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ABSTRACT

The determination of the maximum shear capacity of reinforced concrete (RC)-beams and slabs has
been a challenging task for more than 100 years. To gain deeper insights into the shear capacity of RC
members and to search for a mechanical solution to determine the ultimate capacity and to explain the
phenomen of one-way shear, the so-called Shear Crack Propagation Theory (SCPT) has been
developed. The proposed theory is not limited to steel RC members and can be applied to members with
non-metallic reinforcement accounting for their material parameters and constitutive relationships.
Further, the SCPT does not focus only on the ultimate state but also on the behaviour during the loading
process up to failure. In this publication, the application of the SCPT to RC-members with longitudinal
FRP-reinforcement without stirrups is presented.

KEYWORDS
Shear strength; SCPT; Shear Crack Propagation Theory; Fiber-reinforced polymers; Crack propagation

INTRODUCTION

One of the challenging issues which has attracted continuous attention in the last century is the shear
behavior of reinforced concrete (Kani, 1964; Reineck, 1991; Yoo, 2022). Interaction of several
parameters such as the geometrical properties including shear slenderness, load distribution, concrete
properties, strength and details of shear reinforcement, and the ratio of tensile and shear reinforcement
result in a higher degree of complexity than flexural behavior (Adam et al., 2022; Huber et al., 2016;
Wu & Hu, 2017). Furthermore, the prediction of failure regions and their ultimate strength is also
complicated because one-way shear failure of reinforced concrete beams occurs through several
simultaneous damage mechanisms that include diagonal cracks, crushing of concrete struts, bond failure
between main reinforcement and concrete, and failure and yielding of shear reinforcement (Rombach
etal., 2011).

In the past, engineers mainly relied on empirical approaches to predict shear strength of RC members,
for which a correspondingly large safety factor must be taken into account in order to achieve a specified
reliability of structural members. For an economical at one hand and safe design at the other hand, this
has led to increased research efforts to understand the "mechanical behavior" of shear transfer actions
in diagonally cracked members. Recently, a new mechanics-based approach known as the “Shear Crack
Propagation Theory” (SCPT) was developed that combines concepts of crack kinematics with
constitutive material models to predict shear crack behavior at all stages of loading up to failure in
reinforced concrete (RC) members. Development of the SCPT (Classen, 2020) culminated years of
research examining the effects of crack localization, cantilever action, shear in compression zone,
aggregate interlock, dowel action, and crack bridging action to arrive at a unified approach to predict
the shear behavior of RC beams and slabs without shear reinforcement. The SCPT allows for predictions
of shear crack geometry, transferred shear (including contributions of all shear transfer actions), as well



as corresponding strains and deformations over the entire loading process from crack initiation up to
the point of shear failure.

In RC beams, the shear force is initially primarily resisted by the compression zone of intact concrete.
This zone can fail through compression crushing or tensile cracking due to combined compressive and
shear stresses. Slender beams experience failure through inclined tensile cracking (Choi et al., 2007).
The fracture process zone refers to the area where microcracks grow in a material, and it can be
modelled using a cohesive behavior. Concrete transfers stresses across cracks until a maximum crack
width is reached, and beyond this width, the cohesive behavior disappears due to increased shear and
bending. Aggregate interlock refers to the occurrence of cracks between aggregates and the cement
paste in concrete. Longitudinal reinforcement is employed to lock these two sides of the crack together.
Various factors such as aggregate properties, cement paste characteristics, crack unevenness, and size
can influence the effectiveness of aggregate interlock. The activation of this phenomenon, triggered by
the sliding of cracked lips, directly influences the shear behavior of the concrete. In addition, the
dowelling action of reinforcement occurs when the number of cracks in concrete exceeds a certain
threshold. It is influenced by factors such as the bending stiffness of longitudinal reinforcement and the
concrete cover. However, the effectiveness of this action is limited by the concrete's tensile strength.
The dowelling action does not generate additional forces in the shear crack and can even hinder a
secondary crack propagation process at the tip of the shear crack. (Classen, 2020).

To date, the SCPT has only been applied to steel-RC members, although there is no inherent limitation
in the model to any particular reinforcement type provided that appropriate constitutive models are
adopted. Although steel remains the most common reinforcing material for concrete structures due to
its favorable mechanical properties and competitive cost, the use of fiber-reinforced polymer (FRP)
reinforcing bars continues to increase around the world as a corrosion-resistant alternative, particularly
in marine environments and where de-icing salts are used. The mechanical properties of FRP
reinforcement differ from steel in several ways that can influence shear behavior of RC beams. The
relatively lower modulus of elasticity of FRP means that, for the same reinforcement ratio, wider and
deeper cracks will develop compared to steel-RC members, reducing shear transfer associated with
aggregate interlock and the depth of the uncracked compression zone. Similar effects also influence the
contribution of dowel action and tension stiffening.

