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Abstract: Leading design codes provide models for predicting flexural and tensile crack widths of
reinforced concrete (RC) members but fall short of a prediction model for determining shear crack widths.
The absence of a reliable model for shear cracks not only affects serviceability in conventionally reinforced
members but also presents a barrier to integrating eco-efficient materials, such as high-strength steel (HSS),
into the design of concrete structures. As a result, the Australian Standard (AS3600-2018) limits the yield
strength of stirrups to 500 MPa for reinforcement if crack widths are not checked, and recommends that for
strengths greater than 500 MPa, crack widths be checked using a suitably validated model, with no particular
model being specified.

To address this gap, this study examines the applicability of existing crack width prediction models in reliably
determining the widths of diagonal cracking of panels tested in pure shear. An iterative analysis is proposed
to characterise service cracking behaviour in elements with HSS from existing panel data without the need
for extensive testing. Selected shear crack models in the literature and the design standards are then
evaluated against a dataset comprised of 113 reinforced concrete panel tests representative of elements
with transverse HSS reinforcement. The results indicate that current models overestimate diagonal crack
widths by at least 44%, which inhibits the adoption of HSS in practice due to perceived serviceability
concerns. Subsequent modelling compatible with the Australian Standard’s existing formulae is
recommended to inform service limit state design of RC structures and facilitate the integration of HSS as
an eco-efficient stirrup material.
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1. INTRODUCTION

High-strength steel (HSS) reinforcement is emerging as a key innovation in economical and sustainable
design of reinforced concrete (RC) structures. In addition to offering higher strengths, incorporating HSS
reinforcement can lower material costs by up to 11% (1). From a sustainability perspective, using less
material translates to lower embodied carbon, considering the effects of material transportation and lighter
construction (2). In a recent study, substituting HSS for mild steel in RC columns of a 19-story building in
NSW resulted in a 16.7% reduction in embodied carbon (3). Other studies suggest that even larger
reductions in the environmental impact of up to 45% could be achieved by utilising HSS in construction (4).

Despite the eco-economic advantages of HSS, current design code provisions for their use remain under
development and require calibrated, material-specific design models (5). One key area of improvement is
the provision of shear crack widths under the service limit state (SLS). In the absence of an acceptable
crack width prediction model, design codes often limit the yield strength of shear reinforcement. For
instance, the American Concrete Institute (ACI 318) does not allow the use of HSS as shear reinforcement
unless in the form of wires with smaller diameters, in which case the strength can be up to 550 MPa. This
highlights a lack of a reliable crack control model (6,7). Similarly, the Australian Standard (AS3600) limits
the yield strength of stirrups to 600 MPa reinforcement if crack widths are checked, for which no models are
suggested (8).

In studying the serviceability design of beams, Foster et al. (9) observed that existing models, primarily
calibrated against flexural and tensile cracking in elements with mild steel, tend to consistently overestimate
shear crack widths by as much as 60% when HSS stirrups are used. This significant overestimation would
erroneously associate inadequate crack control with HSS stirrups, potentially inhibiting their practical use.
Adopting HSS as a shear reinforcement thus necessitates a refined investigation targeting diagonal shear
cracking in elements containing HSS, as undertaken in this study. To better assess and improve current



prediction models, it is also essential to evaluate diagonal shear cracks in elements isolated from flexural
effects.

While beam elements serve as a validation in serviceability models, many shear formulations in the literature
are initially based on panel tests to yield strong analytical models. This approach is mainly due to the uniform
strain conditions, which isolate shear cracks from the influence of other force actions. As such, panels can
directly represent web-shear behaviour of RC beams and can be modelled as elements taken from a thin-
web girder centroid at points of contraflexure (10). This makes panels valuable for studying diagonal shear
cracking behaviour. Accordingly, this study utilises RC panels tested in pure shear to assess existing crack
width formulations and inform subsequent modelling efforts centred on HSS.

