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ABSTRACT

This paper examines the global and local kinematics of shear-critical reinforced concrete slender beams to
form a basis upon which methods for the crack-based assessment of nuclear concrete structures can be
developed. Six large-scale slender beams (7010 mm length x 355 mm width x 1016 mm depth) with
different reinforcement arrangements were tested in three-point bending. The full-field displacement data
was captured using Digital Image Correlation (DIC) systems to investigate the global deformation
behaviour and localized crack kinematics: crack width, slip, and angle. Distinct variations in deformation
and failure mode were observed between specimens with and without transverse reinforcement. The
analysis demonstrated significant curvature around the mid region of the beam and vertical displacement
as a dominant parameter. However, complex cracking patterns and variability in crack properties highlights
the need of localized kinematic modelling. These findings are expected to contribute towards development
of robust kinematic models that incorporate real crack measurements for shear strength assessment in aging
nuclear concrete structures.

INTRODUCTION

As concrete nuclear structures age, they can experience cracking due to regular use or from severe loading
events, see Saouma and Hariri-Ardebili (2021). Conducting assessments of these cracks is important to
determine the structural safety of critical concrete structures within nuclear facilities. Shear cracks are
particularly important to carefully evaluate since shear failures can be brittle and occur without much
warning. A crack-based assessment framework, utilizing a simplified kinematic model and crack
information, could effectively achieve the objective to evaluate the safety of reinforced concrete nuclear
structures from crack information. The first step is to develop a kinematic model that formulates shear
transfer mechanisms in terms of kinematic degrees of freedom. By combining this kinematic model with
actual crack information from cracked beams, it will be possible to achieve more accurate predictions of
their shear capacity, as done by Trandafir et al. (2022), Trandafir et al. (2023), Mihaylov et al. (2025) for
deep beams. However, the kinematics of shear cracks in slender members in concrete structures can be
more complex, making the evaluation of shear cracks challenging. This paper studies shear crack
kinematics, both globally and locally at discrete crack locations, in shear-critical reinforced slender concrete
beams, to provide the fundamental basis upon which direct crack-based assessment tools can be developed
for nuclear infrastructure applications.

Six large-scale (7010 mm x 355 mm x 1016 mm) reinforced concrete beams with different
longitudinal and shear reinforcement quantities were tested in three-point bending setup. The members had
shear span-to-depth ratios of about 3 and therefore were slender beams. The specimens were monotonically
loaded to failure. The entire 7010 mm length of the specimens were monitored using four three-dimensional
Digital Image correlation (DIC) systems (8 cameras simultaneously) to capture full field of view
displacement field throughout loading.
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The paper explores the three degrees-of-freedoms in the beams (translation along x, translation
along y, and rotation) observed during the experiments and compares their properties. The paper examines
the global kinematics of the specimen by analysing the mid-span deflections, deflections along the span,
and overall deformed shapes at different load stages. These analyses also include observing the onset of
nonlinearity in load-displacement plots and the progression of shear cracks. The results indicated that the
response of slender beams is closely associated with the kinematics of the critical shear cracks and that the
crack kinematics can be used to further develop kinematic models that form the basis of crack-based
assessments.

EXPERIMENTAL PROGRAM

The research aims to utilize crack kinematics as the fundamental inputs for developing a kinematic model
and advancing crack-based shear assessment frameworks. The experimental setup was designed to capture
and investigate shear crack kinematics (like crack widths, crack slips, and crack angles) and global
behaviour (like deformed shape) of shear-critical reinforced concrete slender specimens. Six large-scale
reinforced concrete specimens, the KSB series, having dimensions 7010 mm x 355 mm x 1016 mm, were
constructed at the Constructed Facilities Lab at North Carolina State University. The specimens were
designed to represent existing reinforced concrete beams that require assessment. Size effect, which
significantly influences shear capacity, makes it challenging to compare the behaviour of small specimens
without transverse reinforcement to that of real-life structures. Using large-scale dimensions in the
experiment is aimed at providing a more realistic representation of the shear behaviour of actual beams.

