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Abstract. This paper presents Neuro-Fuzzy (NF) based empirical modelling of torsional strength of RC
beams for the first time in literature. The proposed model is based on fuzzy rules. The experimental
database used for NF modelling is collected from the literature consisting of 76 RC beam tests. The input
variables in the developed rule based on NF model are cross-sectional area of beams, dimensions of
closed stirrups, spacing of stirrups, cross-sectional area of one-leg of closed stirrup, yield strength of
stirrup and longitudinal reinforcement, steel ratio of stirrups, steel ratio of longitudinal reinforcement and
concrete compressive strength. According to the selected variables, the formulated NFs were trained by
using 60 of the 76 sample beams. Then, the method was tested with the other 16 sample beams. The
accuracy rates were found to be about 96% for total set. The performance of accuracy of proposed NF
model is furthermore compared with existing design codes by using the same database and found to be by
far more accurate. The use of NF provided an alternative way for estimating the torsional strength of RC
beams. The outcomes of this study are quite satisfactory which may serve NF approach to be widely used
in further applications in the field of reinforced concrete structures.
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1. Introduction

The monolithic reinforced concrete constructions are subjected to significant torsional moments that
affect their strength and deformation. In the literature, numerous analytical and experimental studies
have been reported about torsional behavior of reinforced concrete (RC) members subjected to pure
tension or combination of torsion with other effects as axial load, shear and bending.

There are many variables affecting the torsional strength of RC beams such as cross-sectional area
of beams, dimensions of closed stirrup, spacing of stirrups, cross-sectional area of one-leg of closed
stirrup, yield strength of stirrup and longitudinal reinforcement and concrete compressive strength.
The effect of these variables on the torsional strength of RC beams has been extensively studied and
some empirical approach has been developed related to these variables. For instance, Victor and
Muthukrishnan (1973) studied the effect of variations in stirrups on the torsional capacity of RC
beams and they proposed an empirical relationship for the contribution by stirrups to torsional
capacity. Rasmussen and Baker (1995) examined the behavior of reinforced normal concrete and high
strength concrete beams subjected to pure torsion. The test has shown that high strength concrete
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increases the beam torsional capacity and stiffness. McMullen and Rangan (1978) presented the
results of torsion test on rectangular RC beams with the aspects ratio and amount reinforcement as
main variables. The effect of high strength concrete on the torsional behavior of RC beams under
pure tension was investigated by Koutchoukali and Belarbi (2001) and Fang and Shiau (2004).
According to these research, the torsional capacity of under - reinforced beams is independent of
concrete strength. They also found that the amount of longitudinal reinforcement was more effective
in controlling crack width than the amount of transverse reinforcement. The torsional behavior of
normal strength concrete beams has also been reported by other researchers (Collins and Mitchell
1980, Hsu 1968, Hsu and Mo 1985).

The test data are often used for validation, calibration or even development of models. Even
though the torsional strength of RC beams has been carefully examined experimentally, estimation
of torsional strength is still difficult task because of complex behavior of RC beam under torsional
action.

The traditional design models and the existing design codes are not capable of addressing
efficiently all the structural engineering problems such as torsional capacity of a RC member. As a
consequent, the need for meta-modelling in order to address engineering design problems becomes
obvious. This meta-modelling has been seriously enlarged by the development and the increasing
utilization of artificial intelligence techniques and especially by the artificial intelligence domain
known as soft computing, which is comprised by Fuzzy Logic (FL), Artificial Neural Networks (ANN)
Neuro-Fuzzy (NF) (combinations of ANN and FL) and Genetic Algorithms (GA) (Evbuowman et al.
1996, Regli et al. 2000, Simpson et al. 2001, Kasabov 1996, Gallant 1993, Rao et al. 1999).

Many approaches based on soft computing have been applied in structural design (Murawski et al.
2000, Ceylan et al. 2010, Mashrei et al. 2010, Wang and Elhag 2008, Kim er al. 2006), civil
engineering (Rajasekaran ef al. 1996) and the optimization of structures (Ghorbani and Ghasemi
2010) provided sufficient results.