Due to its mechanical basis, the SCPT is well-suited to investigate the contributions of various shear
transfer mechanisms and develop a deeper understanding of the effects of reinforcement type on overall
shear behavior of RC beams. This research presents a preliminary study extending the application of
SCPT to FRP-RC members.

METHODOLOGY

Details of the SCPT procedure are reported by Classen (2020). Figure 1 shows the general incremental
procedure to evaluate the shear strength of RC members at a particular location of the beam (defined as
d-Ac from the support). Figure 1-b shows the shear force-deformation history of four states of the shear
crack propagation which are elaborated in Figure 1-c. For a given neutral axis depth (x¢), the model
determines the location of the crack tip (x;) from the center of rotation (CR) that satisfies conditions of
equilibrium and compatibility. The CR can change during the loading process, and x; can be positive
when shear crack is in the tensile zone and negative when the shear crack is in the compression zone
(Fig. 2). The shear transfer mechanism after concrete cracking depends both on kinematic behavior (i.e.,
crack deformations, steel and concrete strains) and constitutive behavior (including fracture process
zone (FPZ), aggregate interlock, and dowel action of reinforcement as shown in Fig. 3) (Classen, 2020).
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Figure 3: Process of shear transfer action among the shear cracks (reproduced from Classen, 2020).

The SCPT algorithm employs an iterative strategy based on some initial assumptions. All the
geometrical data, material properties, loading conditions, and the geometry of the previous shear crack
in step (i-1) are supposed as input data. Then, the transferred shear stress above the crack tip (to) and
the concomitant horizontal crack tip stress (oxo) will be calculated by estimating the crack propagation

angle and length (Bestim, AYestim), the vertical crack tip stress (6,0.stim), and the expected rotation angle of

the shear crack (@esim). After that, the crack opening (w), crack sliding (8), and the distance between the
crack tip and center of rotation (x;) should be determined (Classen, 2020).

In the next step, normal and shear forces in the continuous uncracked concrete, and shear transfer action
along the crack is calculated. The total transferred shear force (Vg), bending moment (Mg) in the control
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section, and the corresponding tensile force in the reinforcement (Fs) will be obtained to satisfy
equilibrium conditions. Then, the rotation of the shear crack (@), vertical crack tip stress (0z0.calc),
shear transfer action in the crack, corresponding tensile force in reinforcement, crack propagation angle,
and the concomitant vertical crack extension are calculated. At this step, the validity of the initial
assumptions are assessed. If it is valid, it means that a compatible state of equilibrium and crack
propagation is discovered. Otherwise, other initial assumptions should be considered. Finally, it is worth
mentioning that the output of the SCPT are § and y (crack geometry), ¢ rotation of the control section
(deformations), and all internal forces (Classen, 2020).

In this study, a preliminary parametric analysis is presented that investigates the use of the SCPT for
FRP-RC beams. The analysis is based on a reference steel-RC beam (320 mm wide x 350 height, shear
span-to-depth ratio of 4.33, containing five 16 mm diameter steel reinforcing bars, and maximum
aggregate size of 16 mm) previously tested and analysed by Schmidt et al. (2021) and modified in three
steps to account for the different mechanical properties of FRP reinforcement:

Step 1: the Young’s modulus of the reinforcement is changed from Es = 200 GPa (steel) to Er
=50, 100, and 150 GPa representing a range of FRP materials;

Step 2: the reduced dowel action associated with FRP reinforcement is introduced according
to the results of previous studies. Although the transverse shear strength of FRP
reinforcing bars is considerably lower than steel bars of the same diameter, dowel action
is still largely controlled by the splitting strength of the concrete cover. Unfortunately,
there is no consensus regarding this effect, with some researchers suggesting that the
effect of bar stiffness can be neglected (e.g., Oller, 2015), while others have reported a
significant influence. Tottori and Wakui (1993) suggested that the dowel capacity of
test specimens reinforced with FRP bars is about 70% of those containing reinforcing
steel with the same diameter, corresponding to (Ef/Es)'”. Michaluk et al. (1998)
claimed that the effect is directly proportional to elastic modulus and proposed to
modify existing equations by the modular ratio of the reinforcement (Ef/Es). As
previous research is not conclusive, the dowel action is modified in this study by the
factor (Ef/Es)"?; this can be easily adapted in future works as more detailed studies
emerge on this topic.

The modified formulations, based on the work of Reineck (1990) and Yang (2014)
adopted by Classen (2020), are given by Equations 1 to 3:
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Where Vg, 0 is the shear contribution of dowel action, b, is the concrete net width
activated in tension, b,, is the beam width, ¢ is the maximum aggregate size, f is the
concrete compressive strength, E is FRP modulus of elasticity, E is reinforcement
modulus of elasticity, ng is the number of reinforcement, and §j, is the vertical shear
deformation at the level of flexural reinforcement.

