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4 Results and comparison

Several response quantities were monitored within the benchmark program, including the
global load—displacement (LD) response and selected local measurements. In the present paper,
the discussion is centered mainly on the global load—displacement diagram and the observed
failure character, which are the most relevant quantities for assessing the predicted structural
response and eventually the governing criteria in the structural design. Other monitored
guantities are presented along with the experiment and other participants’ results and are briefly
commented. Overall, the comparison is very good for the global response and satisfactory for
most monitored quantities.

The obtained LD diagram (Figure 10) shows a very good agreement with the experimentally
observed global response, especially with respect to the ultimate load level and the overall shape
of the response curve. Since the ultimate load is one of the most important quantities from the
engineering point of view, this agreement can be considered the main indicator that the adopted
modelling strategy was appropriate for the analyzed structure. The numerical simulation
predicted failure at a maximum load of approximately 505.5 kN against peak load in the
experiment which was 508.32 kN (see comparison in Figure 10b).

Comparison of the rest of the monitored quantities are shown in Figure 11. Horizontal axis
always shows the central deflection of the slab, the vertical differs in every diagram and depicts
the monitored quantity: (a-c) displacement at point 2, 3 and 4, (d) maximal crack width in the
measured DIC region, (e) average compressive strain at the specified point on the bottom
surface, (f) average tensile strain at the specified points in reinforcement bars.

Simulation LD diagram

Load [kN]

15 20 25 30

Central deflection [mm]

(@) (b)

Figure 8: Simulation response — LD diagram of the slab response prediction on its own (a) and
with comparison of the experimentally obtained curve and predictions of other
participants (b)
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Figure 9: Results of monitored criteria. Horizontal axis is always Central deflection
measured at Point 1 [mm] compared against: (a) deflection at Point 2, (b)
deflection at Point 3, (c) deflection at Point 4, (d) maximum crack width at
the DIC region, (e) average compressive strain at measured points, (f)
average tensile strain in the bars at measured points (red curve is presented
model result, blue is the average experiment result, grey are other

participants’ results)
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The character of failure corresponded to punching, which is consistent with the expected
governing mechanism of the tested slab. Figure 12 shows the comparison of the simulation
failure criteria along with the picture of the section of the specimen (slab 2) after the experiment
(Barros, et al., 2025). Visually assessed and compared (Figure 12, Figure 13), punching failure
character and crack pattern obtained in the analysis is in close agreement with the experiment
result.

Principal Strain

[UEES

[-]
0.246
0.216
0.185
0.154
0123
0.022
0.062
0.031
0.000

Deformation scale:

Tirme: 317.000

ATENA,

164 W, 8.8.1.21517
License 4001
Cervenka Consulting

(b)

Figure 10: Failure comparison to experiment results; (a) shows the failure character in the
simulation, (b) shows photo of the specimen (slab 2) after the experiment (Barros, et
al., 2025), red lines on photo and model picture are of same inclination and
illustrate the similarity of crack pattern

Figure 13a and 13b show the crack pattern comparison. The 90° cracks developing from
center outwards are quite severe and agree with the experiment as well as the 45° cracks
developing from center to the corner of the slab. Slight differences can be observed in the central
area where the photo shows a square-like or circular cracks open whereas in simulation, the
cracks localize differently.
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Figure 11: Crack pattern width of the slab at peak load (top view); (a) photo from experiment
(Barros, et al., 2025), (b) ATENA simulation results (crack width)

5 Discussion

Comparison of the presented prediction with the available experimental load-displacement
response and other observed quantities show that the conservative fitting strategy adopted for
the tensile softening law did not lead to an unnecessarily low estimate of the slab capacity. On
the contrary, it provided a realistic prediction of global resistance while preserving the expected
punching-type failure mechanism. This observation supports the assumption that, for members
governed by shear or punching, calibration based on mean material-test response may be too
optimistic, whereas a lower-bound fit can lead to a more robust structural prediction.

The model LD response is slightly stiffer in the range of approx. 5 ~ 12 mm of central
deflection. This part is driven mostly by bending and the difference might be explained by
omitting the initial shrinkage of the structure.

In the Figure 11, quite a satisfactory comparison of simulation and experimental results can
be observed with exception of tensile strain in the top reinforcement bars (Figure 11f). This fact
can be explained by the different localization of the cracks in the middle area where in the
experiment, it can be seen that the crack is perpendicular to the flexural reinforcement which
explains the jump in reinforcement strain in the experiment diagram. This jump did not happen
in the simulation most likely because the central crack did not localize perfectly in
perpendicular direction of the bar but is rather inclined and is about 45° from the bar (as was
shown Figure 13).

It is also noticeable that most of the predictions follow the underestimation of the strains
which proves that an exact localization prediction is an extremely difficult task and the
prediction of local strains is highly sensitive to the exact crack path and its localization.

529



Y FRC2026: Budapest Fibre Reinforced Concrete —
QacCl from Design to Structural Applications
CEB-FIP FI Em

Joint ACI-fib-RILEM International Workshop

6  Conclusion

Blind prediction benchmarks are a valuable way to verify nonlinear FE models and modelling
assumptions for FRC structures. In the present study, the punching resistance of a steel fiber-
reinforced slab was predicted in ATENA using a tensile softening law calibrated approximately
to the lower-bound round-panel response, following experience from previous shear-dominant
benchmark studies. This strategy proved appropriate, since the obtained load—displacement
response showed very close agreement with the experiment, including nearly identical load-
carrying capacity. Most monitored quantities also showed satisfactory agreement, with the
exception of the tensile strain in the reinforcement bars, where local crack localization likely
played an important role. The predicted punching failure mode and crack pattern were also in
good qualitative agreement with the experimental observations. Overall, the results confirm that
conservative, mechanism-aware calibration can improve the reliability of nonlinear simulations
of FRC members subjected to shear- or punching-dominant loading.
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Abstract

Quality control of steel fibre reinforced concrete (SFRC) is strongly influenced by the
distribution of fibres within the material and by the uncertainty associated with its measurement.
The inductive method is a rapid and non-destructive approach of estimating fibre content;
however, its application in decision-making remains limited due to the lack of clearly defined
conformity criteria. This study presents a statistical approach based on experimental data for
quality control based on inductive measurements. An experimental programme was conducted
on mixtures with fibre contents of 20, 40 and 60 kg/ms3. An experimental A(—Cs regression
model was fitted to relate total inductance variation to fibre content, and its associated
prediction uncertainty was quantified through residual analysis, showing an approximately
normal distribution. The experimental results were reinterpreted as production batches,
enabling the definition of acceptance criteria based on tolerance intervals. In addition, Monte
Carlo simulations were implemented to propagate the prediction uncertainty associated with
the fitted regression model and quantify the probability of acceptance of each batch. The results
show that fibre dosage variability has a significant impact on quality control outcomes. Within
the investigated mixtures, more stable behaviour was observed at intermediate dosages, while
increased dispersion was observed at low dosages and in mixtures where non-uniform fibre
distribution was intentionally induced to assess the robustness of the method. The main
contribution of this work is to present an approach to fit simple linear regressions between the
inductance and fibre content and conformity criteria oriented to a preliminary quality control.
The proposed methodology enables inductive measurements to be used as a practical decision-
making tool and represents a preliminary step towards establishing a rational basis for
acceptance and rejection in quality control applications, pending further validation under
broader production conditions.

Keywords

Steel fibre reinforced concrete, inductive method, quality control, probabilistic analysis, fibre
content
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1 Introduction

Steel fibre reinforced concrete (SFRC) has gained increasing relevance in structural
applications due to its enhanced mechanical performance, particularly in terms of crack control,
ductility and post-cracking behaviour. This has enabled their use as a partial or total
replacement of conventional reinforcement in a range of structural applications. [1], [2], [3]

The structural performance of SFRC is strongly dependent on the actual fibre content
and its distribution within the concrete matrix. Variations in fibre dosage may lead to significant
differences in residual strength, toughness and crack control capacity, directly affecting both
serviceability and ultimate limit states [4], [5]. Therefore, ensuring the correct fibre content
during production is a key aspect of quality control.

Traditional quality control methods for fibre reinforced concrete are typically based on
destructive procedures, such as fibre extraction and weighing, or on indirect mechanical tests
(EN 14721, [6]). Although these methods provide reliable results, they are time-consuming,
labour-intensive and difficult to implement under real construction conditions, where rapid
decision-making is required (ACI 544.3R, [7]).

In this context, non-destructive techniques based on magnetic induction have been
developed as an alternative for estimating fibre content in concrete. These methods rely on the
interaction between steel fibres and an applied magnetic field, allowing a reliable estimation of
fibre content [5]. Previous research has shown that the inductive method can provide accurate
estimations of fibre content when properly calibrated, with relatively low prediction errors [8].

In practice, quality control requires not only estimating fibre content but also
determining whether a given batch complies with predefined acceptance criteria. This involves
explicitly accounting for both material variability and measurement uncertainty, which are
recognised as key factors influencing the mechanical performance and reliability of SFRC [4],

[5]

Even when the average fibre content is close to the target value, local variability may
significantly affect structural behaviour, particularly in terms of residual strength and crack
control capacity [9], [10]. From a statistical perspective, this highlights the need to incorporate
uncertainty into engineering decision-making, using tools such as confidence intervals,
hypothesis testing and probabilistic analysis.

In this context, the present study proposes a statistical and probabilistic framework for
the quality control of SFRC based on inductive measurements. The approach combines the
fitting of a regression curve based on experimental results including the associated uncertainty.
The experimental results produced in this research are reinterpreted to represent simplified
production scenarios, enabling the evaluation of acceptance and rejection criteria as a function
of sampling size and variability. Both deterministic and probabilistic approaches are considered
in order to assess the reliability of the inductive method as a decision-making tool in quality
control of SFRC.
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2 Experimental programme

2.1  Materials and mix design

The mixtures were prepared with CEM II/A-L 42.5 R cement, well-graded aggregates, and
suitable plasticisers to achieve low water-to-cement ratios and ensure adequate workability,
including self-compacting behaviour.

High-strength hooked-end steel fibres (60 mm in length and 0.9 mm in diameter, with
a tensile strength of 1,550 N/mm2) were incorporated at nominal fibre content (Csnom) 0f 20, 40
and 60 kg/ms3, hereafter referred to as M20, M40, and M60 respectively. For each fibre dosage,
a total of 35 cubic specimens with dimensions of 150 mm were cast. The mix proportions are
summarised in Table 1, while the specimen preparation procedure is illustrated in Figure 1.

Table 1. Concrete mixture (in kg/m?)

Component M20 M40 M60
Cement 470 470 470
Sand 0/4 mm 1186 1186 1186
Fine gravel 4/10 mm 169 169 169
Coarse gravel 10/20 mm 339 339 339
Water 188 188 188
Additives 7.0 7.7 8.9
Fibre 20 40 60

The specimens were cast under controlled laboratory conditions to minimise external
sources of variability. After casting, the specimens were cured under standard conditions until
testing. The number of specimens was selected to allow a robust estimation of variability within
each mixture. The dataset provides sufficient statistical representation to analyse variability and
support the proposed quality control approach.

It should be noted that, in addition to representing different fibre dosages, the M60
mixture was intentionally produced under less controlled mixing conditions to induce a higher
level of variability in fibre distribution. This experimental choice was made to evaluate the
robustness of the inductive method under non-uniform conditions that might occur in real
production conditions. In contrast, the M20 and M40 mixtures were produced under controlled
conditions without intentionally introducing additional variability.

= A e ol ,/._ ~
b) Slump test, ¢) and d) Production process of cubic
specimens.

Figure 1. SFRC mixes. a) Steel fibres,

S 7

2.2 Inductive measurements

Fibre content was evaluated using a non-destructive inductive method based on the variation of
magnetic inductance caused by the presence of steel fibres within the concrete matrix. This
technique requires the fitting of a regression line between fibre content and inductance variation
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measured in a reference sample set of specimens produced with the targeted steel fibre (this
fitting process has to be repeated for each fibre). This approach has been widely used for the
estimation of fibre content in steel fibre reinforced concrete, showing good accuracy when the
relationship between the inductive response and the actual fibre content is properly
calibrated.[4], [5]

For each specimen, inductance measurements were carried out along three orthogonal
directions, denoted as ALx, AL, and AL . These measurements account for the influence of fibre
orientation on the inductive response, which has been identified as a key factor affecting
inductive-based estimations [4], [5]. The measurements were performed using the
SmartFibreC® device. The total inductance variation was obtained as the sum of the three
components, according to Equation (1).

A=A +A +A (D)

The relationship between inductance and fibre content can be expressed through
Equation (2).