Table 1: Summary of KSB specimens.

Test depth,d | a/d A Px (%) p= (%)
Specimen (mm) (MPa) | Longitudinal Reinforcement Transverse reinforcement
(f, = 617 MPa) (f, =520.5 MPa)
KSB1 939.8 292 | 28.8 0.61 (4-#8 bottom) 0
KSB2 845.6 3.24 | 28.6 1.28 (6-#8 bottom+ 12-#5 0
distributed)
KSB3 895.4 3.06 | 28.6 0.96 (6-#8 bottom) 0
KSB4 895.4 3.06 | 28.8 0.96 (6-#8 bottom) 0.04
KSB5 850.9 3.22 | 26.8 1.52 (9-#8 bottom) 0.08
KSB6 806.5 3.40 | 26.8 2.13 (12-#8 bottom) 0.13

The concrete cylinder strength (f.) ranged from 26.8 MPa to 28.8 MPa. The geometrical and
reinforcement detailing of the specimens are summarized in Table 1 and are presented in Figure 1. The
series included specimens both with and without transverse reinforcement such that different shear crack
patterns could be obtained in the series. Specimens KSB1, KSB2, and KSB3 were designed without
transverse reinforcement. Specimens KSB4, KSBS5, and KSB6 with longitudinal reinforcement ratios of
0.96%, 1.52%, and 2.13% respectively were provided with different amounts of shear reinforcement. The
specimens with shear reinforcements were designed expecting to exhibit more pronounced shear cracks and
branches before shear failure. Reinforcement detailing for each specimen is shown in Figure 1.




28" International Conference on Structural Mechanics in Reactor Technology
Toronto, Canada, August 10-15, 2025
Division V

2743.2 #3 @ 508 mm cic

==304.8 2743.2 15240 2 #5 bars 15240 [ 27432 —3pgg 27432

\
e [ = 632
e | avavars 00 |||| ‘ ‘ ‘ | ‘ T | ‘ ‘ ‘ ||| [ 6 #8 bars
53,5 o [ o e e e s e s s e e e e e 1 HH ﬁ
50.8—:304.8 =304.8 | 508 {'50.6—304.8 —304.8 | 762
7010.4 355.6 7010.4 355.6
Beam KSB1 Beam KSB4
#3 @ 508 i
15241 3048 152,41 12 #5 bars 152.4, 3048 50807 B2 M 5 s bars
e ez |— T B
| 2Te!
1016.0 - |6 #8 bars 10160 9 #8 bars
LS q,[_‘___ —=—="| R | 63 “_E____ —==c] 835
{506—304.8 0104 =048 [ fE2 {50.6—304.8 — L I
Beam KSB2 Beam KSB5
15241 =304.8 152.4 2 #5 bars 15240 —304.8 —304.5 #3 @3048mmcic 2 #5 bars
10488 . B#abars 10160 12 #8 bars
50.8—304.8 304, 2 == =
1 7010.4 i 7 1 3048 | |yor o

Beam KSB3 gg;z%-'KSBG

Figure 1. Detailing of KSB Series Specimens.

The specimens were tested in a three-point bending setup, allowing either of the shear span to fail
under loading. The specimens were loaded in stages to be able to record changes throughout testing. The
load was increased in increments and was paused in between the increments to mark and measure the cracks
manually. Three string potentiometers were located at the bottom face of the beam along the length: one at
the centre of the total span and 2 at centre of the shear spans. To acquire high quality crack information,
infrared light emitting diodes (LEDs) were used on one side of the beam and three-dimensional Digital
image correlations (DIC) equipment were utilized on the other side of the beam, see Figure 2. LEDs and
DIC monitored the three-dimensional displacement field throughout loading.

Figure 2. Test setup with LEDs (left) and DIC (right).

