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Abstract

Previous studies have shown that brittle failure in reinforced concrete buildings caused huge
losses, both in human and economic terms. The appropriate use of steel fibers to a reinforced
concrete beam can change the brittle behavior to a ductile behavior and significantly increase
the ductility ratio. The aim of this study is to develop an intelligent system approach for shear
strength estimation of steel fiber-reinforced concrete (SFRC) beams without transversal
reinforcement using a large number of existing experimental results. The main parameters in
this investigation are the steel fiber-volume fraction, the aspect ratio and volume of fiber,
compressive strength of concrete, longitudinal reinforcement, effective depth and shear span
of beams. The precision of the proposed approach is compared with other existing models for
estimating the shear capacity of SFRC beams based on experimental results which showed a
reasonable agreement.

1. Introduction

In recent decades different types of fiber, including natural fiber (NF), steel fiber (SF), glass
fiber (GF), and synthetic fiber (SNF), were used in various field of the civil engineering
concrete construction [1-3]. It is well known that concrete as a material subjected to the
tensile stress conditions is brittle. The findings of the previous studies revealed that fibers can
significantly boost the post-cracking behavior, flexural toughness, spalling resistance, impact
resistance, shear strength, thermal characteristics, and ductility of concrete members under
various types of loading conditions [4—6]. SF delays crack propagation in the concrete and
noticeably enhances the tensile performance. The brittle failure in reinforced concrete (RC)
structures caused huge losses, both in human and economic terms. Thus, it is necessary to
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prevent brittle failure and change it to ductile mode. The sufficient amount of SF in a RC
beam can alter the brittle mode to a ductile behavior and enhance the ductility ratio. Up to
now, many researchers have been studying the use of the steel fibers as replacement of the
shear reinforcement, which will ultimately help to improve the behavior of RC beam. It is
worth mentioning that the orientation, distribution, and resistance to pull out of fibers play a
substantial role in the performance improvement of the steel fiber reinforced concrete (SFRC)
beams [7]. Among the steel fibers types, hooked and crimped fibers have acceptable
efficiency to prevent premature pull out which affects the load carrying ability. A SFRC beam
with hooked/crimped fibers, when design appropriately, has superior ductility in comparison
with common RC beams [8§].

2. Shear capacity of SFRC beam

Several studies have been carried out to identify the effect of steel fibers on shear strength of
SFRC beams without stirrups. Researchers based on the theoretical and experimental studies
have been proposed several equations for determining shear strength of SFRC beams. These
models are mainly categorized in two groups. In the first group, the independent contribution
1s assumed for steel fibers and its shear strength is added to the contribution of plain concrete
and stirrups.

Vserc-Beam = Ve + Vs + Vg (1)

where, V., Vs and Vg are the shear strength contribution provided by the plain concrete,
transverse reinforcement, and steel fibers. The second group assumes that steel fibers
influence on the shear strength of concrete. Narayanan and Darwish (1987) [9] studied the
effects the steel fibers on the behavior of RC beams under predominant shear. They proposed
empirical formulation for design of SFRC beams without stirrups.

d
v, =e [0.24fs,,fc +80p—| +v, (2)

where, ¢ is arch action factor, fg,f. is split tensile strength of concrete, p is reinforcement
. d . . . .
ratio, — is effective depth-to-shear span ratio, and v, is calculated based on average bond

stress. The arch action factor is 1.0 for % > 2.8 and 2.8% for % < 2.8. Khuntia et al. (1999)

[10] developed a design equation for calculating the ultimate shear strength of SFRC beams
based on the basic shear transfer mechanisms and large number of experimental results. They
proposed the following equation for determining shear capacity of SFRC beams without
transverse reinforcement:

[
v, = (0.167a + 0.258v; d—’;) i 3)

where, a is arch action factor, vy is fiber volume fraction, f related to fiber shape and

- . . .
concrete type, f. is compressive strength of concrete, and d—f is fiber length-to-fiber diameter
f
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ratio. Ultimate shear capacity of SFRC beams without stirrups can be determined according to
Sharma (1986) [11] from the following equation:

a

2 . d 0.25 (4)
Uy = §f t ( >

where, f; is split-cylinder tensile strength of concrete, and % is effective depth-to-shear span
ratio.