= 2= A = A (2

where isthe fibre content, is a calibration parameter, and A is the total inductance
variation. In practice, scatter around this ideal relationship may arise from the uncertainty
associated with the inductive response, including the sensitivity of the magnetic field, the
position of the specimen within the device and other measurement-related conditions. To
determine the actual fibre content, a destructive procedure was carried out on selected
specimens. The specimens were crushed, and the fibres were extracted and weighed. The real
fibre content was computed using Equation (3).

c. == 0

where is the mass of extracted fibres and V is the volume of the specimen. The
measurements were performed on hardened concrete specimens, ensuring stable conditions and
minimising the influence of fresh-state variability. The inductive method enables accurate and
precise measurement without damaging the specimens, making it particularly suitable for
quality control applications [4].

However, the estimation of fibre content from inductive measurements is subject to
uncertainty associated with the measurement process and with the calibrated relationship
between AL and Cy. This uncertainty must be quantified and considered in the subsequent
statistical and probabilistic analyses.

2.3 Dataset used for fitting the AL—Cf regression and data reinterpretation for
quality control

A subset of specimens was selected to fit the experimental relationship between the total
inductance variation, AL, and the actual fibre content, Csrear. The inductive device was not
calibrated in this study; instead, a simple linear regression model was fitted using specimens
for which both the inductive response and the actual fibre content obtained by destructive fibre
extraction were available. The dataset used for fitting the regression model is reported in Table
2, while Figure 2a provides its graphical representation together with the fitted regression line
and the physical zero-fibre reference point. This zero-fibre point was included only to illustrate
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the physical consistency of the relationship and was not used to fit the regression model or to
calculate the prediction error metrics. For the selected specimens, the actual fibre content was
determined by crushing the specimens, recovering and weighing the steel fibres, and dividing
the recovered fibre mass by the specimen volume. The fitted model expresses fibre content as
a function of the measured total inductance variation, and the residuals were subsequently used
to quantify the prediction uncertainty associated with the fitted regression model.
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Figure 2. @) Relation between inductance change and fibre content and b) Inductive method.

Table 2 Dataset used for fitting the A.—Cs regression model: total inductance variation, recovered
fibre mass, actual fibre content obtained by destructive extraction, predicted fibre content and relative

error.

Speci AL Recovered fibre Ct real Cr pred ’
pecimen (mH) mass (g) (kg/m3) (kg/ms) (%)
20-03 7.33 67.0 19.85 19.66 -1.0
20-07 5.37 52.5 15.56 14.28 -8.2
20-12 6.63 58.0 17.19 17.74 3.3
20-19 6.57 59.0 17.48 17.56 0.5
20-29 5.27 52.0 15.41 14.01 9.1
20-33 12.30 95.5 28.30 33.23 17.4
40-31 14.13 109.5 32.44 38.23 17.8
40-34 12.67 128.5 38.07 34.23 -10.1
40-35 22.87 204.0 60.44 62.09 2.7
60-07 24.07 2335 69.19 65.37 -5.5
60-16 13.47 130.0 38.52 36.41 -5.5

Although the experimental program was conducted under controlled laboratory
conditions, the dataset was reinterpreted to simulate real production scenarios and bridge the
gap between laboratory measurements and practical quality control. Specimens were grouped
into batches of three samples, representing typical sampling procedures in concrete production.
This approach enables the evaluation of within-batch variability and provides a more realistic
basis for assessing compliance with the target fibre content. It also supports decision-making
based on representative samples and forms the basis for defining acceptance and rejection
criteria at the batch level, as developed in the following sections.

The total uncertainty associated with the inductive estimation can be conceptually
decomposed into three main contributions: (i) intrinsic material variability, (ii) measurement
uncertainty associated with the inductive device, and (iii) fitting uncertainty associated with the
AL—Ct regression model.
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2.4 Fitting an experimental linear regression C¢— AL for quality control

The relationship between inductance and fibre content was obtained by fitting a simple linear
regression model to the dataset reported in Table 2 and graphically represented in Figure 2a. A
linear regression model was adopted (Equation 4).

=2.732A —0.379 (4)

where Cspred 1S the predicted fibre content (kg/m?) for the AL measured. The statistical
significance of the model was assessed through the standard error of the slope coefficient (SEg),
the relative uncertainty of the slope expressed as CoVp = SEg/B, its associated p-value and the
coefficient of determination. The value of CoV[ was approximately 5.7%, indicating a
relatively low uncertainty in the fitted slope coefficient. The linear regression model showed a
high goodness of fit, with R2=0.977, and the slope was statistically significant, confirming the
strong relationship between inductance variation and fibre content. The fitted intercept was
slightly negative (—0.379 kg/m3); however, it was not statistically different from zero (p = 0.83),
and the prediction interval at AL = 0 included zero. Therefore, this value only reflects the
uncertainty of the regression close to the origin and has no practical implication within the
investigated range. Although the variability increased with fibre content, a simple linear
regression was retained as a first operational approximation for quality control purposes. A
weighted regression could provide a more rigorous estimation in future work; however, the high
coefficient of determination, the absence of systematic trends in the residuals and the
exploratory nature of the proposed quality-control framework support the use of a simple linear
regression in this study.

The prediction uncertainty was quantified through the standard deviation of the
residuals of the fitted regression model, defining intervals associated with individual estimates
of fibre content rather than with the mean response. This is consistent with quality control
applications, where decisions are based on individual measurements.

The residuals (resi) were computed according to Equation (5).
e= -

where Cireal IS the fibre content obtained through destructive testing (kg/ms3). The
residuals provide a direct measure of the estimation error and allow the uncertainty associated
with the inductive method to be quantified.

These residuals exhibited a mean value close to zero, indicating that the model is
essentially unbiased. The standard deviation of the residuals was approximately 3.14 kg/mé,
which represents the uncertainty associated with the inductive measurement method and
corresponds to the fitting error. The distribution of residuals showed a symmetric pattern around
zero, suggesting normality. This indicates that the variability observed is predominantly random
with no drift or systematic error embedded. To further assess the predictive performance of the
model, the relative error was calculated using the same sign convention according to Equation

(6).
(%) = ; (6)

The comparison between measured and predicted fibre contents, together with the
corresponding is presented in Table 2. Additional validation data are not available within the
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scope of the present study; however, the fitting dataset reported in Table 2 and the residual
analysis shown in Figure 3 provide the experimental basis for assessing the reliability of the
method.

Global error metrics were also evaluated. The mean absolute error (MAE) was
approximately 2.33 kg/ms, while the root mean square error (RMSE) reached 2.99 kg/m3. The
mean absolute percentage error (MAPE) was approximately 7.48%. Based on these results and
considering previous studies on the inductive assessment of fibre content in SFRC [3], [4], a
preliminary operational tolerance of £10% around the nominal fibre content was adopted. This
threshold was selected on the safe side as an illustrative acceptance criterion for the proposed
quality-control framework and should not be interpreted as a structurally calibrated limit. The
adopted tolerance is slightly higher than the MAPE obtained for the fitted regression model,
providing an additional margin to account for prediction uncertainty and practical variability in
quality-control applications.

This level of accuracy is consistent with the requirements of quality control applications,
where the objective is to support decision making, although further validation under varied
production conditions is required.

Based on the residual analysis, the estimated fibre content can be expressed in probabilistic
termsas = +¢, wheree N(0,0%) with o = 3.14 kg/m3. The normality assumption of
the residuals was assessed using both the Q-Q plot shown in Figure 3a and the Shapiro-Wilk
test. Considering the 11 specimens used for the curve fitting and excluding the physical zero-
fibre reference point, the Shapiro-Wilk test yielded W = 0.922 and p = 0.336; therefore, the
normality assumption could not be rejected at the 5% significance level. In addition, the
relationship between inductance and residual error was examined, as shown in Figure 3b,
confirming the absence of systematic trends or curvature and supporting the validity of the
linear model and the independence of residuals.

Sample Quantiles
Residuals (kg/m?)

b

T T T T T T T T T T T T T T T
-1.5 —-1.0 —-0.5 0.0 0.5 1.0 15 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Theoretical Quantiles AL (mH)

—6 1 —6 ®

Figure 4. (a) Q-Q plot of residuals and (b) residuals as a function of total inductance variation.

3  Experimental results and discussion

3.1 Fibre content variability

The estimated fibre content obtained by using the linear regression model is presented in Figure
4. A statistical summary is provided in Table 3. Although the mean values remain close to the
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nominal dosages for M20 and M40, the key aspect is the dispersion of the data, which governs
the reliability of quality control decisions.

The coefficient of variation (CoV) confirms that variability (intra-batch dispersion) is
present in all mixtures, with M20 showing slightly higher relative dispersion than M40. In
contrast, the M60 mixture exhibits the highest variability, both in absolute and relative terms.
This behaviour is not solely the result of random variability, but is partly associated with
intentionally induced heterogeneity during specimen production. As described in Section 2.1,
the M60 mixture was produced under less controlled mixing conditions to assess the robustness
of the proposed method under unfavourable conditions.

o5
(o

100 100 o = Mixture mean

80 4 80 4

60 4

. =

M20 M40 MGO M20 M40 MGOD
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Figure 5. (a) Distribution of estimated fibre content and (b) fibre content per specimen
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Table 3. Statistical summary of estimated fibre content

Statistic M20 M40 M60
Number of specimens, (n) 35.0 35.0 34.0
Mean (kg/m?) 21.3 40.5 54.3
Median (kg/m3) 19.7 39.2 52.9
Standard deviation (kg/m?) 4.7 7.8 14.7
Coefficient of variation (CoV, %) 22.1 19.2 27.1
Minimum (kg/m3) 13.9 27.2 35.7
Maximum (kg/m?) 33.2 62.1 90.0
Interquartile range (kg/m3) 6.2 10.0 22.0

Since the full set of specimens corresponding to each mixture was analysed, the observed
differences cannot be attributed solely to sampling variability. In particular, the lower mean
value obtained for the M60 mixture reflects a systematic deviation (drift) is attributed to
deviations in the actual fibre dosage and the intentional non-uniform fibre distribution imposed
in this batch. These observations highlight the importance of explicitly considering variability
when interpreting fibre content measurements and assessing compliance with target values.

3.2 Influence of sample size on acceptance results

The acceptance criterion was evaluated as a function of sample size. Starting from three
specimens, the sample size was increased up to the total number of specimens for each mixture
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(n = 35). For each sample size, 10,000 random subsets without replacement were generated to
eliminate the dependency on a specific grouping. The mean fibre content of each subset was
evaluated against the acceptance criterion defined by a preliminary operational tolerance
interval of £10% around the nominal value, adopted in this study as an illustrative criterion for
assessing the proposed framework. This value corresponds to the theoretical target fibre dosage
and should not be interpreted as a general acceptance limit for all SFRC applications. The use
of the sample mean as an estimator is consistent with standard quality control practices;
however, for small sample sizes, the mean may be affected by high dispersion and may not be
fully representative of the batch. In such cases, the statistical power of the acceptance criterion
is reduced, increasing the likelihood of accepting non-compliant batches (Type Il error). The
proportion of subsets satisfying this condition represents the probability of acceptance. Figure
5 shows the evolution of the acceptance probability as a function of sample size for each
mixture.

100 —
90
80
70
60
50

Acceptance probability (%)

40 —0— M20
30 —o— M40
20 M60
10
0
3 8 13 18 23 28 33

Sample size (n)
Figure 6 Probability of acceptance versus sample size for different fibre dosages.

The results indicate that the acceptance outcome is strongly influenced by the number of
specimens considered. For small sample sizes, the probability of acceptance shows significant
variability, reflecting the influence of sampling uncertainty; in this context, it is important to
remark that the standard error of the sample mean is inversely proportional to the root sample
size (Vn). Thus, as the sample size increases, the acceptance probability tends to stabilise and
the statistical power of the assessment increases, reducing the likelihood of Type Il errors, while
the probability of Type I error remains governed only by the selected significance level, a.

Among the analysed mixtures, the 40 kg/m3 dosage exhibits the highest probability of
acceptance over most of the investigated range, indicating relatively stable behaviour. In
contrast, the M20 mixture and the M60 -batch produced under intentionally non-uniform
conditions- showed lower acceptance probabilities, reflecting higher variability in fibre
distribution. Therefore, the results obtained for M60 should not be interpreted as a general effect
of the 60 kg/m3 fibre dosage alone, but as the combined effect of high fibre content and
intentionally induced heterogeneity during production.