The main aim of this study was to investigate the applicability of Neuro-fuzzy (NF) approach for
empirical rule based modeling of torsional strength of RC beams based on experimental results
collected from the literature. In this sense, the experimental data of 76 beams subjected to torsion
were used from the existing databases of Rasmussen and Baker (1995), Koutchoukali and Belarbi
(2001), Fang and Shiau (2004), Hsu (1968). Furthermore, the approaches of some building codes
such as ACI-318-2005 (2005), Eurocode-2 (2002), TBC-500-2000 (2000), CSA (1994), BS8110
(1985) and AS3600 (2001) were also examined by comparing their predictions with mentioned
experimental studies results. The results obtained by the proposed NF model and building codes
were compared with each other.

2. Theories of torsional strength and torsion in the building standards

In the literature, even though several theoretical models were proposed which are based on failure
mechanisms, the method of analysis of torsional strength can be approximately divided to two
methods as space truss analogy theory and the skew-bending theory. Rausch (1929) developed space
truss model in 1929 and it still provides a basis for some design codes. In the space truss model, the
torsion is resisted by compression diagonals consisting of the concrete between cracks that spiral
around the beam at a constant angle. The theory has been extended later by many scholars in this
field (Hsu 1968, Anderson 1935, Elfegren et al. 1974). It is assumed in this theory that the concrete
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beam behaves in torsion similar to a thin-walled box with a constant shear flow in the wall cross-
section by producing a constant torsional moment (Nawy 2003). The absence of core does not affect
the strength of such members in torsion; hence the acceptability of the space truss analogy approach
is based on hollow sections. Therefore, in the process of torsion design of a RC beam, the beam can
be considered as the equivalent tubular member.

In 1958, the skew-bending theory that considers the internal deformational behavior of the series
of transverse warped surfaces along the beam in detail was proposed by Lessig (1959). The model
was further refined by Collins ef al. (1965) in 1965 as well as Hsu and Zia (1968, 2004). Especially
Hsu made a major contribution experimentally to the development of the skew-bending theory as it
presently stands. The basic approach of the theory is that the failure of a rectangular section in
torsion occurs by bending about an axis that is parallel to the wider face of the section and inclined
at about 45° to the longitudinal axis of the beam. In the previous versions of ACI code (1971,
1989), torsional strength of beams was calculated by using this theory. According to the codes, the
torsional strength 7, of beams was considered to be made up of two parts: one part is contributed
by concrete 7, while the other part is contributed by web reinforcement 7;. Hsu (1968) studied on
hollow and solid rectangular beams and observed that the concrete core does not contribute to the
ultimate torsional strength. Later he concluded that the concrete contribution 7, was mainly due to
the shear resistance of the diagonal concrete struts.

In 1995, ACI code (1995) proposed a radically different design procedure based on the thin-
walled tube, space truss analogy which is considerably simpler to understand and apply and is
equally accurate. The torsion provisions in the ACI 318 have been revised using the thin walled
tube analogy.

According to the current torsion provision of ACI 318-2005 (2005), the meaningful additional
torsional strength 7, of RC beams can be achieved only by using both closed stirrups and
longitudinal steel bars while the torsion moment 7. resisted by the concrete compression struts is
assumed as zero. Thus the concrete contribution is ignored; there is no advantage in using higher
concrete strengths in resisting ultimate torsion. The torsional strength 7),is given as follows

24,4
T =#fﬂcot¢9 (1)

" s

cot= | A 2)
Atf)‘zvph

In Egs. (1) and (2), 4, is the gross area enclosed by the shear flow path that can be equal to 0.85
Ay, Where A, is the area enclosed by the centre of stirrups. & is the angle of compression diagonals,
Juis the yield strength of longitudinal torsional reinforcement, f, is the yield strength of closed
stirrups, A, is the total area of longitudinal torsional reinforcement, p), is the perimeter of centerline
of outmost closed transverse torsional reinforcement, s is the spacing of stirrups and 4, is the cross
sectional area of one-leg of closed stirrup.

