a
fixed angle at 45° was unrealistic for beams A4-AS and C3, where the difference between the
theoretical angle and those measured experimentally (33°, 33° and 37°, respectively), yielded
conservative shear force resistance estimates, with 1, values of 1.07, 1.22 and 1.15,

respectively.

Like the JSCE, the ACI code uses a semi-empirical approach based on the 45-degree truss
model. The major difference between the two methods is in how they consider the interaction
between the shear force and the flexural moment. The experimental data showed that the
shear force resistance predicted by the ACI was on the safe side for beams A5 and C3, which
had the lowest angles between the inclined concrete compression struts and the beams’
longitudinal axes. However, the shear force resistance was overestimated for the other beams.
These observations also indicate an overestimation of the concrete contribution to the shear
force resistance arising from the assumption of an inclined compression strut angle that
exceeded the experimental value. Using the ACI code, the degree of utilization (i.e. the ratio
of theoretical to experimental shear force resistance, ny) for beams A5 and C3 was 1.08,
indicating a conservative prediction. Conversely, the degrees of utilization for beams A3, A4,
B3 and B4 were 0.85, 0.94, 0.73 and 0.83, respectively, indicating non-conservative

predictions.



The shear force resistance assessment approach of the CSA is based on the MCFT. The state
of the cross-section when subject to shear force and flexural moment is determined through
the longitudinal strain at mid-depth. The current longitudinal strain in the cross-section is
used to determine the angle of the inclined concrete compression strut, and to calculate the
transverse steel reinforcement and concrete contributions to the shear force resistance. By
comparing the experimental results for beam B3 at the ULS with theoretical predictions the
CSA is found to be significantly non-conservative, with the actual shear force of 139kN
smaller than the predicted 169kN. This discrepancy is expected, however, due to the extreme
conditions of this case with concrete crushing of the top of the beam before the formation of
extensive diagonal shear cracks. The section flexure is fully utilized at the ULS, whilst the
theoretical analysis indicated 18 % shear force reserve capacity. For beams A3, A4 and B4
the predicted shear force resistance is also slightly non-conservative, with overestimations in

the range of 2-9 %.

As was the case for the JSCE code, the shear force assessments using the ACI and CSA
methods both yielded conservative predictions for beams A5 and C3, which had experimental
shear forces of 124 kN and 142 kN, respectively. The CSA code predicted shear force
resistances of 108 kN and 107 kN for these beams. The experimental and theoretical
evaluations of the angle of the inclined concrete compression struts show the same tendencies
as were observed for the shear force resistances. The difference between the measured and
theoretical angle of inclined concrete compression strut was below 2° for beams A3, A4 and
B4, and the overestimation of the shear force resistance is limited to 9 %. Beams AS and C3
have a conservative shear force resistance assessment, where the theoretical angle 8 (39.2°
and 41.2°, respectively) is appreciably higher than the experimental angle 8 (33° and 37°,

respectively). For beam B3 the measured angle of the inclined concrete compression strut is



44°, higher than the CSA prediction of 41.8°, and therefore the theoretical shear force

resistance is non-conservative.

4.2. Moment redistribution and shear force assessment in the European standard code
In the previous section, the shear force resistance assessment according to the EC2 is found to
be highly non-conservative for all the beams tested in the experimental programme. At the
ULS the region adjacent to the intermediate support and the concentrated loads at mid-spans
are subject to a combination of high flexural moments and shear forces. Despite the fact that
the combination of flexural moment and shear force are established as significant parameters
for the shear force resistance, the EC2 does not fully account for this interaction [13, 15]. In
addition, at sections highly loaded in flexure and shear, extensive moment redistribution takes
place in the beams at the ULS, between 10 % for beam B4 and 48 % for beam A3, which
places significant demands on the structural ductility. Owing to this the ability to apply the
concrete compression struts at favourable angles to the longitudinal axis of the member, as
adopted in the EC2, is limited. In order to accomplish a reliable assessment of the shear force
resistance, therefore, the EC2 is in need of an additional design requirement. Similar to the
design considerations for reinforced concrete structures that are resistant to seismic action,
the requirement aims to lead to ductile failure modes (e.g. flexure) rather than brittle ones
(e.g. shear). This can be achieved by limiting the angle of the inclined concrete compression
struts to 35°, corresponding to a cot(8) equal to 1.43. This limitation should be applied in
cases of linear elastic analysis that utilize moment redistribution in the determination of the
load-carrying capacity at the ULS. This can be compared to the restriction of 45° for
members in a high ductility class according to the European standard for seismic design, EC8
[27]. The application of this proposal results in a shear force resistance of 93.3 kN for beams

A3-AS and C3, and 186.5 kN for beams B3-B4. A comparison of the updated shear force



resistance with the observed shear force at failure, given in Table 4, shows results on the safe
side for beams A3-A5 and C3. Non-conservative results are obtained for beams B3-B4,
however, which failed through the initiating of concrete crushing due to flexure. Regarding
beam B3-B4, the complete utilization of the flexural moment resistance in both the mid-span

and intermediate support sections implies that the shear force resistance will not be reached.