3.3  Statistical interpretation of acceptance criteria

A statistical framework was adopted to evaluate the reliability of quality control decisions based
on inductive measurements. The limitations associated with small sample sizes were evaluated
through hypothesis testing and probabilistic interpretation, in connection with the results
presented in Section 3.2.
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A Student’s t-test was performed considering a significance level of 5%. However, due to
the limited number of specimens (e.g. n = 3), the statistical power of the test is low and may
fail to detect significant deviations from the nominal value. For instance, a batch with an
average fibre content of 16.1 kg/m?3 for a nominal value of 20 kg/m?3 yielded a p-value of 0.053,
which does not lead to rejection at the 5% significance level despite the evident deviation. This
behaviour agrees with the results presented in Section 3.2 and indicates that decisions based on
small samples may not be statistically reliable. In this context, tolerance-based criteria provide
a more robust and operational approach for quality control.

For each sample size, 10,000 realizations were generated by randomly sampling specimens
from the experimental dataset and propagating the prediction uncertainty of the fitted regression
model through a normally distributed error term, € ~ N(0,02), where o = 3.14 kg/m3 corresponds
to the standard deviation of the residuals of the fitted regression model. The probability of
acceptance was computed as the proportion of simulated batches satisfying the +10%
acceptance. The acceptance probability was obtained as the percentage of simulated subsets
satisfying this criterion, as summarised in Table 4

Table 4. Probability of acceptance as a function of sample size (Monte Carlo simulation)

Number (?:Spemmens M20 (%) M40 (%) M60 (%)
3 54.0 65.8 40.4
5 61.7 78.7 49.3
10 70.7 93.8 60.5
15 77.7 98.9 69.1
20 83.4 100.0 74.4
25 91.8 100.0 82.8
30 99.2 100.0 91.6
35 100.0 100.0 100.0

The results show that the probability of acceptance increases with the number of specimens
considered, reflecting the reduction of sampling uncertainty. For small sample sizes, the
acceptance outcome is highly variable and depends strongly on the specific specimens selected.
As the sample size increases, the results stabilise and converge towards a consistent assessment
of compliance.

The differences between mixtures are also evident. The M40 mixture exhibits a rapid
stabilisation and reaches full acceptance for relatively small sample sizes, indicating low
variability. The M20 mixture shows a progressive increase in acceptance probability, while the
M60 mixture presents lower acceptance levels and a slower convergence, reflecting its higher
variability and the intentionally induced heterogeneity.

This probabilistic interpretation complements the deterministic analysis by providing a
quantitative measure of the likelihood of compliance. It also reinforces the limitations of
hypothesis testing in small samples and highlights the importance of considering both sampling
size and measurement uncertainty in quality control applications.

3.4 Discussion and decision-making framework

The results indicate that variability is the governing factor in the quality control of steel fibre
reinforced concrete. Mean values alone are not sufficient to describe material performance, as
the dispersion of fibre content directly affects both deterministic and probabilistic acceptance.
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The results presented in Sections 3.2 and 3.3 show that both sampling size and measurement
uncertainty must be considered jointly to ensure reliable decision-making.

Incorporating uncertainty provides a more robust basis for decision making, as it accounts
for both central tendency and measurement uncertainty. In this study, this is achieved through
the combined use of tolerance-based criteria and probabilistic analysis, which allows the
limitations of purely statistical tests to be addressed.

As stated in Section 3.2, the acceptance threshold of £10% of the nominal fibre content was
adopted as a preliminary operational tolerance to evaluate the proposed quality control
framework. This threshold should not be interpreted as a calibrated acceptance limit accounting
for structural reliability, since its direct relationship with residual mechanical performance has
not yet been established. Future work should link this tolerance to structural performance
indicators and operational control curves. At the same time, the experimental results exhibit
coefficients of variation between 19% and 29%, indicating significant intrinsic variability. This
highlights that material variability is of a higher order than measurement uncertainty, and
therefore must be explicitly considered in acceptance decisions.

The limitations of hypothesis testing for small sample sizes further support this approach.
The t-tests showed low statistical power and may fail to detect non-compliant batches, whereas
tolerance-based criteria provide a more robust and practical procedure. The probabilistic
approach complements this by quantifying the likelihood of acceptance. The Monte Carlo
simulation combines the variability observed in the experimental dataset with the uncertainty
associated with the regression model, providing a probabilistic interpretation of acceptance
decisions within the scope of the available experimental observations.

The results also show that increased variability may significantly affect quality control
outcomes, particularly under highly non-uniform fibre distribution conditions, such as those
intentionally induced in the M60 mixture to assess the robustness of the proposed approach.

Concluding remarks

This study proposes a statistical and probabilistic framework for the quality control of SFRC
based on inductive measurements. The results confirm that the inductive method provides
reliable estimations when properly calibrated. The proposed acceptance criterion is based on
fibre content control and should be linked to residual mechanical performance before being
used as a structurally calibrated limit.

e The experimental analysis demonstrates that variability in fibre content governs quality
control outcomes. While mean values remain close to nominal dosages, dispersion
significantly affects batch acceptance, highlighting that compliance cannot be assessed
solely on average values.

« Within the investigated mixtures, the results show that more stable behaviour is obtained
at intermediate fibre dosages, whereas lower acceptance levels are associated with both
low dosages and conditions of increased variability. In particular, the behaviour observed
in the M60 mixture reflects the response of the proposed framework under intentionally
induced non-uniform fibre distribution, confirming its sensitivity to unfavourable
conditions.

e The incorporation of probabilistic methods allows measurement uncertainty to be
explicitly considered and provides a more robust basis for decision making compared to
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traditional deterministic or hypothesis-testing approaches, particularly when limited
sample sizes are involved.

The proposed methodology enables the transformation of inductive measurements into a
practical decision-making tool for acceptance and rejection, supporting the definition of
rational and transparent acceptance criteria in quality control applications.

Future work should focus on linking fibre content variability with structural performance
indicators, enabling the definition of acceptance criteria directly based on mechanical
behaviour. The applicability of the proposed framework is currently limited to the tested
fibre type and dosage range, and further studies are required to assess its generalisation to
other materials, fibre types, and production conditions.
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Effect of fibre orientation and hook type on the tensile response
of FRC

Ahmed Hamed?, Mério Pimentel !

1. CONSTRUCT, University of Porto, Faculty of Engineering, R. Dr. Roberto Frias, s/n
4200-465 Porto, Portugal.

Abstract

The tensile behaviour of fibre-reinforced concrete (FRC) is strongly influenced by fibre
orientation, fibre properties, and fibre—matrix interaction. This work presents a predictive
model based on detailed pull-out mechanics, incorporating the geometry of fibre end hooks and
their inclination relative to the crack plane. To simulate the response in three-point bending
(3PBT) and direct tensile tests, representative 3D fibre distributions are generated using
probability density functions that define spatial position and orientation. The overall tensile
response is obtained by summing individual fibre contributions under equilibrium and
kinematic assumptions for crack development.

Model predictions are validated against experimental data for concretes with compressive
strengths ranging from 50 to 100 MPa, considering fibres with varying hook-end shapes and
orientation factors. After validation, the model is applied to quantify the benefits of complex
hook geometries and the influence of fibre orientation on tensile performance. Finally, a
practical scaling factor is proposed to account for fibre orientation in post-cracking stress
design.

Keywords

Steel fibres reinforced concrete; double hooked end fibres; tensile behaviour; pull-out
behaviour, analytical modelling; numerical simulation.
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1 Introduction

The structural performance of fibre-reinforced concrete (FRC) is governed by its post-cracking
tensile response, which arises from stress transfer through fibres bridging cracked sections
(Tiberti et al., 2018; Chen et al., 2022). Accurately predicting this behaviour remains
challenging due to the complex interaction between fibre geometry, pull-out mechanisms,
orientation and matrix properties, particularly for concretes reinforced with advanced hooked-
end steel fibres (Abdallah, Fan and Rees, 2018). Over recent decades, advances in fibre
technology and concrete mix design have led to the development of high-performance (Blazy
et al., 2021; Nunes, Pimentel and Sousa, 2021) and ultra-high-performance fibre-reinforced
concretes (Pimentel, Sine and Nunes, 2024), enabling structural applications with reduced fibre
contents and higher matrix strengths. These developments have been supported by extensive
experimental (Tiberti et al., 2018; Gao et al., 2021; Chen et al., 2022) and analytical research
(Laranjeira, Aguado and Molins, 2010; Laranjeira, Molins and Aguado, 2010; Breitenbticher et
al., 2014; Zhan and Meschke, 2014; Abdallah, Fan and Rees, 2018) and are reflected in modern
design provisions. Despite this progress, the accurate prediction of post-cracking tensile
behaviour particularly for concretes reinforced with double hooked-end steel (5D) or 1.5X
hooked end (4D) fibres remains challenging, largely due to the complexity of fibre pull-out
mechanisms and the strong influence of fibre orientation.

This paper aims to assess whether the tensile behaviour of FRC can be predicted with
sufficient accuracy based on steel fibre properties and concrete compressive strength, thus
enabling optimization of mix designs targeting the desired tensile performance classes. To this
end, an integrated analytical and numerical framework is developed to predict both the direct
and indirect tensile responses of FRC. The simulation of fibre distribution and orientation were
implemented to represent the randomness of fibres within a concrete element. The composite
tensile behaviour at cracked sections is obtained from the individual contributions of the fibres,
for which detailed pullout models were developed considering the detailed hook-end geometry.

2 Description of fibre orientation

The mechanical performance of FRC composites is strongly influenced by the spatial
orientation and distribution of the reinforcing fibres (Guenet, 2016; Sine, 2021; Pimentel, Sine
and Nunes, 2024). In the three-dimensional space, a fibre can freely rotate according to the
angles 6 (polar) and  (azimuthal), and all possible orientations describe the surface of a sphere.
The fibre orientation in three dimensions can be described using a probability density function,
assuming fibres are rigid cylinders represented by unit vectors (Sine, 2021). Guenet (Guenet,
2016; Guenet et al., 2016) proposed a bell-shaped probability density function capable of
representing preferential fibre alignment while satisfying the required periodicity conditions.
In this work, this approach is adopted, being the probability density function of the fibre
orientation in the 3D space given in Eqg. (1):

(,)= 25Tcosh (cos cos g+sin cos sin g) (1)

The parameter kq characterizes the sharpness of the function: kg=0 defines a uniform
distribution, and when kg — o, W tends to Dirac Delta function, i.e., the orientation becomes
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unidirectional (1D). The angle Bo defines the direction of preferential fibre orientation. For
details, refer to (Sine, 2021).

The fibre orientation given in eq. (2) is a useful scalar descriptor of the fibre orientation with
direct application on the estimation of the post-cracking tensile strength of FRC:

o = ,— (2)

where is the number of fibres per unit area crossing the plane normal to the i-axis,  is the
cross-section area of a single fibre and is the volumetric fibre fraction.

3  Analytical pull-out model of double hooked end fibres

Previous studies have shown that fibre orientation significantly influences anchorage
performance (Laranjeira, Aguado and Molins, 2010; Laranjeira, Molins and Aguado, 2010),
while more complex hook geometries (e.g., 4D and 5D fibres) generally enhance pull-out
resistance compared with conventional hooks (Abdallah, Fan and Rees, 2018).

The analytical model proposed by Zhan (Zhan and Meschke, 2014; Zhan, 2016) provides a
direct method for calculating the anchorage force provided by aligned single hooked-end fibres
(3D) during the pull-out process. In this analytical model, the anchorage effect of the hooked
end is simulated through a multilinear load—displacement relationship, which represents a
sequence of discrete key states (KS) during the pull-out process. By using the equilibrium of
forces and moments in the segments of the hooked end, the resulting anchorage force is
calculated for every key state, considering the yielding of steel and the damage of concrete
(Zhan and Meschke, 2014; Zhan, 2016).
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Figure 1: key states (KS) during the pull-out for hooked-end fibres.: a) 4D
(d=0.9, =60, f,=1600), b)5D (d=0.9, =60, f,=2300).

An analytical model is developed in (Hamed, 2026) for double hooked-end fibres (4D and
5D) by extending the original model proposed by Zhan (Zhan and Meschke, 2014; Zhan, 2016)
incorporating additional stages to account for variations in hook geometry among the different
fibre types. The pull-out response is described through a sequence of key states representing
progressive hook deformation, straightening, and sliding during extraction. For each key state,
equilibrium and yield or slip conditions are applied to determine internal forces and evaluate
the anchorage contribution of the hook. The frictional behaviour of the straight fibre segments
Is incorporated using the straight-fibre pull-out model also proposed by Zhan (Zhan and
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Meschke, 2014; Zhan, 2016), resulting in a unified analytical description of the pull-out
behaviour. A full description of the model formulation is provided in Hamed (Hamed, 2026).
Examples of the predicted pull-out responses for 4D and 5D fibres compared with experimental
results are shown in Figure 1a and Figure 1b, respectively.