In Australian Standard AS3600 (2001) and Canadian Standard CSA (1994), the design of RC
beams subjected to pure torsion is based on the space truss model and the 7,, value is given as the
same equation with ACI-318-2005 (2005). Different from ACI 318-2005 (2005), CSA (1994) and
AS3600 (2001), in the British Standards BS8110 (1985) for RC structures, the torsional strength
shall be calculated from Eq. (3) as

In Eq.(1), cotf can be assumed as
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Fig. 1 The cross section of a rectangular reinforced concrete beam

T, = 0-8951)/1((1-87];3)‘45v 3)

where Ay, is the area of the two legs of stirrups at a section and x; and y, are the center-to-center of
the shorter and longer legs of stirrups given in Fig. 1. The torsional strength 7, is described as Eq.
(4) in Turkish Building Code TBC-500-2000 (2000).

_24,A.1,,

T2 ty)

In Eq. (4), A4, is the area enclosed by lines connecting the centroids of the reinforcing bars at the
corner of the section as seen in Fig. 1.

According to the European Standard Eurocode-2 (2002), the torsional strength shall be calculated
with three ways and the minimum result is chosen.

(4)

T, = 1,(4;,75)24, cot@ (5
T,=f(A,/u)24, tan0 (6)
T,=1.2(1-£.7250)f A\t sin@cos 0 (7)

Where A is the area enclosed by the centre-lines of the effective wall thickness. The effective
wall thickness, 7, can be calculated as 4/u where 4 is the total area and u is the perimeter of the
cross-section, f. is the compressive strength of concrete.

3. Selection of database (Description of data)
The experimental database considered here (Table Al) was collected from wvarious studies

(Rasmussen and Baker 1995, Koutchoukali and Belarbi 2001, Fang and Shiau 2004, Hsu 1968, Tang
2006, Zang 2002). The test specimens of the database were of solid rectangular beams subjected to
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pure tension and where none of them was deep beam. The compressive strength of concrete ranged
from 25.58 MPa to 109.8 MPa, the stirrup percentage ranged from 0.40% to 2.56%, the yielding
stress of longitudinal reinforcement ranged from 314 MPa to 560 MPa and the yielding stress of
stirrups ranged from 320 MPa to 672 MPa. The experimental database consists of a total of 76
samples given in details in Table Al. Beams are identified using the notations in the first row, with
the first letter of researchers’ name. The same series of test was used before by several authors.
Tang (2006) developed a radial basis function neural networks to predict the ultimate torsional
strength of RC beams, Zhang (2002) and Hossain et al. (2006) improved analytical methods for
predicting the nonlinear response of RC beams by using the same database.

4. Fuzzy logic

Over the last decade, the fuzzy logic invented by Zadeh (1965) in 1965 has been applied to a wide area
covering engineering, process control, image processing, pattern recognition and classification,
management, economics and decision making (Rutkowski 2004).

Fuzzy systems can be defined as rule-based systems that are constructed from a collection of
linguistic rules which can represent any system with accuracy, i.e., they work as universal approximators.
The rule-based system of fuzzy logic theory uses linguistic variables as its antecedents and
consequents where antecedents express an inference or the inequality, which should be satisfied and
consequents are those, which we can infer and is the output if the antecedent inequality is satisfied.
The fuzzy rule-based system is actually an IF-THEN rule-based system, given by, IF antecedent,
THEN consequent (Sivanandam 2007).

FL operations are based on fuzzy sets where the input data may be defined as fuzzy sets or a
single element with a membership value of unity. The membership values (14 and g,) are found
from the intersections of the data sets with the fuzzy sets as shown in Fig. 2 that illustrates the
graphical method of finding membership values in the case of a single input (Haris 2006).

A fuzzy set contains elements which have varying degrees of membership in the set, unlike the
classical or crisp sets where a member either belongs to that set or does not (0 or 1). However a
fuzzy set allows a member to have a varying degree of membership and this partial degree
membership can be mapped into a function or a universe of membership values (Bai et al. 2006).