3. Group method of data handling (GMDH)

GMDH neural network is a self-organizing black-box learning technique proposed by
Ivakhnenko in 1971 [12]. Artificial neural networks is a superior tool in forecasting (any non-
linear functions or features) and data mining [13—15]. The discrete form of the GMDH model
is given in following equation:

7= a0+ ) aif )
i=1

where a is coefficient, f is the basic function based on different sets of inputs, and 7 is the
number of the base function components. The Kolmogorov-Gabor (KG) polynomial is the
most popular base function used in GMDH approach. The KG-form of equation 5 based on
input vector X (x4, X5, X3, ..., X, ) can be expressed as following equation:

n n n n n n
)_/ = Qay +Z.aixi +Z. z A;jXiX; +Z. Z Z AjjrXiXj Xy + .. (6)
l 14 i i i i

where a;, a;, and a; are the weighting coefficients. The GMDH algorithm is considered as a

feedforward multilayer network with low-degree polynomial activation function. The
outcomes of the first layer is computed based on only two input variables using partial
quadratic polynomial function as given in following:

— — 2 5
zZ= z(xi,xj) = So + 51%; + S2X; + S3X;X; + S4X] + S5X; (7)

The coefficients of partial function are determined utilizing the least squares method to
minimize the difference between real and estimated value for each pair of the input vectors.

4. Experimental database

In order to calculate the average shear stress of steel fiber-reinforced concrete beams without

transversal reinforcement, 112 experimental results were gathered from the previous studies.
A summary range of mechanical-geometric properties of beams is given in Table 1. The
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considered parameters include: 1) Shear span-effective depth ratio (a/d), 2) Effective depth of
beams (d-mm), 3) Longitudinal reinforcement ratios (p), 4) Compressive strength of concrete
(f/-MPa), 5) Fiber ratio (F'sp). Fiber ratio is determined as follows:

L
Fsp = Vs 5F/ dgp (®)

where, dsr and Lgr are diameter and length of steel fiber, and Vg is volume percentage of
fibers.

Table 1. Range of input parameters for network application

No. of Parameter

Reference  test d (mm) a/d p (%) f'c (MPa) Fsr Vexp(MPa)

data Min Max. | Min Max | Min Max | Min. Max. | Min. Max. | Min. Max.

[16] 12 197 197 2 36 13 2 206 334 30 60 15 311
[9] 31 126 130 2 35 2 572 319 636 25 200 194 715
[17] 8 215 215 2 4 2.8 458 750 792 375 112, 227 7.21
[18] 2 204 204 3 3 22 22 227 26 60 100 3.05 3.5
[19] 4 340 340 2 25 34 344 33 36 30 60 378 534
[20] 7 265 265 2 491 1.5 431 331 409 100 100 292 551
[21] 9 212 212 2 4 15 15 308 686 312 468 2 5.44
[22] 17 260 305 2.5 4 1.0 355 265 476 112 487 1.57 3.03
[23] 4 219 219 2 28 19 192 409 432 60 120 293 3.52
[24] 10 381 381 34 35 19 267 31 492 60 90 253 377
[25] 8 381 381 34 35 2 27 31 449 412 85 26 34

5. The GMDH-based equation

In order to construct GMDH network and preventing overfitting, the database was divided
randomly in two sets. The overfitting occurs when the error on the training set is driven to a
very small value, but when new data is presented to the network the error is large. 74
experimental data were considered for training state and remaining data for testing state.
Shear span-effective depth ratio, effective depth of beams, longitudinal reinforcement ratios,
concrete compressive strength of standard cylinder, and fiber ratio were utilized as the input
variables of the model, and average shear stress of SFRC beam was chosen as the target
variable. Shear stress can be obtained using the following equations:

Vompn = 2.273 + 4+ 1078d% — (1.92 + 0.26p + 0.013£. — 0.38%/ ) ¢/,

+ (0.84 + 0.00185Fz)p + 0.07f, + (0.025 — 0.0001Fgz) Fsp ©)
In order to verify and quantify the proposed relationship, the predicted values were compared
with the three existing models introduced in Section 2 based on a broad range of experimental
results. The simulated shear stress compared to the existing equations are plotted in Figure 1.
It is found that, the proposed GMDH-based formulation demonstrated the most optimized
result compared to all of the other existing formulations. The average absolute error of the
GMDH formulation for determining the experimental results is equal to 10% while the
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average error for the other three models including Narayanan and Darwish, Khuntia et al., and
Sharma are 14.70%, 30.96%,and 22.34% respectively. It should be noted that the best
performance of the proposed equation is addressed in the considered ranges of the input
parameters.

6. Conclusion

In this paper, a new formulation is developed to determine average shear stress of SFRC
beams without web reinforcement. Five input parameters representing shear span-effective
depth ratio, effective depth of beams, longitudinal reinforcement ratios, compressive strength
of concrete, and fiber ratio were considered as input vectors. In order to overcome overfitting
issue, the database was divided randomly in training and testing sets. The results of
comparative assessment between existing equations and proposed method reveal that the
GMDH model has acceptable ability to determine average shear stress. Finally, it could be
concluded that the GMDH-based formulation can be utilized as an alternative method in the
pre-design of SFRC beams.
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Figure 1. Experimental value against predicted shear strengths
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