Step 3: the effect of tension stiffening on shear capacity (Figure 4) is frequently neglected for
steel-RC members. However, Bischoff and Paixao (2004) demonstrated that tension
stiffening is more significant in FRP-RC due to the lower elastic modulus of the



reinforcement which makes the contribution of the concrete in tension proportionally
larger. They proposed to normalize the post-cracking reinforcement strain by the
modular ratio of the reinforcement (Ef/Es) in tension stiffening formulations to account
for this difference.

Thus, it is proposed to modify the tension stiffening model developed by Bentz (2005)
and adopted in Classen (2020) to give Equations 4 to 7:
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Where Fj is the tensile force in the flexural reinforcement, A is reinforcement area,
Es,ts 18 the reinforcement strain in the region where bond is intact, f. is the concrete
uniaxial tensile stress, M is bond parameter, A. ofr is area of the concrete effectively
bonded to the bar, dg is reinforcement diameter in concrete stiffened area, d; is
concrete cover, h is the beam height, and x is the imposed compression zone depth.

l Gs A

| a4

L 7 — y — 11 1 .

? T »>
g "

1s £g

Tension stiffening W pure steel Tension stiffening law
(bond is intact) sts Psdelam  (delamination and spalling of
) Ser concrete cover) b)

Figure 4: a) Tension stiffening region, b) tension stiffening law (reproduced from Classen, 2020).

The constitutive models used in this study follow the approach reported in greater detail in Classen
(2020) and Schmidt et al (2021).

RESULTS
A detailed validation of the SCPT with experimental test results from a steel-RC beam is presented by
Schmidt et al. (2021) (Figure 5). Four primary mechanisms are discussed here to evaluate the results of
this analysis:
e Shear in the uncracked zone (Vuncr);
e Shear in the fracture process zone (Vrpz);
o Shear transfer by aggregate interlock, activated once the crack propagation starts to become curved
and results from sliding deformation of the crack (Vai);
o Shear transfer associated with dowel action, activated just after the inclined bending crack forms
(Vda).

Figure 6 presents the shear force vs. crack rotation for RC beams having the same geometry and
reinforcement as that from Schmidt et al. (2021), except with different values of elastic modulus of the
reinforcement. The shear capacity corresponding to elastic moduli of 50, 100, 150, and 200 GPa were



47.5,109.3,158.2, and 167.7 kN, respectively (Table 1). Decreasing the modulus of elasticity from 200
GPa to 150 GPa reduced the ultimate strength by only 6%, whereas reinforcement with an elastic
modulus of 50 GPa exhibited a shear capacity that was 72% lower than the reference beam.

350
|
1
et
0.35

| 5316 -—
(XXXX V TVH . Tv’h
1 1.30 1.50 1

1.30 0.30
a) b)

Figure 5: a) Section beam geometry (mm), b) Side view of beam (m) (Schmidt et al., 2021).

Table 1: The absolute values of various components at shear failure for different moduli of elasticity

(kN)

Var | Viz | Vi |  Va | Total V
E =50 GPa

2283 | 374 | 0 | 2092 | 47.49
E =100 GPa

2554 | 1017 | 5419 | 1936 | 109.26
E =150 GPa

2746 | 1137 | 10145 | 1796 | 158.24
E =200 GPa

3143 | 1358 | 10443 | 1830 | 167.74

For reinforcement moduli between 100 and 200 GPa, the contribution of dowel action remained
constant at about 20 kN beyond a certain shear crack rotation angle (between 1.0 to 1.5 mrad), which
also corresponded to the point where aggregate interlock began to increase. However, for the lowest
value of modulus of elasticity (E=50 GPa), dowel action contribution was still increasing beyond 2
mrad rotation, and aggregate interlock did not contribute to shear capacity. In general, the combined
contribution of dowel action, uncracked zone, and fracture process zone were relatively unaffected by
changes in the elastic modulus, whereas a significant effect on aggregate interlock was observed which
is attributed to the effect of reinforcement stiffness on limiting the width of shear cracks.
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Figure 6: The relationship between shear force and crack rotation for various moduli of elasticity:
a) E=50 GPa, b) E =100 GPa, c) E = 150 GPa, and d) E = 200 GPa.



Figure 7 presents the contribution of each mechanism in relative terms. In the early stages of loading,
almost all of the shear force is carried by the uncracked concrete; although the value of Vg remains
relatively constant throughout the test, its relative contribution decreases rapidly as the crack rotation
increases. At failure, the contribution of the uncracked zone was approximately 50% for the low
modulus reinforcement (50 GPa) but only about 20% for reinforcement with moduli between 100 to
200 GPa (Table 2). The shear transferred through the fracture process zone remained relatively stable
at approximately 10% of the total shear force regardless of the reinforcement stiffness.