The implementation of fuzzy logic to real applications considers the following steps (Bai et al. 2006).
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Fig. 2 Input data membership values
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1. Fuzzification which requires conversion of classical data or crisp data into fuzzy data or
Membership Functions (MFs)

2. Fuzzy inference process which connects membership functions with the Fuzzy rules to derive
the fuzzy output

3. Defuzzification which computes each associated output.

4.1 Neuro-fuzzy systems

Fuzzy systems can also be connected with neural networks to form NF systems which exhibit
advantages of both approaches. NF systems combine the natural language description of fuzzy systems
and the learning properties of neural networks. Various NF systems have been developed that are
known in literature under short names. ANFIS developed by Jang et al. (1997), (Adaptive Network-
based Fuzzy Inference System) is one of these NF systems which allows the fuzzy systems to learn
the parameters using adaptive backpropagation learning algorithm (Rutkowski 2004).

Mainly three types of fuzzy inference systems have been widely employed in various applications:
Mamdani, Sugeno and Tsukamoto fuzzy models. The differences between these three fuzzy
inference systems are due to the consequents of their fuzzy rules, and thus their aggregation and
defuzzification procedures differ accordingly Jang et al. (1997). In this study, the Sugeno FIS is
used where each rule is defined as a linear combination of input variables. The corresponding final
output of the fuzzy model is simply the weighted average of each rule’s output. For example, in a
Sugeno FIS consisting of two input variables as x, y and one output variable £, the rules can be
written as follows

Rule 1: If x is 4y, yis By then fi=pix +tqy t ry
Rule 2: If x is 45, y is Bythen f, =pox + qoy + 1y

where p;, ¢; and r; are the consequent parameters of iy, rule. 4;, B; and C; are the linguistic labels
represented by fuzzy sets shown in Fig. 3. The fuzzification and defuzzification processes which were
performed by employing the mentioned rules have been demonstrated in Fig. 3. Rule 1 has been
employed, firstly. Here, w; has been obtained by finding the minimum of the values which was
calculated via the intersection of input variable x and membership function 4; with the intersection of
input variable y and membership function B;. Then Rule 2 has been employed. Here, w, has been
obtained by finding the minimum of the values which was calculated via the intersection of input
variable x and membership function A4, with the intersection of input variable y and membership
function B,. f; and f; values obtained from the rules have been subjected to defuzzification process by
using weighted average method and thus the output value f'has been calculated.

A,

Fig. 3 The Sugeno fuzzy model [36]
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4.2 Solving a simple problem with ANFIS

To illustrate how ANFIS works for function approximation, lets suppose one is given a sampling
of the numerical values from the simple function below

where a and b are independent variables chosen over randomly points in the real interval (1, 9). In
this case, a sample of data in the form of 20 pairs (a, b, y;) is given where a and b are the values of
the independent variables in the given interval (1, 9). And y; is the output of the function given in
Eq. (8) and presented in Table 1. The aim is to construct the ANFIS model fitting those values
within minimum error for Eq. (1) by using the simplest ANFIS model that is available where the
number of rules is 2 for each variable and the type of output membership function is constant.
Inference diagram of the proposed ANFIS model is given in Fig. 4 for the input values of 9 and 5
with the corresponding values of output membership which is chosen as constant. The initial and

Table 1 Ranges of variables of the database

Minimum Maximum Increment
x (mm) 160 350 Variable
y (mm) 275 508 Variable
x; (mm) 130 300 Variable
1 (mm) 216 469 Variable
f. (MPa) 26 110 Variable
s (mm) 50 215 Variable
A4, (mm?) 71 127 Variable
JSw (MPa) 319 672 Variable
Ay (mm?) 381 3438 Variable
S (MPa) 310 638 Variable
£ (%) 0.22 2.56 Variable
(%) 0.30 3.51 Variable
inputl(a)=9 input2(b)=5 output=106
1 - 0.5 [-15.9] x0=0
0 )"
2 . 0.5 [23.5]x0=0
= 0
1
3 _J,,-«‘——"f 0.5> 05 | [86] x0.5=43
1
¢ | ol 0.5> 05 | [126]x0.5=63