EXPERIMENTAL OUPUTS

The specimens KSB1-KSB6 failed in shear with distinct shear cracks. Figure 3 shows the load-displacement
plots for each specimen with their peak load values highlighted. With the increase in amount of
reinforcement among the specimens, the peak load increased. Specifically, KSB6 failed at the highest load
of all the specimens reaching a load of 1227 kN. Though the failure load of KSB3 and KSB4 was almost
equal (529 kN), their crack shapes differed significantly, highlighting the importance of evaluating actual
crack geometry for accurate assessment.
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Figure 3. Load-displacement plots for KSB1-KSB6 tests.

KSB1, KSB2, and KSB3 did not contain transverse reinforcement. Failure in these tests was abrupt
and brittle due to critical shear crack that appeared suddenly and was not present or marked during the
earlier load stages. A single dominant shear crack led to failure, as shown in images in Figure 4.

KSB3

Figure 4. KSB1-KSB3 specimens at failure.
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The formation of shear cracks was influenced by the amount of shear reinforcement provided in
the specimens, see Figure 5. In tests KSB4, KSB5, and KSB6, which tests specimens with shear
reinforcement, shear cracks appeared early, providing more warning of failure. In these specimens, shear
failure occurred as the shear cracks widened and extended with increasing load. Specimen KSB4, having
shear reinforcement as little as half of the minimum shear requirement by ACI 318-19 (with single-legged
US #3 stirrups spaced at 508 mm) also exhibited shear cracks before peak load.

Figure 5. KSB4-KSB6 specimens at failure.

In the KSB1 to KSB6 tests, the initial loading resulted in flexural cracks at the bottom of the
specimens. With additional load, the flexural cracks widened, and some flexural cracks extended further,
connecting with the inclined cracks. This was observed in all the specimens. Figure 6 shows the progression
of flexural cracks (circled in red) for the KSBI1 test with the increase in load from 311 kN (left) to 356 kN
(right).
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Figure 6. Progression of flexural crack with loading in KSB1 test.

Capturing Global Behaviour of Specimens from DIC data.

The availability of full field of view DIC displacement data allowed plotting of the overall deformed shape
of the specimen at different load stages. The plot of the deformed shape (magnified 25 times) was obtained
by selecting the discrete points in a grid of 200 mm x 200 mm. The goal is to explore different parameters
that could contribute to developing relationships for kinematic models. Global properties of the specimens
like the mid-span deflections, deflections along the span, and overall deformed shapes were investigated at
different load stages. The series of deformed shapes as shown in Figure 7 and 8 helped visualize the changes
with the increase in loading and influence of the shear crack in the deformed shape of the specimen. It is
important to note, as seen in Figure 7 for KSB1, that the shear cracks observed in the earlier load stages
may not necessarily lead to failure. However, such early cracks affect the deformed shape of the beam.

Therefore, analysing the behaviour throughout the loading, including the peak load, helps interpret the
deformation pattern obtained at the failure.
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Figure 7. Deformed Shape of KSB1 from DIC displacement data.
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Figure 8. Deformed Shape of KSB4 from DIC displacement data.

From the plots as in Figure 7 and 8, a significant curvature around mid-span region was observed,
suggesting the significance of rotational degrees of freedom. To further investigate the rotational behaviour,
vertical planes spaced at about 200 mm along the length of the beam were selected and the relative angle
between adjacent vertical planes was calculated from the deformed displacement field obtained from DIC
data. The plot in Figure 9 shows the variation of relative angles along the length of the beam for specimens
KSBI1 to KSB6 highlighting higher angles around the mid-span. This analysis of relative angle served as a
preliminary basis for exploring potential degree of freedom in the kinematic models.
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Figure 9. Variation of angle between the vertical planes along the length of KSB specimens at peak load.