Most shear panel tests available in the literature, however, comprise concrete elements reinforced with
conventional steel. A review of pure shear panel experiments reveals that only 7% contain HSS in both
longitudinal and transverse directions, with none featuring HSS solely as transverse reinforcement.
Consequently, existing semi-empirical crack width formulations, calibrated against these tests, target the
serviceability range observed for elements with reinforcement yield strengths up to 500 MPa (9). Any further
extension to higher strengths would require substantial testing, which may be impractical due to the
complexity and cost of pure shear test setups. To promote a fair representation of higher strengths, this
study adopts an alternative approach that captures the service-level cracking behaviour of HSS-reinforced
members using existing experimental data through an iterative analysis.

2. METHODOLOGY

2.1 Panel Data Collection

To establish a robust experimental benchmark for assessing existing crack width models, a dataset of pure
shear experiments is compiled from the literature. This dataset encompasses over 150 load stages recorded
across 47 conventionally reinforced concrete panel experiments conducted between 1981 and 2018 at the
University of Toronto, the University of Houston, and ETH Zurich (11-22). The panels were reinforced in
both the longitudinal and transverse directions and subjected to pure shear loading, resulting in diagonal
shear cracks that formed without the influence of other force components.

It is worth noting that the dataset is limited to load stages occurring before the yield of reinforcement for two
primary reasons. First, the similitude of HSS and conventional steel holds only within the linear elastic range,
beyond which yielding leads to crack localisation that cannot be directly modelled. Second, according to
AS3600 and other standards, stirrup yielding is not expected at the serviceability limit state. Therefore, the
dataset includes only load stages within the linear elastic range of transverse steel, from which those
representative of HSS behaviour are selected using the method outlined below.

2.2 HSS Representation

It is recognised that conventional and high-strength steel exhibit a similar constitutive behaviour within the
linear elastic range, up to the yield strength of mild steel. However, for elements containing HSS, the
serviceability limit state occurs at higher strains. If the higher steel strain at service remains within the elastic
range of an equivalent conventionally reinforced element, the cracking behaviour of the two can be
considered comparable. This assumption is based on the premise that bond behaviour — governed by rib
configuration, diameter, and reinforcement ratio — remains unchanged. With this simplification, existing
shear panel data can be used to represent the cracking behaviour of high-strength steel reinforced
elements.

The compiled panel dataset, which is mainly comprised of conventionally reinforced elements, is analysed
to identify load stages equivalent to the SLS condition of high-strength steel. First, the material and
geometric properties of each panel are replicated in equivalent elements, but with a specified yield strength
of the transverse reinforcement ranging from 550 MPa to 800 MPa. This range covers the typical yield
strengths of commercially available HSS, with characteristic values up to 750 MPa. For a comparison rooted
in crack mechanics, the strains of these HSS-equivalent elements, both concrete and steel, are then
determined at service and subsequently matched against corresponding experimental data.

To achieve this, the stress and strain state of panel elements at SLS must be computed for each panel.
Foster et al. previously developed an iterative procedure for beam elements, in which equilibrium,
compatibility, and constitutive laws were established according to the Modified Compression Field Theory
and conforming to AS3600 (8,9,19). This method enables estimation of the stress/strain state of beams at



a given design service load. In this study, a similar approach is adopted and extended to panel elements to
estimate concrete and steel strains at service loads defined as 40% to 60% of nominal strength. A detailed,
step-by-step outline of this SLS iterative procedure with modifications to suit panel elements is provided in
the appendix.

Once the SLS conditions of these panels are determined, the transverse steel and concrete principal tensile
strains are matched to the corresponding data in the shear panel dataset. This ensures a direct equivalence
can be drawn between mild and HSS reinforcement, considering the key strain variables influencing crack
formation. As a result, 113 experimental data points are matched to represent the serviceability of shear
panels reinforced with high-strength transverse steel and are used to evaluate existing crack width
prediction models from the literature and leading design standards.

2.3 Existing Diagonal Crack Width Prediction Models

Table 1 outlines the four models selected for evaluation in this study. This includes two shear frameworks,
the MCFT and the CMM, featuring semi-analytical crack models (23, 24). The evaluation herein also
includes Eurocode’s calibrated model for shear cracking and an extended version of the Australian
Standard’s model developed for flexure and adapted here to estimate shear crack widths (8, 25). This
extension acknowledges, however, that the mechanisms and governing parameters for shear and flexural
crack width development can differ significantly.