Fig. 4 Fuzzy inference diagram
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final membership values of rules for each input are given in Figs. 5 and 6 respectively. Suppose one
will find the output for input values of 9 and 5. As the minimum of the two membership values are
taken, the first and second values of output membership will be zero. The third and fourth output
membership should be multiplied by 0.5. Thus the final output will be 86 x 0.5+ 126 x 0.5 = 106.
The exact result for a=9 and b =5 from Eq. (8) will be y = 9>+ 5(5) = 106.
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5. Implementation

In this study, MATLAB fuzzy logic toolbox was used for ANFIS modeling process. Among the
experimental database, 16 samples were used for the test set and the remaining 60 samples were
used for the training set in order to perform NF modeling. In the proposed NF model, the input
parameters were selected by basing on the previously published studies of Rasmussen and Baker
(1995), Koutchoukali and Belarbi (2001), Fang and Shiau (2004), Hsu (1968). These input
parameters are dimension of the closed stirrup (x, ¥;), concrete compressive strength (), steel ratio
of stirrups (o) and steel ratio of longitudinal reinforcement (o), cot@ (This parameter is obtained in
terms of spacing of stirrups (s), cross-sectional area of one leg of closed stirrup (4;), yield strength
of closed stirrup (f,,), total area of longitudinal torsional reinforcement (4,), yield strength of
longitudinal torsional reinforcement (f;)). The simplest ANFIS model was selected to illustrate the
effectiveness of the NF approach. The proposed ANFIS model uses the generalized bell-shaped
input membership functions (2) with minimum number of fuzzy rules. The membership functions
(fuzzy rules) for inputs are demonstrated in Fig. 7. According to Fig. 7, there are six input
parameters each of which contain two bell-shaped membership functions. Besides, the membership of
each parameter according to its interval was also indicated in the charts.

The output membership function was chosen as the simplest and available one which is a constant
value. The details of the related parameters used for ANFIS model are presented in Table 1. Some
features of the proposed ANFIS model are given in Table 2. The obtained statistical parameters of
the proposed ANFIS model for Test/Predicted results are indicated in Table 3.
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Table 2 Some features of the proposed ANFIS models

Type

SUGENO

Aggregation method
Defuzzification method

Input membership function type
Output membership function type

Maximum
Weighted average
Triangular, Gaussian, Generalized bell-shaped
Constant

Table 3 The obtained statistical parameters of the proposed NF model

Mean cov RMSE R’
NF testing set 0.96 0.23 20.1 0.86
NF training set 1.00 0.01 0.34 0.99
NF total set 1.00 0.11 9.21 0.96

6. Discussions

6.1 Code approaches

The prediction accuracy of various standards of building codes related to the torsional strength of
the beams for mentioned tested 76 specimens are presented in Table 4. As seen from Table 4, ACI-
318-2005 (2005), AS3600 (2001) and CSA (1994) torsional strength expressions have the most
powerful estimating capacity. The differences between the codes and test results are based on some

reasons such as:

Table 4 Prediction accuracy of existing building codes

n

Building standards Expression for torsional strength Cov RMSE R* (%)
2A()Al‘ v

ACI-318-2005 T,=——%cotl 0.29 23.5 85.93

s

0.8x,y,(0.87f,,)4

BS8110 T, =2 1 - J) A 0.29 227 81.76
24,4

TBC-500-2000 = 24de] 0.4 38.1 71.07
2(x;+yy)
24,4

AS3600 T,= onfyvCOl‘@ 0.29 23.5 85.93

Eurocode-2-01 T, = 1,,(4;,7/5)24, cot0 0.35 49.1 73.44

Eurocode-2-02 T, = f(A4,/u;)24, tan8 0.30 23.5 85.93

Eurocode-2-03 T, = 1.2(1-1,,/250)f  Ayt,.; sinBcos 0 0.56 57.9 61.88
24

CSA T, = #ﬂcote 0.29 23.5 85.93
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e In all codes except for Eurocode-2-03 approaches given in Eq. (7), the concrete contribution is
ignored after torsional cracking that makes no distinction between the behavior of normal and
high strength concretes. Therefore, there is no advantage in using higher concrete strength in
resisting ultimate torsion. However, the test series have shown that the ultimate torsional
strength of RC beams increases with the increase of concrete quality.