The influence of fibre inclination is accounted for using the model proposed by Laranjeira
et al. (Laranjeira, Molins and Aguado, 2010), which modifies the pull-out response based on
the fibre orientation relative to the crack plane.

4 Experimental program

The flexural performance is investigated using three-point bending test (3PBT), focusing on
hooked-end steel fibres with different hook-shapes (3D, 4D, 5D), varying length, strength, and
volume fractions (0.5% and 1.0%) across different concrete grades (C40, C70 and C100). For
the C40 and C70 concrete mixes, the following materials were used: Type | Portland cement
(CEM 1 42.5R); limestone powder Betocarb® HP-OU (LP); silica fume Elkem 940-U (SF, C70
only); standard sand; granite coarse aggregate (CA); superplasticizer Sika® ViscoCrete® 20HE
(Sp) and tap water. Concerning the study for the high-performance concrete mix (C100), the
same type of cement, LP, SF, Sp and tap water were used. However, a different type of natural
sand is employed, and the CA was replaced by a crushed coarse aggregate (dmax=8mm;
amphibolite rock). Three types of hooks shapes were investigated which included single hook
(3DL), 1.5X hook (4D, 4DL), and double hook (5D). The 3DL Fibre is 60 mm long with a
diameter of 0.9 mm, and a tensile strength of 1160 N/mm2; 4D is 35 mm in length with a
diameter of 0.55 mm, and a tensile strength of 1850 N/mm?; 4DL is 60 mm long with a diameter
of 0.9 mm, and a tensile strength of 1600 N/mmg2; and 5D, is 60 mm long with a diameter of 0.9
mm and tensile strength of 2300 N/mm2.

The slump flow test was carried out according to EN 12350-8. The compressive strength
after 28 days (fc, 28d) was taken as the average of the cube compressive strength evaluated in
three samples. The compressive strength test was conducted according to EN 12390-3. The
3PBT was carried out according to EN 14651:2005 + A1:2007.

5  Test Results

The concrete grades C40, C70, and C100 had slump flows of 742.5 mm, 837.5 mm, and 705
mm, respectively, with corresponding 28-day compressive strengths of 57.8/61.9 MPa, 83/98.2
MPa, and 107.2/122 MPa (cylinders/cubes). Figure 2 and Figure 3 illustrate the post-cracking
behaviour of the various mixes in the 3PBT, represented as the fr -CMOD relationship.
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Figure 2: C40 flexural results with: a) 3DL (0.5, 1%), b) 4DL (0.5%), c) 4D (0.5, 1%).
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Figure 3: 5D fibres flexural results with: a) C40 (0.5, 1%), b) C70 (1%), ¢) C100 (1%).

6  Model for the tensile behaviour of FRCs

In this study, both direct tensile test (DTT) and three-point bending test (3PBT) responses are
simulated. The simulation models steel fibres randomly distributed within a 3D concrete beam
of dimensions LxWxH, with positions generated using a uniform random distribution within
the specimen volume. Fibre orientation is defined by a unit vector and generated using a Guenet
distribution (Guenet, 2016; Guénet et al., 2016), allowing control of anisotropy through the
sharpeness parameter kg (see Figure 1). Boundary effects are considered by identifying and
adjusting the orientation of the fibres located near the specimen walls. This adjustment is
achieved by constraining the allowable orientation angles relative to the normal of the nearest
wall. A single planar crack is assumed and the fibres intersecting this crack plane are identified.
For each crossing fibre, the fibre is divided into two embedded lengths, L1 and Lo,
corresponding to the portions on either side of the crack, while the fibre orientation angle ()
relative to the crack plane is also determined. Each intersecting fibre undergoes a pull-out
analysis, which returns the force—slip relationship for both embedded segments. The shorter
embedded length generally governs the pull-out behaviour, as it reaches debonding and pull-
out first. Using the pull-out model previously described, the fibre bridging effect is obtained

via the summation of the pull-out response of all fibres intercepting the crack.
Fibre Distribution with Mid-span Crack Fibre Distribution with Mid-span Crack

300 300
200 200

100 100

300 600 300 600
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Figure 4: Representation of fibre Distribution in 3D, numerical simulation output showing
influence of variation in kg on the fibre orientation inside an element: a) ky=0,
b) ks=10.
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To evaluate the post-cracking behaviour of FRC in a direct tensile test, the cracks are
assumed to open without any rotation, corresponding to the kinematics that is expected when
fixed-fixed boundary conditions are employed at both ends.

The total fibre bridging force, (), is obtained by summing the interpolated responses of
all fibres, (), resulting from the fibre pull-out simulations assuming that they act
independently:

()= () (3)

=1
The resulting bridging stress is calculated by dividing the summed fibre force by the cross-
sectional area of the specimen:

(H=—2 @

where A=WxH is the specimen cross-sectional area.

The stress contribution of the cementitious matrix () is modelled using an exponential
tension-softening law adapted from Voo and Foster (Voo and Foster, 2003) and used by Ali
Amin (Amin, Ali ,Stephen J. Foster, 2015). The total stress across the cracked section iss then
obtained by superimposing the matrix and fibre stresses:

()= )+ () ()

In structural simulations of bending tests, a sectional analysis is performed considering that
plane sections remain plane. The member cross-section is defined by its width (W) and depth
(D). The characteristic length is taken as the section depth (Ics=D), over which strains develop
and longitudinal displacements are derived from the local longitudinal strains at the crack
section. The section is discretized into n = 200 horizontal layers of thickness Ay. The vertical
coordinate y is defined from the section centroid. The pull-out simulations provide the local
bridging response for each fibre (i) crossing the crack plane, defined by the centroid coordinate

and the pull-out curve [ , ] (crack width—force).

For each curvature increment K, the algorithm determines the neutral axis depth () that
satisfies the axial equilibrium condition:

= B (6)
where is the applied axial force, is the resultant concrete axial force obtained
by integrating the stress distribution, and is the sum of the tensile forces in all active
fibres.
For each layer, the concrete strain is computed as:
()=(C- X (7)

and the corresponding stress ac(€) is obtained through a nonlinear constitutive model, which
accounts for both compression and tension softening. For compressive strains, the stress—strain
relationship follows the structural analysis model proposed in Eurocode 2 (EN1992-1-1).

A fibre is considered active if its depth lies within the tension zone ( > ). For each such
fibre, the local crack width is estimated from the curvature-induced opening:
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=1C = ) | (8)
The corresponding fibre force is then interpolated from the pull-out curve:
= () 9)
The total fibre tensile force is obtained by summing all  values. The neutral axis
depth is found iteratively by the bisection method until the difference between and

the computed total force is below a specified tolerance.
After axial equilibrium is achieved, the section moment is obtained as the sum of the
concrete ( ) and fibre ( ) contributions:

= + (10)

7 Comparison with experimental results

The proposed numerical model was validated against experimental results from both direct
tensile tests (DTT) and three-point bending tests (3PBT). In all simulations, the specimen
geometry, boundary conditions, and material parameters were adopted from the corresponding
experimental studies. To reduce variability associated with random fibre orientation and spatial
distribution, the numerical response was obtained as the average of multiple simulation runs,
ranging from a minimum of ten to a maximum of one hundred runs. An isotropic fibre
orientation was assumed (kg = 0), unless experimental fibre orientation parameters or fibre
counts were reproduced numerically.

Good agreement is obtained with experimental DTT results reported by Susetyo (Susetyo,
2009) and Amin (Amin, 2015) for unnotched specimens reinforced with 3D fibres as illustrated
in Figure 5.
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Figure 5: DTT results of 3D fibres in concrete C1 (f.=59 MPa): a) 0.5%
of (50/0.62), b) 3D (60/ 0.9) 0.4% (63.6 MPa).

Additional validation was performed using experimental 3PBT results. For C40 concrete
with 0.5% fibre content, the model slightly underestimates the experimental response but
captures the overall trend of the flexural behaviour, as shown in Figure 6. The mean numerical
and experimental orientation factors are 0.55 and 0.42 for 3DL fibres, 0.51 and 0.47 for 4DL
fibres.
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Figure 6: C40 flexural results with (0.5% fibre content): a) 3DL, b) 4DL.

For a 1% fibre dosage, very good agreement is obtained for 5D fibres, accurately capturing
both the initial stiffness and post-cracking behaviour. The experimental orientation factors for
5D fibres are 0.68 and 0.59 for C40 and C100 concretes, respectively, compared with a
numerical value of 0.52, as illustrated in Figure 7.
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Figure 7: 5D flexural results with (1% fibre content) of: a) C40, b) C100.

8  Parametric investigation for the tensile behaviour of
FRCs

The influence of hook type on the model predictions was also investigated for three types of
hooked-end fibre. Fibres with a higher number of hooks exhibit greater pull-out resistance and
higher residual strengths, highlighting the important role of mechanical anchorage in improving
the post-cracking behaviour of FRC as shown in Figure 8. The results correspond to 3PBT
simulations using a concrete with a compressive strength of 58MPa and a fibre volumetric
fraction of 0.5%. All the fibres have 60mm length and 0.9mm diameter. The average fibre
orientation factors are 0.56, 0.50 and 0.51 for the 3DL, 4DL and 5D virtual test specimens,
respectively.
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Figure 8: The effect of hook type variation of fibres using 0.5% of fibre content on 3PBT results,
3DL vs 4DL vs 5D.

To account for differences in fibre orientation, the fibre orientation factor o and the fibre
efficiency factor ; were considered. The product of the fibre orientation factor o defined in
Eqg. (2), by the volumetric fibre fraction Vi, represents the total fibre cross-sectional area
crossing the crack plane per unit area. However, not all fibres engage simultaneously and the
efficiency factor 4, accounts for the loss of crack-bridging efficiency associated with fibre
inclination. The fibre efficiency factor ; proposed by Abrishambaf et al. (Abrishambaf,
Pimentel and Nunes, 2017) is given by Eq. (11):

1, =1686. o —0406 0=< ; <1 (11)

This factor links fibre orientation to the effective number of load-carrying fibres and allows
the effective fibre reinforcement ratio to be expressedas o ; . Incorporating 4 significantly
improves the linear correlation between the number of fibres crossing the crack plane and the
predicted mechanical response as shown in Figure 9. This figure shows the results of numerical
simulations considering fibre volumetric fractions Vi= 0.5% and 1% and uniform (kq=0) and
strongly oriented (kg=10) fibre orientation distributions.
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Figure 9: C100 frs flexural response as a function of: a) fibre reinforcement ratio ( o ), b)
effective fibre reinforcementratio( 1 o ).

Finally, the ability of the model to reproduce anisotropic tensile behaviour was assessed by
considering different fibre orientation distributions as illustrated in Figure 10. Increasing the
orientation parameter kg leads to stronger preferential alignment and pronounced directional
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variation in the post-cracking tensile response. While kg = O represents isotropic fibre
distribution, higher values correspond to increasingly anisotropic orientations. The results show
that fibre alignment enhances tensile capacity for the cracks normal to the direction of
preferential fibre orientation, here defined by the angle 0°, while reducing effectiveness as the
crack rotates, as presented in Figure 11a. Figure 11b further demonstrates that the product of
the fibre orientation and efficiency factors, o 1, accurately reproduces the anisotropic tensile
response even in very extreme scenarios with strong fiber orientation, showing good agreement
with the numerical simulations across different crack angles. For each value of kg, the solid
lines represent the ratio of the post-cracking tensile strength at a given crack angle to that at
zero crack angle (oct(0) / oct (6=0)), as obtained directly from the numerical simulations. The
dotted lines represent the corresponding ratio of the combined orientation parameters,
calculated as ( o+ 1)8/( o 1)e=0.

3D Fibre System with Rotating Crack Planes

150 .

100 4

50 -

150

Figure 10: Fibre distribution within cracked section with various cracks inclination using fibre
content of Vi=1% for ky=3.
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Figure 11: Results for same specimen with 1% of 5D hooked end fibres using different kg with
respect to different angle for the crack plane: a) Orientation factor, b) Post-cracking
stress normalized the post-cracking stress of the crack oriented at 0°.
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9  Concluding remarks

This study developed a numerical framework for predicting the tensile behaviour of fibre-
reinforced concrete (FRC) based on the analytical pull-out response of single hooked-end steel
fibres. The model explicitly simulates fibre distribution and orientation within a representative
concrete element and evaluates the composite response by superimposing the pull-out
contributions of fibres intersecting a crack plane, enabling prediction of both direct tensile and
flexural behaviour.