Table 1. Evaluated Crack Prediction Models.
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Most of the reviewed shear panel experiments suffice to report only the average crack widths, which limits
the scope of this study to evaluating average cracking behaviour. Consequently, only crack width models
that predict average values are directly applicable without modification. Among the considered models, the
MCFT and Eurocode provide average crack width models that can be used as is. In contrast, the CMM and
the AS3600 are characteristic models and, thus, require further adjustments to align with experimental data.
The CMM, for example, estimates the maximum crack spacing, which is often converted to the average
value using a modification factor (26). In this study, a factor of 1 = 0.69 is adopted following a statistical
analogy of crack spacing distribution to “Rényi’s Parking Problem” (27), consistent with recent developments
in the CMM framework (28).

Further, the provisions in AS3600 are specifically applicable to flexural and tensile cracking. To extend these
provisions to diagonal shear cracks, a pure tensile strain profile is assumed. This assumption enables the
calculation of directional crack spacing parameters (longitudinal and transverse), which are then combined



trigonometrically, similar to the MCFT, to determine the characteristic spacing of diagonal cracks. The
original CEB-FIP formulations, which underpin the Australian code, have historically used a factor of 1.7 to
convert average crack spacing to characteristic cracking behaviour (29). Accordingly, this study applies a
conversion factor of 1 = 1/1.7 = 0.59 to the characteristic AS3600 model. This ratio is deemed appropriate
due to the uniform strain distribution observed in panel elements that form comparable distributions for crack
widths and spacings.

3. RESULTS AND DISCUSSION

With the modifications presented above, the selected prediction models are evaluated against load stages
representative of the serviceability limit state in HSS-reinforced elements. While the selection of these load
stages involves an iterative analysis based on a semi-analytical shear framework, the final data used for
both estimating and comparing crack widths are entirely empirical in nature. This provides a basis for the
experimental validation of existing shear crack width models in the context of transverse high-strength steel
(HSS) reinforcement. Figure 1 summarises the performance of selected models by comparing
experimentally observed average crack widths with predicted values.
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Figure 1. Performance of existing models in predicting SLS diagonal crack widths of RC

panels with high-strength transverse reinforcement.



Across all models, crack widths are consistently overestimated for HSS-equivalent panel elements. The
mean model error (ME) — defined as the ratio of predicted to experimental values — indicates an average
overestimation of roughly 44% in the MCFT and CMM, and up to 57% in design code models. The
magnitude of this error, as indicated by the root-mean-squared-error (RMSE), is observed to be at least
0.25 mm, which is roughly the average width observed in an element whose characteristic crack width has
reached the limiting threshold (0.4 mm) commonly used in design standards (6,8). With a mean error as
large as the serviceability limit, the models further exhibit relatively dispersed predictions as reflected by the
coefficient of variation (CoV), underscoring inconsistency in model performance.

Overall, the results suggest that existing models are insufficient in capturing the variation in experimental
shear crack widths adequately. These findings for panels are consistent with the similar study involving
beam elements with HSS stirrups (9), which confirms that existing models are systematically over-
conservative for service shear design of members with HSS transverse steel. Consequently, this could
hinder the practical use of high-strength steel as stirrups, since the overestimated crack widths would
suggest a serviceability disadvantage compared to mild steel.

The consistent overestimation, as evident in roughly similar mean model errors (MEs), may be partly
attributed to the original calibration of these formulations. Although the evaluated semi-analytical models
have been extended to diagonal cracking, they were primarily developed and validated using flexural and
tensile crack data. To improve their applicability, a similar calibration may be performed using experimental
data on diagonal crack widths. However, any scalar adjustment imposed on average width models must
account for the distribution of crack widths within an element to be compatible with characteristic width
formulations relevant to the design. In the absence of distributed cracking data in the reviewed studies,
alternative methods, such as those outlined in reference (30), are recommended to capture a
comprehensive distribution of diagonal shear cracking for calibration and modelling purposes.

4. CONCLUSIONS

Concrete structures reinforced with high-strength steel (HSS) offer advantages by reducing material costs
and environmental impact. However, major design standards such as AS3600 and ACI 318 do not provision
the use of HSS as transverse reinforcement, lacking a reliable crack width prediction model for shear-critical
elements. Studies on existing models have shown a tendency to overestimate shear crack widths in beams
with HSS stirrups, raising serviceability concerns that limit the practical adoption of HSS in design.