Owing to the limited number of beams that failed through a shear related mode, it is only
possible to present simplified guidelines based on the experiments. The above proposal may,
therefore, yield very conservative results relative to experimental outcomes in certain cases.
The relative concrete compression depths at the ULS (x,/d) for beams A4 and C3, which had
identical reinforcing steel configurations, were calculated to be 0.47 and 0.28, respectively,
due to their differing concrete compressive strengths. Beam C3 had a lower value of x,/d and
thus a greater level of structural ductility, indicating a greater capacity for shear force
resistance. Based on the descriptions of moment redistribution in various design codes (e.g.
the EC2 and CSA), it appears that the angle of the inclined concrete compression strut should
be limited based on the relative concrete compression depth in order to account for the

influence of the reinforced concrete’s ductility.

5. Conclusions

This paper presents a study of the shear force resistance in six continuous two-span
reinforced concrete beams. These beams were subject to concentrated loads applied at each
mid-span, and collapsed due to inferior shear force resistance in the area adjacent to the load
application point. Failure occurred after extensive moment redistribution from the
intermediate support to the mid-spans, with the critical sections being loaded with both

flexural moment and shear force. Shear force resistance predictions obtained using the EC2



code proved to significantly overestimate the capacity compared to the experimental results,
leading to an unexpected failure mode. The results in this paper illustrate the limitations of
the shear force resistance approach based on the theory of plasticity, as in the EC2. This
limitation is mainly derived from the fact that the current state of strains, caused by the
interactions between the shear force and flexural moment, is not considered. Another
potential factor in the non-conservative prediction is the influence of the stirrup spacing,

which was set at the upper limit defined in the EC2 code.

In addition to the investigation of the EC2 shear force resistance assessment, which was the
original motivation for the experimental programme, the predicted responses from the JSCE,
ACI and CSA were also analysed. While the methodologies of these codes have differing
origins, they result in shear force resistances that are significantly closer to the experimental
shear force than that achieved by the EC2. The semi-empirical models proposed in the JCSE
and ACI are unrealistic, however, because the angle of the inclined concrete compression
strut is assumed to be 45°. The JSCE results in the most conservative shear force resistance
predictions despite the fact that it does not take into account interactions between the shear
force and flexural moment, unlike the ACI and CSA. The CSA tends to yield more
conservative assessments than are obtained with the ACI and its results are in better
agreement with the shear forces observed at the ULS for the beams examined in this work. It
is therefore recommended that the shear force resistance approach according to the CSA be
adopted for analyses of sections experiencing combined flexural moment and shear force due

to its consideration of the current state of the cross-section.

In order to achieve more reliable assessment of shear force resistance using the EC2 code and

correctly describe ductile failure mechanisms, it is recommended that the angle of the



inclined concrete compression strut should initially be restricted to 35° in structural analyses
that consider moment redistribution. However, because this restriction of 35° is quite
conservative, future research is required to improve the assessment of shear force resistance
in the EC2 code. Further refinements of the code should be based on equations that feature
parameters relating to structural ductility. For example, the angle of the concrete compression
struts could be limited using a function of the relative concrete compressive depth at the ULS,
x,/d, which is widely used in international concrete standards as a parameter for evaluating

ductility.
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Nomenclature

A = cross-section area of longitudinal tensile steel reinforcement
Agw = cross-section area of transversal steel reinforcement

E, = Young modulus of longitudinal tensile steel reinforcement
M, = applied flexural moment

M, = flexural moment resistance

V. = shear force resistance of concrete

Ve = applied shear force

Vimax = maximum shear force resistance to account for concrete crushing

v, = shear force resistance

Vs = shear force resistance of transversal steel reinforcement
by = web width of the cross-section

d = effective depth of the cross-section

fe = mean value of the concrete compressive strength

Sev = shear strength of concrete

few = compressive strength of concrete cracked in shear

5 = yield strength of reinforcement steel



fi = tensile strength of reinforcement steel

k = correction factor

s = transversal reinforcement spacing

z = internal lever arm of the cross-section

Xy = concrete compression depth at the ULS

B = factor to account for shear resistance of concrete

Ba = coefficient to account for the effect of effective depth on the shear resistance
Bo = coefficient to account for the effect of longitudinal reinforcement on the shear
resistance

[ = ultimate strain of reinforcement steel

. = longitudinal strain at mid-depth of the cross-section

ny = shear force utilization degree

6 = angle of concrete compression strut to the longitudinal axis of the member

A = factor to account for low-density concrete

V) = factor to account for strength reduction of concrete cracked in shear

Vimed = factor to account for strength reduction of concrete cracked in shear modified with

consideration to actual flexural moment utilization degree

p = ratio of longitudinal tensile steel reinforcement
) = diameter of reinforcement bar
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