The displacement parameters along the x and y directions were also analysed by comparing the
actual deformed shape of the beam with simplified deformations. These simplified deformations considered
either vertical displacement alone or horizontal displacement alone. In figure 10 a), the actual deformed
shape of the beam (blue grid) is compared with the simplified deformation where only vertical
displacements are considered (green grid). In the green grid for Figure 10 a), the x-coordinates of the points
were equal to the initial coordinates (at zero loading), and only the vertical displacement contributed to the
deformation. The comparison showed that the vertical-only deformed shape closely matched with the actual
deformed shape suggesting vertical displacement (y-direction) to be the main component for the beam's
deformed shape. Horizontal displacement (x-direction) was comparatively negligible for most regions of
the beam. However, in regions with significant shear cracking (as in the right shear span for KSBS5 in Figure
10), the deformation becomes more complex, with both horizontal and vertical displacements contributing
locally.
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Figure 10. Deformed shape comparison with isolated translations for KSBS.

The analysis of the deformed shapes, mid-span deflections, and relative rotations identified
parameters, namely significant curvature around the mid region of the beam and dominant vertical
displacements.

Crack Kinematics from DIC displacement field data
The parameters, namely, crack width, slip, and angles, are commonly used to characterize cracks in

reinforced concrete structures. To compute these parameters for the shear cracks in the KSB test series,
full-field displacement data obtained from DIC was used.

DIC data combined with the ACDM, an open-source MATLAB-based program developed by Gehri
et al. (2022), was utilized to map the crack. In the ACDM, the principle tensile strain fields obtained from
DIC post-processing are input, and the high strain regions are identified as crack locations to map the crack
patterns, see Figure 11. Using the mapped crack coordinates and the DIC displacement data of points on
either side of the crack, a rigid body kinematics-based method was applied to calculate crack parameters
for segments along the crack path, see Palipana (2023).

Figure 11. DIC principle tensile strain field as input and ACDM output as crack patterns.
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In Figure 12, the failure shear crack for the KSB4 specimen has been discretized into segments of
length 10 mm. The plot shows each of the segment’s crack width in mm (with magnification of 25 times to
visualize the variation of crack width along the crack length). As expected, the crack width was observed
to be smaller in the region of longitudinal reinforcement and near the compression region.
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Figure 12. KSB4 Failure crack line with crack width at peak load (529 kN).

The plot in Figure 13 shows variation of crack width and crack slip for KSB6 at different loads
over the beam height. Again, the crack widths were small towards the top of the beam, varies in the middle
height region, and decreases in bottom (the region where the longitudinal reinforcement controls the crack
widths). The variations of crack slip along the height of the specimens were difficult to interpret as they
have sudden jumps in its value due to the changes in the angle of crack segments, see Figure 13 for KSB6
specimen.
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Figure 13. Crack width (left) and crack slip (right) variation along the height for KSB6.

The variability of crack parameters along the length and across the height, highlights the complexity
of shear cracks in reinforced concrete slender beams. In addition, specimens with higher shear
reinforcements, KSB5 and KSB6, had more complexity in the crack patterns with multiple crack branches
in the failure shear crack. Such complexity of shear crack patterns and variability of crack properties shows
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the need of crack-based shear assessment methods that uses real crack shape and measurements as direct
input.

CONCLUSION AND FUTURE WORKS

The data generated using the DIC displacement field data have provided preliminary knowledge and
visualization of how different kinematic degrees of freedoms along the beam length vary. Also, the ability
to map and compute crack parameters for every shear crack and its branches in the specimen enables a
detailed evaluation of how changes in crack shape influence the shear behaviour of the beam. The presence
of shear crack introduced discontinuities in the analysed degrees of freedoms. Therefore, to accurately
represent the kinematics of shear-critical slender beams, it is essential to evaluate degrees of freedoms
parameters like displacement and rotation locally. Therefore, this analysis emphasizes the need for a global
and localized kinematic formulation for shear critical slender beams. The long-term goal is to obtain a
kinematic model that defines the deformation pattern of the beam and incorporates observed shear crack
properties so that it can be used for crack-based assessment of shear critical members in nuclear facilities.
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