Validation against experimental direct tensile test (DTT) results from the literature and three-
point bending test (3PBT) results showed good agreement across different fibre geometries and
concrete strength classes. The variations in hook geometry demonstrated that fibres with a
higher number of end-hooks (e.g., 5D) achieved superior pull-out performance and residual
flexural strength due to enhanced mechanical anchorage. An engineering approach for scaling
the constitutive law was investigated by explicitly incorporating fibre orientation through the
product o 1 , which can be defined as the effective fibre reinforcement ratio. This allows
capturing the effects of preferential alignment and anisotropy at the meso-scale, and proved
essential for linking fibre orientation to the effective number of load-carrying fibres at the crack
plane. The application of the efficiency factor 4 significantly improved correlations between
fibre count and mechanical response, particularly when orientation distributions varied
markedly. This demonstrates that the constitutive law can be rationally scaled across different
specimen geometries and fibre arrangements.
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Abstract

In traditional Fiber Reinforced Concrete (FRC), fibers are often added to improve the concrete's
resistance to cracking and to enhance its post-crack tensile strength. However, despite these
improvements, there are challenges related to the achievement optimal crack control and
maintaining high performance under various loading conditions. These challenges become even
more pronounced in environments subject to cyclic loading, extreme temperatures, or
aggressive chemicals, where the concrete may experience rapid deterioration.

To address these issues, hybrid FRC, which combines different types of fibers, has emerged
as a promising solution. The combination of macro-synthetic fibers and steel fibers may
produce synergies and advantages to each material; in fact, steel fibers are particularly efficient
for improving the initial post-cracking resistance (especially shorter fibers), while macro-
synthetic fibers are highly effective for bridging cracks for larger crack openings.

The present study aims to investigate the performance of hybrid FRC, incorporating both
macro-synthetic and steel fibers, focusing on its post-crack tensile and flexural resistance. The
idea behind the experimentation is the combination of different fiber materials to obtain
synergies in terms of residual strength and ductility of FRC.

Some case studies of industrial floors having different thickness were numerically analyzed
some selected FRCs for better comparing the role of the different material behavior on the
global response of the slab on grade.

Keywords

Hybrid fiber reinforcement, Steel fibers, macro-synthetic fibers, fiber reinforced concrete, post-
crack strength, concrete industrial floors.
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1 Introduction

Fiber Reinforced Concrete (FRC) is a composite material that has gained significant attention
in the construction industry due to its enhanced mechanical properties as compared to conven-
tional concrete. In fact, the addition of fibers into concrete mixes aims to improve the materi-
al’s post-cracking behavior, limiting crack propagation (fibers create multiple crack-bridging
mechanisms) and increasing the overall durability and toughness [1]. As a consequence, FRC
is widely used in several applications, including industrial floors, tunnel linings and bridge
decks.

However, despite these improvements, there are still challenges for achieving optimal crack
control and maintaining high performance under various loading conditions. These challenges
become even more pronounced in structures subject to cyclic loading, extreme temperatures, or
aggressive chemicals, where the concrete may experience rapid deterioration.

To address these issues, hybrid FRC, which combines different types of fibers, has emerged
as a promising solution [2,3,4,5]. Specifically, the combination of synthetic and steel macro-
fibers, is considered herein for investigating the behavior of hybrid FRC focusing on its post-
cracking tensile and flexural strength [6,7].

Furthermore, some insights into the potential advantages of hybrid FRC in improving the
performance of industrial floors is discussed and some case studies of industrial floors having
different thickness were numerically analyzed for better comparing the role of the material
behavior on the global response of the slab on grade.

2 Hybrid systems of fibers

Fiber efficiency for smaller or larger cracks depends on fiber geometry and material as well as
on the concrete matrix. Material optimization may consider the combination of different (for
material and/or geometry) types of fibers for enhancing structural requirements at both Service
(SLS) and ultimate (ULS) Limit States, including post cracking strength at small and large crack
opening, shrinkage cracking, fire resistance, etc. [2,3].

In particular, the combination of synthetic and steel fibers in FRC aims to take advantage of
the complementary properties of each type of fiber since:

- synthetic fibers enhance early-age crack control and resistance to corrosion; in fact, these
fibers are particularly effective in controlling plastic shrinkage cracks which often occur at early

age [8];

- steel fibers provide an enhanced post-crack strength and are less influenced by creep
phenomena under long-term loading. Therefore, the combination of synthetic and steel fibers
in a hybrid FRC mix activates synergies for enhancing structural behavior, making it well-
suited for applications requiring durability beside the structural capacity.

3  Materials

The main properties of the fibers adopted are summarized in Table 1 while Figure 1 shows the
macro synthetic and the steel fibers used in the experimental campaign.
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Table 1: Geometrical properties of the fibers.

Fiber Type Length Diameter Elastic modulus Tensile strength
Macro synthetic 50 mm 0,4 mm 5.000 MPa 660 MPa

fibers /twisted

Steel fibers/ Hooked | 60 mm 1,00 mm 190.000 MPa 1.230 MPa

(a) (b)
Figure 1:Macro synthetic fibers (a) and steel fibers (b) used in the experimental campaign.

A standard concrete class C30/37 with a consistency class S4 was adopted.Experimental
results.

4 Nonlinear structural analysis of an industrial floor

This section investigates the structural performance of some of the FRC materials introduced
above when used in slab-on-grade construction, where fibers were considered as the only
reinforcement of concrete. A typical industrial pavement, designed to carry storage racks, was
analyzed through nonlinear finite element simulations, focusing attention on the influence of
some key parameters (such as FRC performance and slab thickness) on the overall bearing
capacity of the pavement. To reflect a realistic scenario, multiple rows of storage racks were
arranged in a typical rack configuration, commonly adopted in warehouses to facilitate the
movement of personnel, equipment, and goods. The shelving system was placed on a continuum
jointless slab on grade having dimensions of 25x25 m?. The following sections describe in
detail the properties of the finite element model and report an exhaustive discussion of the
analysis results.

4.1 Pavement geometry

The plan view of the pavement geometry is reported in Fig. 1. The slab is laid on a continuous
subgrade characterized by a Winkler coefficient of 0.1 N/mm?. The racking system consists of
four rows placed symmetrically with respect to the center of the slab. Each row consists of
seven racks, each supported by four base plates measuring 120x120 mm2. According to the
support layout, the base plates are spaced 2.7 m in the longitudinal direction and 1.0 m in the
transverse direction. It was assumed that the load acting on each rack is evenly distributed
among its four supports. Consequently, the two base supports located at the ends of the rows
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carry half the load applied to the intermediate supports. The aisle width is equal to 3 m whereas
the distance of the rows from the borders of the pavement ranges from 3 m to 6 m. The
pavement shown in Fig. 1 represents a single floor area without construction joints. Therefore,
as discussed in the following section, no constraints were applied along the perimeter of the
numerical model, allowing the edges to move freely in the vertical direction, similarly to the
free borders of a real industrial floor. The parametric study considered three different slab
thicknesses, i.e. 150 mm, 200 mm and 250 mm, representative of practical applications. No
conventional reinforcement was included in the slab as fibers were considered the only
reinforcement for concrete. A concrete class C30/37 (Eurocode 2, 2023) was considered.

12.5m 12.5m
E i E
=] | o
] i ©
— Base support:
' 120x120mm
£ - L -
0 !
o !
- - I T
i £
1 I~
p—x == 1 S —_— C\i
i 1.0m
= mE - — Rack
= dimensions
v i — - =
o
6.0m 3.0m 3.0m 3.0m 6.0m

Figure 1: Pavement geometry and racking layout.

4.2 Description of the numerical model

A three-dimensional finite element (FE) model was performed using the commercial software
Diana 10.6 (2022). By considering the double geometrical and loading symmetry, only one
quarter of the slab was modeled, resulting in a reduced slab area with dimensions of 12.5 x 12.5
m?; the FE mesh representing the considered slab portion is depicted in Fig. 2.

A total of 10800 4-nodes isoparametric shell elements, having dimensions of about
120x120 mm?, were used to discretize the model. As shown in Fig. 2, symmetry boundary
conditions were applied along two of the four slab edges to appropriately restrain horizontal
translations and rotations, ensuring that the reduced model replicates the behavior of the full
slab. In order to simulate the behavior of the subgrade, uniaxial no-tension elastic springs were
connected to the mesh nodes perpendicularly to the slab plane. An axial stiffness of 1400 N/mm
was assigned to the springs in order to reproduce the Winkler coefficient (i.e., 0.1 N/mm?q) of
the ground.

In order to assess the design resistance of the floor through non-linear simulation, the partial
safety factor method adopted by the Eurocode 2 (2023) (ANNEX F, clause 7.11.3.4) was
adopted for determining the structural response. According to this approach, the design

558



FRC2026 Budapest: Fibre Reinforced Concrete — ('\
from Design to Structural Applications chll
CEB-FIP r|| Em

Joint ACI-fib-RILEM International Workshop

resistance (Rq) is determined by adopting the design material strengths (fcq) as input parameters
in the analysis. The concrete constitutive laws implemented in the simulations were all based
on the design strength of concrete, calculated by dividing the characteristic strength (fe) by the
partial safety factor for FRC (yr=1.5).

Symmetry
restraints

4-nodes curved shell element

Figure 2: Finite element model of the slab.

The mechanical behavior of concrete was simulated using the “Total strain rotating” model,
based on the concept of distributed cracking (*“smeared crack model’), which allows the tensile
and compressive behavior of the material to be represented in terms of principal stress-strain
laws derived from material characterization tests. A Poisson’s ratio equal to 0.2 and an initial
elastic modulus (Ecm) of 33 GPa were assumed for FRC. The nonlinear compressive behavior
of FRC was represented by means of the stress (fc) — strain (€) parabolic relationship proposed
by the Eurocode 2 (2023) for plain concrete (clause 5.1.6), which is defined by the following
relation:

— 2

= T (=2 <0.35% ; =0 > 0.35% (1)

where: k=1.05-Ecm-€c1/feq;

N = &c/ect;

fea = a-fe/yr = 0.85-30/1.5=17 MPa is the long-term design strength of concrete C30/37,
€c1 = 0.22% is the strain at peak compressive strength.

According to the Annex L of the Eurocode 2 (2023), the tensile behavior of FRC can be
represented by a multilinear uniaxial tensile (fi)-strain (&) law (Fig. 3). Before cracking,
material behavior is governed by a linear law that is fully defined by the design tensile strength
fea=feu/yr=1.33 MPa, which is derived from the characteristic tensile strength fcx=2.00 MPa,
and the corresponding strain gca=Ffcia/Ecm=4x107 %. The bi-linear constitutive law governing
the tensile behavior after cracking is defined by the parameters summarized in Table 4,
including the design residual strengths frt1 er,d and fresera Obtained from the following relations:

1, = o 037 (2
3, = 0 - 057 3 —0.26- 1 (3)
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where fr1d= fri/ye and fraw/yr are the design residual strengths corresponding to the
characteristic residual strengths of the different FRC materials (Table 4); ko and kg are the
parameters accounting respectively for the fiber orientation and the of member size, which are
herein assumed equal to 1. The tensile strains €rts and €rwa result from the following equations:

-05 / (4)
=25 / <2% 5)

where the parameter hi=120 mm is referred to as the “characteristic length” and is
automatically calculated by the finite element program (Diana, 2022) as (Ae)*°, where A is
the area of the individual shell element forming the finite element mesh.
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Figure 3: Typical design stress-strain law for FRC in tension.

Table 4: Parameters defining the design tensile stress-strain relationships of FRC.

MIX fewa Ectd frid frad frod | fraera | €rts | froefd | €Ftua
(MPa)| (%) | (MPa) | (MPa) | (MPa) | (MPa) | (%) | (MPa) | (%)

FRC-2.5-9-0 1.33 4x10°3 0.80 0.95 0.29 0.30 0.42 0.33 2.00
FRC-2.5-8-2 1.33 4x10°3 0.93 0.88 0.37 0.35 0.42 0.26 2.00
FRC-2.5-10-0 1.33 4x10°3 0.88 0.90 0.34 0.33 0.42 0.28 2.00
FRC-5-0-0 1.33 4x10°3 0.90 1.12 0.31 0.33 0.42 0.41 2.00
FRC-0-0-22 1.33 4x10°3 1.17 1.17 0.45 0.43 0.42 0.36 2.00

The parametric study was carried out by considering the five FRC materials reported Table
4 and three different slab thicknesses, namely 150 mm, 200 mm, and 250 mm, resulting in a
total of 15 simulations. The analyses were performed by monotonically increasing the loads
applied to the floor up to the attainment of the maximum resistance. The following section
reports and discusses the results of the numerical study.