The contribution of dowel action and aggregate interlock were related; dowel action was more dominant
at lower values of crack rotation (i.e., lower angle of inclination), reaching a peak value between 30 to
50% of the total shear force before gradually decreasing to a value between 10 to 50% at the failure
load. The peak value for dowel action coincided with the aggregate interlock mechanism engaging in
resisting shear, which quickly increased to become the dominant mechanism (50 to 60% of total shear)
for beams with reinforcement stiffness between 100 and 200 GPa. Conversely, aggregate interlock did
not play a role in the shear resistance of the beam with low reinforcement stiffness (50 GPa).

Table 2: The percentage of various components at shear failure for different moduli of elasticity (%)

Vae | Veez | Vi | Va | Total V
E =50 GPa
482 | 94 | 0o | 44 | 100
E =100 GPa
218 | 86 | s30 | 166 | 100
E =150 GPa
174 | 72 | 640 | 114 | 100
E =200 GPa
68 | 76 | 654 | 102 | 100
100% 100%
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Figure 7: The relative shear contribution and crack rotation for various moduli of elasticity:
a) E=50 GPa, b) E =100 GPa, c) E = 150 GPa, and d) E = 200 GPa.



In step 2, the dowel action was modified by the ratio (Ef/Es)'?, keeping all other parameters constant,
giving the results presented in Figure 8. The total shear resistance was reduced by 2.3%, 4.6%, and
8.9% for beams with reinforcement elastic moduli of 50, 100, and 150 GPa, respectively (Table 3). The
slight reduction in dowel action reduced the crack rotation at failure as well as the rotation angle at
which aggregate interlock was engaged. Even the beam containing 50 GPa reinforcement exhibited a
small contribution from aggregate interlock at failure (Table 4).

Table 3: The absolute values of various components at shear failure for different moduli of elasticiy

(kN)

Vuner | Vrpz | Vi Vda | Total V
E =50 GPa

2271 | 707 | 361 | 13.02 | 46.41
E = 100 GPa

2419 | 1065 | 5392 | 1551 | 104.27
E =150 GPa

30,05 | 1203 | 8505 | 1694 | 144.07

Table 4: The percentage of various components at shear failure for different modulus of elasticities (%)

Vauner | VErz Vi | Via | Total V
E =50 GPa
489 | 152 | 78 | 281 | 100
E =100 GPa
222 | 102 | 517 [ 149 | 100
E =150 GPa
209 | 83 | 590 | 118 | 100
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Figure 8: The relationship between shear force and crack rotation for various moduli of elasticity with
reduced dowel action: a) E = 50 GPa, b) E = 100 GPa, and ¢) E = 150 GPa.

The effect of tension stiffening on the shear behavior of FRP-RC beams is currently under investigation.
Verification of model results with experimental data will be carried out in the next stage of this research.



CONCLUSIONS

In this research, the SCPT method has been briefly summarized and extended to the beams reinforced
with FRP bars, which are increasingly used as a corrosion-resistant alternative to steel reinforcement to
design longer lasting structures. The use of FRP reinforcement is known to significantly influence shear
behavior of RC beams because of their lower elastic moduli, dowel capacity, and different bond
characteristics compared to steel bars.

The SCPT allows the contributions of different shear transfer mechanisms to be evaluated at all stages
of loading. Based on the results of this study, the following preliminary conclusions can be drawn:

o The shear force carried by the uncracked concrete in the compression zone remains relatively
constant throughout the loading process, and is not significantly affected by reinforcement
stiffness. The relative contribution to total shear resistance decreases as contributions from
other mechanisms increase with increasing crack rotation. At failure, the contribution of the
uncracked zone ranged from approximately 20% of the total shear force for beams with
reinforcement having Young’s moduli of 100, 150, and 200 GPa, to approximately 50% for 50
GPa reinforcement.

o The shear force transferred through the fracture process zone remained relatively stable
between 10-20% of the total shear force throughout most of the loading process up to failure,
and was not significantly affected by the reinforcement stiffness.

e Dowel action increased gradually before reaching a constant value, typically at crack rotation
values between approximately 1-2 mrad. The relative contribution of dowel action to total shear
force peaked at around 30-50% before decreasing to 10-40% at failure. Decreasing the dowel
action to account for the lower transverse shear strength of the reinforcement resulted in slight
overall decreases in shear capacity from about 2 to 9% for beams with reinforcement moduli
between 50 to 150 GPa.

e Aggregate interlock began to participate in shear transfer once the dowel force reached its peak
value. For low stiffness reinforcement (50 GPa), the contribution of aggregate interlock was
small or negligible, while for reinforcement stiffness between 100 to 200 GPa, this shear
transfer mechanism was dominant at failure corresponding to 50 to 60% of the total shear force.
Here other aggregate interlock models will be investigated in future research projects.
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