To more accurately evaluate the performance of existing models and investigate potential improvements,
this study focuses instead on reinforced concrete panel elements subjected to pure shear loading. These
panels eliminate the confounding influence of flexure, offering a more precise assessment of diagonal
cracking behaviour. To this end, a dataset comprising over 150 load-crack data points recorded across 47
panel experiments is compiled from the literature. Further, an iterative analysis is employed to identify load
stages corresponding to the serviceability limit state of HSS-reinforced elements, thereby avoiding the need
for extensive testing. The findings confirm that even under pure shear conditions, existing models
overestimate the average diagonal crack widths by at least 44%, indicating a conservative bias. This
observed overestimation underscores the need for a refined diagonal crack width model that considers high-
strength steel reinforcement.
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7. APPENDIX — SLS ITERATIVE ANALYSIS PROCEDURE FOR RC PANELS
Step 1: Calculate the shear stress at SLS: Say, vgerpice € [0-4 Vaominarr 0-6 Vaominarl-

Step 2: Calculate longitudinal strain, &, sryice that corresponds to SLS with an initial guess of €, ,ominai-

L S 300 1
Sxe =y +16 (1)
04 1300 )
F=1 + 1500, 1000 + sy, @)
6, = (29° + 7000¢ )(0.88 e )< 750 (3)
v x 2500/ ~
P N (4)
7 cotd,
g, = Lserviee OO Ja1 asuming e, & £ = & (5)

PxEs

Step 3: Estimate a value for concrete principal tensile strain, ¢;.

€1 & +5%107% (6)

Step 4: Calculate principal tensile stress, f.; and ensure compatibility with MCFT’s “crack check”.

0.33/f/
—ne > foi/E 7
fer =91+ 500¢, fe 2 fer/ Ee (7)

Ec *Ec1) €1 < fct/Ec
Step 5: Estimate stress in transverse steel, f;,. An initial guess may be used to start the iteration.

Step 6: Calculate shear contribution of concrete and steel. An initial guess may be used to estimate stress
in transverse steel, f;,.

8
Vsteel = Psz fsz cot (6,) (8)
9
Veoncrete = fe1 €Ot (6y) ©)
10
Vtotal = VUsteel T Vconcrete (10)
Step 7: Calculate principal compressive stress, f,.
— (11)
fez = [tan(B,) + cot(0,)] Veorar — fer
Step 8: Calculate the crushing strength of concrete considering compression softening effects.
f (12)

Jame: =55 170,

Step 9 [Condition]: Check that the calculated principal compressive stress, f., is below the crushing limit
of concrete f.y max- If foo < feamax, CONtinue to step 10. If £, > f., max, the concrete fails with the assumed
£.1; 9o to step 3 and reduce ¢,.

Step 10: Calculate/update principal and longitudinal strains.



€= 0.002(1— [1 _ S (13)
c2.max

e = Uservice COth - fcl (14)

* pxEs

£ = £,(1 4 cot2(8,)) + £, cOt?(6,) (15)

Step 11 [Condition]: Check if principal tensile strains calculated in steps 10 and 3 equal to a certain
tolerance. If €¢; (109) = £c1 3y, continue to Step 12. If €¢; (10) # €c1 3y, 1€t €01 = €¢1 (10) @Nd repeat Steps 4 to
11. Iterate until the calculated strains are within a selected tolerance.

Step 12: Calculate transverse steel strain and stress.

) tanz(ev) (16)

1+ tan?(9,)

foz =Es €, < fszy

&, =

(17)

Step 13 [Condition]: Check if transverse steel stresses calculated in steps 12 and 5 are equal to a certain
tolerance. If f, (1) = f;; (s5), continue to Step 14. If f;, (15) # f,, (5), let fs, = f,, (12) and repeat Steps 5 to 12.
Iterate until the calculated steel stresses are within a selected tolerance.

Step 14 [Condition]: Check equilibrium and whether the desired external load is resisted. If vy yice (1) =
Veotal (6), CONtinue to Step 14. If Veeryice (1) # Veoral (6): FEPEAL Steps 6 to 14 with a new estimate for 6,,. Iterate
until the calculated shear stresses are within a selected tolerance.