4.3 Numerical results

The diagram in Fig. 4 exhibits the response of the different floors analyzed in this study in terms
of the total load acting at the base of each rack support (P) versus the corresponding maximum
vertical deflection in the Z-direction (TDtZ). The curves exhibit an initial linear response, with
stiffness increasing as the slab thickness increases. This linear behavior persists until the onset
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of cracking beneath the rack supports, occurring at load levels of approximately 110 kN,
170 kN, and 250 kN for the 150 mm, 200 mm, and 250 mm thick slabs, respectively. With
regard to the mechanisms governing the global response, all slabs presented similar behavior
regardless of slab thickness and of the material adopted in the simulations. As an example,
Fig. 5 presents the contours of vertical deflection obtained at different loading stages for the
250 mm thick slab made with FRC-5-0-0; the same figure also shows the contours of principal
post-cracking tensile strains (Eknn) detected on the bottom and top surfaces of the floor,
providing insight into crack initiation and propagation as the applied load increases.
Specifically, the segment-like symbols included in the strain contours represent the magnitude
and direction of the principal strains, which are respectively associated with the crack width
and orientation detected on the bottom surface of the slab. Note that in order to get an estimate
of the average crack width, the strain values depicted in these contours must be multiplied by
the characteristic length he:=120 mm defined in the previous section. The results showed that
cracks with a width ranging between 0.1 mm and 0.2 mm appeared beneath the rack supports
at a load of about 190 kN, whereas no crack were detected on the top surface. The cracks on
the bottom surface were all mainly oriented in the X-direction, which corresponds to the shorter
side of the single rack (Fig. 5a). As the load increased, these cracks progressively propagated
along the X-direction and, at a load of approximately 330 kN, a crack with an average width of
about 0.5 mm was present at the bottom surface across the two rows of the racking system
(Fig. 5b). At the same time, a crack width of approximately 0.25 mm formed at the top surface
at an intermediate position between the supports of the same rack. The attainment of the
maximum load-carrying capacity (i.e., 350 kN for a floor having a thickness of 250 mm) was
associated with the development of an extensive crack pattern (Fig. 5¢), characterized by cracks
with a maximum width of 0.7 mm and 0.5 mm at the bottom and top surfaces, respectively.
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Figure 4: Load (P) vs. vertical deflection (TDtZ) response of the floors.

Fig. 6 shows a bar chart summarizing the maximum capacities against slab thickness. The
variation between the maximum and minimum resistance observed for the same thickness was
relatively small. In particular, compared with the floor made with 22 kg/m? of steel fibers only
(i.e., FRC-0-0-22), which consistently exhibited the highest resistance, the other floors showed
a reduction in capacity ranging from 5% to 15%. A comparison among the four materials
containing either only macro-synthetic fibers or hybrid fibers indicates that FRC-2.5-9-0
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exhibited the lowest capacity, whereas the other materials achieved approximately the same
maximum resistance. Overall, however, the performance of these slabs was very similar, as the
differences in maximum capacity were very limited.

Deflection

Crack strain — top surface

Crack strain — top surface

Eknn

1.54e-05
1.03e-05
5.13e-06

1.57e-09

(@) (b) (©)

Figure 5: Contours of vertical displacements (TDtZ) and principal post-cracking tensile strains
(Eknn) of the 250 mm thick floor made with FRC-5-0-0: (a) P=190 kN; (b) P=330 kN; (c) P=350 kN.
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Figure 6: (a) Maximum floor capacity vs. floor thickness (t).

5  Concluding remarks

Experimental results from tests carried out on hybrid FRCs with steel and macro-synthetic
fibers are presented in this paper. Flexural tests were carried out on standard beams with the
aim of better understanding possible synergies between synthetic and steel fibers.

The adopted hybrid FRCs, characterized by a low fiber content, may represent a significant
opportunity for concrete industrial floors that require low mechanical properties due to the high
degree of redundancy.

A nonlinear numerical study was carried out on industrial floors made of different types of
FRC, including hybrid FRCs, without conventional rebars (or welded mesh). Numerical results
show that, due to the similar post-cracking performance of the different FRCs and due to the
high degree of redundancy of the slab on grade, the global response (and thus the global bearing
capacity) of the slab on grade is very similar. Furthermore, the crack opening at the bottom side
of the slab under the rack feet is very small since it reaches a few tenths of a millimeter at
service conditions.
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Abstract

Steel fibre reinforced concrete (SFRC) is increasingly used as a construction material due to
its enhanced post-cracking behaviour and optimized load-transfer mechanisms, with major
applications remaining in industrial floor slabs and tunnel linings. Consequently, the use of
mechanical fasteners in SFRC has grown significantly in recent decades.

With the introduction of the new generation of European Assessment Documents (EADS),
anchors can now be formally qualified for use in SFRC. However, current assessments are
limited to verifying equivalence with normal concrete, preventing the exploitation of improved
mechanical properties - such as increased residual tensile strength - in design. This stands in
contrast to numerous experimental studies that demonstrate superior anchorage performance in
SFRC.

To bridge this gap between experimental findings and design practice, this paper proposes a
performance-based design model for the concrete breakout resistance of anchors in SFRC. The
model links the pull-out capacity directly to the residual flexural strength defined in current
material standards and extends the Concrete Capacity Design (CCD) method by introducing
SFRC-specific parameters. In contrast to existing design provisions, the proposed approach
enables a material-dependent anchorage design that explicitly reflects the advantageous
behaviour of SFRC.

The validation is based on an extensive data set comprising own experimental investigations
and published test results. The comparison of predicted values with literature data for both
tensile and shear loading - considering single as well as grouped anchors - shows a strong
correlation. This confirms the predictive accuracy and robustness of the proposed model for
estimating concrete breakout capacity in SFRC.

Keywords

Performance-based model, steel-fibre reinforced concrete, concrete breakout failure, residual
flexural strength
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1 Introduction

Steel fibre reinforced concrete (SFRC) is increasingly used in structural and non-structural
applications due to its improved post-cracking behaviour and residual tensile strength (Maidl
1995). The crack-bridging action of steel fibres enhances the load-transfer capacity across
cracks and can improve the resistance of structural components governed by concrete fracture
(Mechtcherine 2010, Holschemacher et al. 2017).

Applications such as industrial floors, tunnel linings, and foundation slabs frequently require
the use of post-installed anchors. Although several investigations have demonstrated improved
anchorage performance in SFRC, the influence of key parameters such as embedment depth,
fibre content, concrete strength, and edge distance has not yet been systematically investigated.
Consequently, current assessment and design approaches generally treat SFRC as equivalent to
conventional concrete and do not explicitly account for its enhanced post-cracking behaviour
(Eligehausen et al. 2006).

To address this gap, the present study combines experimental investigations with literature data
to develop a performance-based design approach for the concrete breakout resistance of anchors
in SFRC. The proposed model explicitly considers SFRC material properties and their
contribution to concrete-related failure modes.

2  State of the Art

Steel fibre-reinforced concrete (SFRC) is produced by adding discrete steel fibres to the fresh
concrete mixture, where they are randomly distributed within the concrete matrix. After
cracking, sufficiently embedded fibres bridge the crack faces and transfer tensile stresses across
the crack, thereby improving the residual tensile strength, ductility, and post-cracking
behaviour of concrete (Maidl 1995; Holschemacher et al. 2017). The influence of steel fibres
on the load-bearing capacity of uncracked concrete (State 1) is generally limited. Their primary
contribution becomes significant after cracking (State I1), where fibres bridge the crack faces,
transfer tensile stresses across the fracture zone, and hinder crack propagation and crack
opening (Holschemacher et al. 2017; Reinhardt 2010; Schniitgen 2005).

Commercial steel fibres are available in various geometries, including straight, wavy, and
hooked-end fibres. Typical fibre lengths range from 25 to 60 mm, with aspect ratios between
approximately 45 and 80. The effectiveness of the fibres generally increases with fibre content
and fibre aspect ratio, although higher values may reduce workability (Holschemacher et al.
2017; Wietek 2017). Hooked-end fibres are the most commonly used type because their
mechanical anchorage provides improved bond behaviour and pull-out resistance (Abdallah
2017; Spyridis et al. 2022).

Steel fibre dosage is usually expressed in kg/m? or as a volume fraction. Typical amounts range
from 15-60 kg/m? for conventional concrete and 30-80 kg/m3 for shotcrete applications. At
higher fibre contents, measures such as the use of superplasticizers may be required to ensure
adequate workability and homogeneous fibre distribution. To reduce the risk of fibre balling,
the maximum aggregate size should generally not exceed one third of the fibre length
(Holschemacher et al. 2017).
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The design of SFRC members may be carried out according to the DAfStB Guideline "Steel
Fibre Reinforced Concrete” (DAfStB 2021), while industrial floors can be designed in
accordance with the DBV Guideline for Steel Fibre Reinforced Industrial Floors (DBV 2013).

Anchorage in SFRC

The increasing use of steel fibre reinforced concrete (SFRC) in industrial floors, tunnel
linings, precast elements, and foundation slabs has led to a growing demand for reliable
fastening systems. The behaviour of cast-in and post-installed anchors in normal-strength
concrete (C20-C50) has been extensively studied over the past decades. These investigations
have led to the development of analytical approaches, most notably the semi-empirical Concrete
Capacity Design (CCD) method, which is widely used to predict the concrete breakout capacity
of fasteners (Fuchs et al. 1995). The CCD method has been adopted by major design standards
for fastening systems (fib Bulletin 58 2011, EN 1992-4 2018, ACI 318-11 2008). However, the
incorporation of steel fibres modifies the fracture behaviour and mechanical response of
concrete, which may influence the failure mechanisms and load-bearing capacity of anchored
connections. Therefore, the applicability of the CCD method to SFRC and its potential
extension for predicting concrete breakout resistance require further investigation.

The cracking process of anchorages in SFRC undergoing concrete cone failure under tension
loading is depicted schematically in Figure 1 (Eligehausen et al. 2006 and T6th et al. 2019). For
anchors in plain (unreinforced) concrete (left), the transfer of stresses across the crack (caused
at the end of the anchor by the introduction of load from the anchor) is generally dependent on
the crack width and only possible at the crack tip by cohesion. Meanwhile, in the case of steel
fibre reinforced concrete (right), the stresses can be transferred across the crack by the steel
fibres and their crack-bridging effect, even at larger crack widths.

(@) . (b)

Figure 1: Anchorage (bonded) crack propagation under tension loading depending on concrete type,
(a) plain concrete (Eligehausen et al. 2006), (b) steel fibre reinforced concrete (Vita 2024)

Numeros studies have investigated the load-bearing behaviour of anchors installed in SFRC.
Early research on post-installed and bonded anchors generally reported little or no statistically
significant increase in load capacity compared with plain concrete, often attributing this to the
non-uniform distribution and orientation of steel fibres (Walter and Amman 1992, Klug et al.
2002, Gesoglu et al. 2005). Nevertheless, some investigations observed moderate
improvements in concrete breakout resistance and ductility, particularly when concrete failure
governed the response (Kurz et al. 2012, Coventry et al. 2011, Cattaneo and Muciaccia, 2015),
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while studies on cast-in anchors, anchor channels, and headed fasteners reported capacity
increases of up to 40-80 % and enhanced post-peak behaviour due to the crack-bridging effect
of the fibres (Nilforoush et al. 2017, Vidyaranya 2019, Mahrenholtz et al. 2019). More recent
work has also confirmed that bonded anchors in SFRC exhibit installation performance,
resistance, and crack sensitivity comparable to those in conventional concrete (Téth et al. 2019,
Spyridis et al. 2022, Vita and Sharma 2021, 2023). In addition, Téth et al. (2019) performed a
comprehensive evaluation of existing test data and identified key parameters governing the
beneficial effect of steel fibres on anchor performance. Their analysis demonstrated that
significant increases in ultimate load can be achieved when specific geometric criteria are
satisfied and anchors failing by concrete cone breakout. Based on these findings, a design
approach incorporating an increase factor for SFRC, given in Equation (1), was proposed and
validated in Téth et al. (2019). However, the proposed formulation remains conservative, as
several influencing parameters, such as embedment depth, concrete strength, and edge distance,
are not explicitly considered.

—+1<125 (1)

where Kiipre is the amount of steel fibre in kg/m?3 with a minimum allowable value of 30 kg/m?®.

Consequently, although the available results indicate that steel fibres can positively influence
anchorage performance under certain conditions, additional research is needed to improve the
understanding of fastening behaviour in SFRC and to support the development of performance
based design methods.

Although a considerable amount of experimental research on anchors in SFRC has been
conducted, the influence of key parameters such as fibre content, embedment depth, concrete
strength, and edge distance has not yet been systematically investigated. As a result, the
underlying mechanisms that enhance concrete breakout resistance in SFRC are not fully
understood, which restricts the efficacy of existing design methodologies. To bridge this gap,
this study introduces a performance-based design framework for anchors in SFRC under tensile
or shear loads, specifically focusing on concrete-related failure modes. This methodology is
derived from a comprehensive experimental campaign involving tension and shear testing of
bonded anchors, where geometric and material factors were systematically adjusted to evaluate
their effect on anchorage resistance. Comprehensive findings from single-anchor tests are
documented in Vita and Sharma (2023), with anchor group test results detailed in Vita (2024).
Based on the assessment of the experimental results together with available literature data, a
performance-based design concept is proposed that explicitly accounts for the mechanical
behaviour of SFRC and its influence on the concrete breakout resistance of anchorages

3  Experimental investigations

In order to investigate the influence of various parameters on the performance of anchorages
in SFRC in the event of concrete failure, tension and shear tests were carried out on single
anchors while varying different test parameters as well as anchor groups. The test parameters
were anchor embedment depth (her) and size, edge distance, amount of steel fibres, concrete
compressive strength, and concrete condition (cracked or uncracked). In case of the anchor
group tests, two different anchor group geometries were investigated (1x3 and 2x2) while
varying various test parameters. The test parameters varied were anchor group geometry, edge
distance, amount of steel fibres, concrete compressive strength, and load eccentricity. For
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reasons of flexibility, bonded anchors were chosen for the test. Bonded anchors consist of a
threaded rod and a vinylester or epoxy-based adhesive. The bonding properties of the adhesives
depend on several factors: the properties of the adhesive material, the cleaning of the drill hole
and the moisture content of the concrete. Bonded anchors transfer the loads introduced by a
chemical bond. The installation and test parameters, such as anchor diameter, embedment depth
and edge distances, were defined in such a way that the concrete cone failure mode determines
the resistance. The experimental investigations were carried out in two different concrete
mixtures (with low and high compressive strength) and two different fibre dosages (low and
high amount) to be able to compare the test results directly.

The detailed test parameters and test results of single anchor tests are described in details in
Vita and Sharma (2023). In general, the test results on single anchor under tension or shear
loading shows that bonded anchors installed in SFRC have a significantly higher load-bearing
capacity than those in plain concrete when failure occurs through concrete cone or concrete
edge breakout failure. Depending on the test results, the mean ultimate load in SFRC was 11%
to 78% higher than in plain concrete. The variability of the test results was low, with coefficients
of variation below 15% for all series and below 10% for the SFRC specimens, indicating
reliable and consistent performance. Anchors installed in SFRC also exhibited substantially
larger displacements at ultimate load, demonstrating a more ductile behaviour due to the
activation of steel fibres after crack initiation

Anchor group tests consistently demonstrated enhanced load-bearing capacity and improved
displacement behaviour in steel fibre reinforced concrete (SFRC) compared with plain
concrete, as describe in detailed in Vita (2024). Depending on anchor group geometry, edge
distance, fibre content, and load application, the increase in ultimate load ranged from 12% to
80%. The highest enhancement was observed for the 1x3 anchor group configuration without
edge influence under eccentric loading (see Figure 2 b). In general, eccentric loading conditions
resulted in greater capacity increases than centric loading, which can be attributed to the
improved ductility and load redistribution provided by the steel fibres, particularly when fibres
are present between adjacent anchors.
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Figure 2: Comparison of the load-displacement curves obtained from tension tests on 1x3 anchor
groups observed in high-strength plain (solid grey) and in high-strength steel fibre
reinforced concrete with 80 kg/m3 amount (dashed grey) under centric loading (a) and
eccentric loading (b) (Vita, 2024)
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Furthermore, a comparison of the failure surfaces revealed no significant differences in the
shape of the concrete breakout cones between plain concrete and SFRC specimens, indicating
that the concrete cone geometry and, consequently, the crack propagation area remain
essentially unchanged by the presence of steel fibres, see and compare Figure 3 (a) and (b).
The scatter of the ultimate loads remained low (CoV < 15%) and comparable to that observed
in plain concrete, with the highest scatter of 12.6% recorded in the anchor group test series
under eccentric loading near a free edge in high-strength SFRC

£3 ALaEMRE]

(b)

Figure 3: Side views of failed anchor groups, 1x3 tested far away from the edge under centric tensile
loading (see also Figure 2 a) in plain (a) and in SFRC (b) (Vita,2024)

4 Comparison with existing models

Figure 4 (a) compares the failure loads predicted according to EN 1992-4 with the peak loads
measured in tension tests on single anchors and anchor groups installed in plain concrete and
steel fibre reinforced concrete (Vita 2024). The results indicate that the CCD method (Fuchs et
al. 1995) specified in EN 1992-4 significantly underestimates the concrete breakout resistance
of both single anchors and anchor groups installed in SFRC. Similar observations have been
reported in previous studies by Nilforoush (2017) and Toéth et al. (2019).

A comparison between the experimentally measured failure loads in tension and shear and
the values predicted by the current design provisions demonstrates that the equations in EN
1992-4 provide reliable estimates for concrete cone and concrete edge failure in normal
concrete. However, because the beneficial contribution of steel fibres is not considered in the
current design model, the predicted resistances for SFRC remain overly conservative,
particularly for certain test series. The experimental results clearly demonstrate the positive
influence of steel fibres on anchor performance. Therefore, this beneficial effect should be
incorporated into future calculation approaches to enable a more accurate prediction of the load-
bearing capacity of anchors installed in SFRC.

In general, the beneficial effect of steel fibres on the load-bearing behaviour of anchorages
can be incorporated into the design procedure by applying an enhancement factor, Ysrrc, to the
failure loads calculated according to EN 1992-4. As stated in Téth et al. (2019), the factor was
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derived from a lower-bound evaluation of an extensive experimental database and accounts for
the increased resistance provided by steel fibre reinforcement. The corresponding formulation
is given by Eq. 1 and depends solely on the steel fibre content. However, the application of this
increase factor is limited to anchorages that fulfil specific requirements regarding both the
material properties of the SFRC and the anchor installation parameters.

Figure 4 (b) compares the failure loads predicted using EN 1992-4 in combination with the
increase factor Ysrrc With the peak loads measured in tension tests on single anchors and anchor
groups installed in SFRC according to Vita (2024). The results demonstrate that the approach
proposed by Toéth et al. (2019) provides a substantially improved correlation with the
experimental data, particularly for anchors with relatively shallow embedment depths and
relatively small loads. Nevertheless, for anchors with larger embedment depths with higher
resistance, Eq. 1 still tends to slightly underestimate the experimentally observed failure loads.
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Figure 4: Comparing of measured and predicted tension failure loads for single and anchor

groups according to(a) EN 1992-4:2018 (b) model approach acc. to T6th et al.
2019.

5  Performance based model approach

To support the development of an improved calculation approach, the relationship between
the concrete breakout resistance of post-installed bonded anchors and selected SFRC material
parameters was investigated in detail in Vita (2024). As part of that work, a comprehensive
regression analysis was performed using the experimental results obtained from anchor tests
and the corresponding material properties of the concrete (plain concrete and SFRC) batches.
The material properties fr., representing the flexural strength at the limit of proportionality,
and feq2, representing the equivalent flexural strength, were determined from three-point
bending tests on notched beams in accordance with RILEM TC 162-TDF (Rilem, 2002). These
parameters are given by Equation (2) and Equation (3), respectively.
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573



Joint ACI-fib-RILEM International Workshop

Y FRC2026: Budapest Fibre Reinforced Concrete —
QacCl from Design to Structural Applications
_” _ ,
CEB-FIP FI Em

in which Fp is the load at the limit of proportionality, defined as the highest load value
recorded up to a deflection of 0.05 mm; b (150 mm), h (150 mm), | (500 mm) are the width,
height and span of the test specimen, respectively; ao (25 mm) is the notch depth; and (h-ao) is
the distance between the notch tip and the top surface of the cross section.

The parameter feq,2 was evaluated up to a deflection of &2, where d>= 6.+0.65 mm and 0. is
the deflection corresponding to F.. For the evaluation of the equivalent flexural strength, only
the energy associated with fibre fracture (D'sz - defined as the area under the load-deflection
curve) was considered, while the energy required for the fracture of plain concrete (D°sz) was
excluded. Consequently, the equivalent flexural strength can be calculated using the following
equation:

_3 il
272 (= 9)? 05

Figure 4 summarizes the identified correlations between the increase in anchor failure load
and the material parameters: (a) frtL - flexural strength corresponding to the limit of
proportionality and (b) feq2 - equivalent flexural strength, for different embedment depths
(her=65 mm and her=100 mm) in case of single anchors. The analysis revealed that the flexural
strength (frt,Lr) exhibited only a weak correlation with the load increase in tensile test, with a
coefficients of determination (R?) below 0.511. In contrast, the equivalent flexural strength
(feq,2) showed a significantly stronger correlation with the relative ultimate tension load
(increase of the SFRC). Since both parameters directly reflect the contribution of steel fibres to
the post-cracking behaviour of the concrete, this observation is physically plausible.
Particularly strong correlations were obtained for the equivalent flexural strength, for which R?
values between 0.729 and 0.923 were reported for tension tests conducted in SFRC without
edge effects (Vita and Sharma 2023).
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Figure 5: Relationship between the failure load increase (Nu,isrrc/Nu,pc) and a) the flexural
strength corresponding to the limit of proportionality fi.; or b) the equivalent
flexural strength feq2 (Vita 2024).
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As can be seen in Figure 5, the increase in concrete breakout resistance of anchorages
installed in SFRC exhibits an approximately linear relationship with the equivalent flexural
strength. This observation indicates that the equivalent flexural strength is an appropriate
mechanical parameter for quantifying the beneficial contribution of steel fibres to the load-
carrying capacity of anchorages subjected to concrete failure modes, such as concrete cone
breakout and concrete edge breakout. Accordingly, the following equation is proposed to
account for the beneficial effect of steel fibres on the concrete failure resistance of single
anchorages (Vita 2024):

=(1+004 ) 210 (4)

17

where feq2 is the equivalent flexural strength in [N/mm?] calculated from three-point bending
tests acc. to Eq.(3); her the effective embedment depth of the anchor in [mm]; and L the steel
fibre length in [mm]. The embedment-depth term in Eq. (4) accounts for the geometric
relationship between anchor embedment depth and fibre length. With increasing embedment
depth relative to fibre length, more fibres are likely to intersect the crack surface and become
activated, resulting in an increased contribution to the anchor breakout resistance. However,
Equation (4) is only valid if the embedment depth of the anchor her or in case of shear load the
edge distance ci is greater than 1.7-times the fibre length (hef = 1.7-Lf or c1 = 1.7-Lg).
This boundary condition corresponds to the limit proposed by Téth et al (2021). To calculate
the mean ultimate breakout load of bonded anchors (Nuc) under tension load, the general
equation in the EN 1992-4 should be multiplied with the increase factor according to
Equation (4):

=133 110 %% 1> - )

where fem is the mean compressive strength of the concrete, and Acn, A’ nas well as the Yg
-factor can be calculated acc. to EN 1992-4.
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Figure 6: Comparison of measured and predicted failure loads for single anchors and anchor
groups under tension and shear loading, calculated using the new model approach
(Vita and Sharma 2022, Vita 2024).
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Figure 6 compares the failure loads predicted using the proposed model approach with the
experimental results obtained from tension and shear tests on single bonded anchors and anchor
groups reported by Vita and Sharma (2022) and Vita (2024). The predicted ultimate failure
loads (Fipredicted) Were determined by applying the design equations of EN 1992-4 for concrete
cone failure and concrete edge failure, respectively, and multiplying the resulting values by
1.33 to convert them from design to ultimate load level. Subsequently, the increase factor
defined in Eq. (4) was applied while using the measured concrete compressive strengths. In
addition, in case of anchors installed in cracked SFRC, the calculated ultimate loads were
multiplied by 0.7 to take into account the negative influence of the crack as proposed by Vita
and Sharma (2022).

As shown in Figure 6, the proposed calculation approach results in an overall mean measured-
to-predicted failure load ratio of 1.04 with a CoV of 15.2%. Separately, mean measured-to-
predicted ratios of 1.058 (CoV = 14.8%) and 0.956 (CoV = 21.7%) were obtained for tension
and shear loading, respectively. The close agreement between the experimental and predicted
results demonstrates that Eq. (4), which incorporates the equivalent flexural strength feq2,
provides a reliable prediction of concrete breakout capacities for post-installed anchors in
SFRC. Consequently, the proposed approach can be considered suitable for estimating the
concrete cone and concrete edge breakout failure loads for post-installed anchorages in SFRC.

It should be noted that the proposed model approach according to Eq. (5) is currently applicable
only within the range of boundary conditions covered by the experimental database. These
conditions can be summarized as follows:

e Hooked-end steel fibres: lengths 30 < < 60mm and diameters 0.5 < <=<0.8mm;

= Steel fibre content ranging from 20 to 80 kg/ms;

e Concrete compressive strength  between 35 and 80 N/mm?;

1

e Maximum aggregate size =3

e Failure governed by concrete cone breakout under tension loading and by concrete edge

breakout or pry-out failure under shear loading;

e Effective embedment depth =17

» For tension-loaded anchors located close to a free edge, the minimum edge distance 4should

be selected as a function of the embedment depth . For example, { =2 for =3
and ;=3 for =2 .

In this study, only bonded anchors were tested to enable a systematic variation of parameters
and to obtain concrete cone and concrete edge failures under tension and shear loading,
respectively. Since the observed enhancement is related to the concrete failure mode rather than
the anchor type, similar benefits are expected for other anchor types, such as undercut and
expansion anchors, provided that failure is governed by concrete fracture. However, non-
concrete failure modes (e.g., pull-out or pull-through of expansion anchors) may behave
differently in SFRC than in plain concrete, as reported by Vita (2024). Therefore, the suitability
of anchor types in SFRC should be verified within the approval process according to the
relevant EAD and ETA assessment.

6  Concluding remarks

This research focused on the development of a performance-based design method for estimating
the resistance of anchors in steel fibre reinforced concrete (SFRC). For this purpose, a
comprehensive database of tension and shear tests on bonded anchors was evaluated and used
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to developed the proposed model. The assessment of the experimental data enabled the
quantification of the contribution of steel fibres to anchorage resistance and the extension of
the Concrete Capacity Design (CCD) concept to SFRC structures. The proposed model takes
into account the beneficial effect of the steel fibres through an increase factor, Ysrrc, related to
the equivalent flexural strength (feq2) obtained from three-point bending tests.

The experimental results obtained for bonded anchors in SFRC, together with the failure loads
predicted by the proposed equations for tension and shear loading, demonstrate good
agreement. However, unless further evidence is obtained, the applicability of the proposed
model is restricted to the boundary conditions (e.g. fibre type, geometry, content, concrete
strength class). Therefore, although the results are promising, the model cannot yet be
considered a generally applicable design method for anchorages in SFRC and requires further
validation.

Future research should focus on extending the applicability of the model to different fibre
geometries, such as double- or triple-hooked steel fibres, as well as other fibre types, including
wavy fibres. In addition, the behaviour of anchorages under combined tension and shear loading
should be investigated. Since steel fibres improve the tensile behaviour of concrete, beneficial
effects on other concrete-related failure modes, including splitting failure, can also be expected.
Experimental studies are therefore required to quantify the contribution of steel fibres to the
splitting resistance of anchorages.

Finally, the experimental programme considered only static and quasi-static loading conditions.
Further investigations are needed to assess the influence of steel fibres on anchorage
performance under seismic and fatigue loading and to expand the range of practical applications
of anchorages in SFRC
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Brief History and Defining Criteria of Strain Hardening
FRC Composites

Antoine E. Naaman?!

1 University of Michigan, Ann Arbor, USA

Abstract

The descriptors “strain-softening” and *“strain-hardening” are now commonly used by
researchers and practitioners to describe the tensile response of FRC composites. However, it
took more than forty years for this terminology to become consolidated. Indeed, the first
scientifically conducted experimental tensile tests on fiber reinforced concrete showed only
“strain-softening” behavior, which was then considered typical. In these tests, only one major
failure crack was observed. Later tests revealed another response in which more than one crack
(multiple cracking) occurred, first reported in 1978. In subsequent years, researchers attempted
to describe such behavior using terms such as “inelastic multiple cracking,” “desirable ductile
response,” “high performance,” “kind of strain-hardening,” “pseudo strain-hardening,” “quasi
strain-hardening,” and, finally, officially in 2003, “strain-hardening.” The consolidation of
terminology for tensile response led directly to the characterization of bending response as
either “deflection-softening” or “deflection-hardening.” The main objective of this paper is to
document, for the record, key chronological milestones in the history of this development and
to correlate the contributions of the “civil engineering—composite mechanics” community with
those of the “materials science—fracture mechanics” community.

This paper is dedicated to the memory of Hans-Wolf Reinhardt (1939-2026), who, by
organizing a series of international workshops on “High Performance Fiber Reinforced Cement
Composites” from 1991 to 2015, helped lead the way to significant advances in the field,
including the broader characterization of FRC composites as described here.

Keywords

Fiber reinforced concrete, tensile testing, strain-softening, strain-hardening, deflection-
hardening, deflection-softening, multiple cracking, fracture energy
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1 Introduction

Cement-based composites reinforced with discontinuous fibers can be conveniently
classified according to their tensile response, namely, either strain-softening or strain-
hardening; by correlation, the response of all FRC beams can be classified as either deflection-
softening or deflection hardening. The behavior in tension dictates that in bending and the
relationships are described in Figs. (1 and 2).
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Figure 1: Classification of fiber reinforced cement composites based on their tensile response and
implication for bending response of structural elements [Naaman and Reinhardt, Ref. 40].
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Figure: 2 General performance classification of FRC composites according to their behavior in
tension and bending, as per Fig. 1. [42, 48]
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Figure: 3 Typical stress-strain or stress-elongation curve in tension up to complete separation. (a)
Conventional strain-softening FRC composite. (b) Strain-hardening FRC composite [39].

While such a classification seems deceptively simple, it was not arrived at spontaneously
and took more four decades to materialize. Two different groups of researchers, one in the field
of “fracture mechanics and materials science” and the other in the field of “civil engineering
and composite mechanics”, working totally independently, formulated the criteria necessary to
achieve such behavior. The two groups followed two entirely different approaches: one
followed a composite mechanics approach leading to a stress criterion assuming a first crack
has occurred, and one followed a fracture mechanics formulation leading to both an energy and
a stress criterion. It is observed that the two groups, while following entirely different paths,

solved in effect the same problem.

This paper describes some chronological developments since the 1960’s and the related
nomenclature that led to the special class of FRC composites which are characterized by a
strain-hardening response after first cracking accompanied by multiple cracking up to relatively
high strains (Fig. 1). Strain-hardening and deflection-hardening FRC composites are the
composites of choice for use in advanced structural and non-structural applications.
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2  Historical Background: Four Decades of Progress

The modern developments in fiber reinforced cement composites took off only during the early
1960’s following studies by Romualdi, Mandel and Batson on the use of steel fibers in concrete
[48 to 50]. This came at about the same time as a fundamental study of fiber reinforced concrete
published in 1964 by Krenchel in Denmark [17]. In the U.K., Majumdar and Ryder [23, 24] as
well as Grimer and Ali [8] evaluated the use of glass fibers as reinforcement of cement matrices.
Kelly and Davis [15, 16] and Aveston, Cooper, and Kelly [1] published classical studies on
brittle matrix composites which were applicable to cement-based matrices as well.

The work of Romualdi, Mandel, and Batson [50 to 52], while addressing tensile strength of
fiber reinforced concrete from a fracture mechanics approach, gave little information on the
tensile stress-strain or stress-elongation response of the composite in tension. They did not
carry out direct tensile tests. They theorized that fibers arrest cracking in concrete and the
average fiber spacing represents the length of the critical crack, interpreted from a fracture
mechanics approach using Griffith theory; thus, they predicted a tensile strength of FRC to be
inversely proportional to the square root of the fiber spacing [51]. In a related discussion, Shah
and Rangan [54] showed the results of actual tensile tests of FRC to be significantly smaller
that those predicted by Romualdi and co-workers. However, their tensile tests were load tests
only with no elongation recorded; both studies were in effect referring to what we qualify today
as the tensile strength at first cracking or first percolation crack.
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Figure: 4 Typical tensile stress versus machine elongation curves of steel FRC composites and
tensile specimens as reported by Naaman, 1972 [27 to 29].

To the best of the author’s knowledge the first in depth research to provide tensile stress-
elongation curves of FRC was published by Naaman in 1972 [27 to 29] where the statistical
nature of the tensile strength was also evaluated. Naaman used then a state-of-the-art Instron
universal testing machine that provided a continuous record of load versus elongation (Fig. 4,
left) on a chart. In the experimental part, the fibers used by Naaman were straight steel fibers,
made from high strength wires, of aspect ratio less than 100, but the fibers were smooth and
thus had relatively poor bond properties. Although the volume fraction of fibers evaluated
varied from 1% to 3%, no multiple cracking was observed in these tests.
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Figure 4 (left part) illustrates the typical response observed, where the elongation represents
machine elongation. Essentially all the composites tested by Naaman showed strain-softening
response after first cracking with localization at that cracked section. They belong to the
“strain-softening” class of Figs. 1 and 2 and resemble the curve shown in Fig. 3a.

During the 1970’s, numerous research investigations were undertaken on fiber reinforced
cement and concrete (FRC) composites (Shah [53], Kelly [16], Swamy [56], Neville [44],
Hannant [9]) as interest in the field grew worldwide. Better performance was generally being
sought in terms of strength and deformation capacity. Several papers dealing with the tensile
response of fiber reinforced concrete were presented at a 1978 RILEM Symposium on Testing
and Test Methods of Fiber Cement Composites [54]. While researchers were clearly trying to
exceed existing boundaries, no “strain-hardening” stress strain curve was described in these
papers. However, in a discussion of the proceeding papers, Kasperkiewickz reported on some
tensile tests carried out at the Institute of Fundamental Research in Poland in collaboration with
the Cement and Concrete Institute in Stockholm, Sweden [14]; the tensile specimens were
paddle shaped of section 28 x 100 mm, and containing 2% by volume of hooked-ends steel
fibers of diameter 0.4 mm and length 25 mm. The fibers were aligned using an electromagnetic
field. Strain was measured over a gage length of 245 mm. Kasperkiewickz reported clearly
observing multiple cracking and some sort of strain hardening, but no figure for these results
was given. He used the following sentence (page 495 of Ref. [56]): “What is much more
important is that the aligned fibers give quite substantial ductility and a kind of strain hardening
characteristic to the composite.” To the author’s knowledge, this was the first time that the
term “strain hardening” was used to describe the related behavior of FRC composites. Later
(in early 2000’s) this author contacted Dr. Kasperkiewickz to get any written information on
these tests but was essentially told that these were un-finished internal documents in Polish and
were no longer available.

In a paper presented in 1978 at an ASTM Symposium on Fracture Mechanics and published
in 1979 [30], Naaman and Shah reported on some tensile and bending tests where multiple
cracking was observed. The tensile stress-elongation curve reproduced in the left part of Fig.
5, showed a strain-hardening response after first cracking, which was described by the authors
as the “inelastic multiple cracking range” and represented a desirable “ductile” type of failure.
The tensile specimen achieving such behavior contained 2.5% smooth steel fibers by volume,
of length 25 mm. To the best of this author’s knowledge and given the almost simultaneous
time of Kasperkiewicz discussion [page 495 of Ref. 56], this was likely the first published
“strain hardening like” response curve in tension for fiber reinforced concrete with steel fibers.
Because the specimen had a small cross-section (25x 9 mm), the authors assumed that size
effects and fiber alignment were significant to explain the desirable inelastic response. The
authors did not use the attribute “strain hardening.” However, they illustrated their vision of a
general class of composites with multiple-cracking behavior by hypothetical load-elongation
curves encompassing all fiber reinforced cement composites including those with continuous
fibers; the corresponding figure is reproduced in Fig. 6. Surprisingly, this figure shows the
qualitative response (curves 1 to 5) of both strain-softening and strain-hardening FRC
composites as defined in Fig. 3, as well as the ideal response which is that of a composite with
continuous fibers (curve 6) such as ferrocement.
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composites in tension as visualized by Naaman and Shah in 1979 [30].
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Early in the 1980’s, a new class of fiber reinforced cement composites identified as slurry
infiltrated fiber concrete (or SIFCON) was first introduced by Lankard and co-workers [18,
19]. SIFCON is obtained by filling a mold to full capacity with fibers, then infiltrating the
resulting fiber network by a cement-based slurry. Such a production process allowed the use
of relatively high fiber volume contents, generally varying from 5% to 12% for commonly used
steel fibers at the time. Extensive evaluation of the tensile and compressive properties of
SIFCON composites was undertaken by Naaman and co-workers and Balaguru et al. during
the 1980’s leading to a number of publications [2, 12, 33 to 36]. The tensile stress-elongation
curves reported in [34] described stresses up to 30 MPa and strains at peak stress of up to 1%.
Figure 7 provides typical information from these tests. Extensive multiple cracking was
observed. SIFCON demonstrated convincingly that FRC composites with strengths in tension
(as high as normal concrete compressive strengths) can be developed with simultaneously very
high ductility. SIFCON belongs mostly to the class of strain-hardening composites (Figs. 1 to
3). Note also that the strain axis in Fig. 7c is valid up to the peak stress only.
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