e In the calculation of torsional strength, the main parameter is the shear flow area determined
differently in the building codes. Taking the centers of longitudinal bars or centre-to-centre of
stirrups for this calculation create a considerable difference in the total result.

e The building codes assume the longitudinal bars and stirrups to be yielded. But in the
experiment that represents the real conditions more realist than analytical approaches, neither
longitudinal bars nor stirrups yielded or either longitudinal bars or stirrups yielded. Especially
high values of yield stresses, larger sizes of reinforcement and weaker concrete gives way the
dominance of the neither longitudinal bars nor stirrups yielded.

e In the TBC-500-2000 (2000) and BS8110 (1985), the angle of cracks are neglected (or assumed
45°). This assumption induces the important differences between the code approaches and test
results.

e The theoretical values computed by using code formulations are generally higher than the
experimental torsional strength. This can be explained probably by the fact that the thin-walled
tube and space truss analogy deviate in the particular and isolated case of over-reinforced beams
with low concrete strength.

e The comparison suggests that the most equations overestimate the strength, especially in the
case of beams with low concrete strength. This is expected since most of the methods do not
taking account the concrete strength in calculating the torsional strength.

6.2 Neuro-fuzzy (NF)

Predicted values achieved through the proposed NF formulations are compared with the experimental
results for the torsional strength of the beams in Table Al and also statistical parameters of the test
and training sets of NF formulations are given in Table 3. Based on the findings of the NF the
following comparisons can be drawn:

e The results of the proposed NF formulation performed better than building code’s results.

e The error between the test and NF model is quite small for mentioned parameters. However, in
the comparison of the code and test data, especially for over reinforced concrete, the predicting
capability of code has become less.

e The outcomes of NF offer original contributions beside its high estimation capacity.

7. Parametric study

A wide range of parametric studies were performed in this study by using the NF model to
investigate the interacting influence of each parameter on the torsional strength of the RC beams.
The following results can be drawn based on the parametric study presented:

e [t can be clearly understood from Figs. 8 and 9 that the increase in either the short dimension

(x;) or the long dimension (y;) of the closed stirrup causes more increase on the torsional
strength (7). Especially, for x;=200—250 mm and y,=350—400 mm ranges, the increase in
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Fig. 9 Relationship between x,, yy, T,

Fig. 8 Relationship between £, x, T,

Fig. 11 Relationship between cot 6, x, T,

X1 Tu

Fig. 10 Relationship between p,

Fig. 13 Relationship between p, f;, T,

Fig. 12 Relationship between p, f., T,

T, becomes more obvious.
e As it can be seen from the relationship given in Fig. 8 between the short dimension of the

"), the contribution of f. on 7, becomes

closed stirrup (x;) and the compressive strength
effective with the increasing cross-sectional dimensions.



Neuro-Fuzzy modeling of torsional strength of RC beams 481

Fig. 14 Relationship between cotd, f., T, Fig. 15 Relationship between p, p, T,

e The increasing steel ratio of the stirrups (o) causes to have increase in 7, value which occurs
more obvious for the p, values between 1-1.5%. This relationship is given in Fig. 10.

e As it’s given in Fig. 11, for a given concrete compressive strength, the angle of crack (6)
increases with a decrease of shorter side of rectangular section.

e In Fig. 12, less affected and more affected torsional strength 7, values are seen because of the
change in the compressive strength (f.) of concrete due to low steel ratio of stirrups (p,) and
high steel ratio of stirrups (p,), respectively. Similar to the situation in Fig. 12, Fig. 13 displays
the torsional strength 7, affected by the change in the concrete’s compressive strength (7.) due to
high steel ratio of longitudinal reinforcement ().

 The inclined angle (6) of crack decreases (i.e., stiffness increases) with the increase of concrete
compressive strength. According to Fig. 14, the effect of the concrete’s compressive strength ()
on the torsional strength (7,) increases with the increasing cot (6) (0<45°). The increasing
concrete compressive strength (f.) causes to occur decreasing inclined angle and crack slope.
Principle compression strength in beam web increases with decreasing inclined angle (6).

e The increasing steel ratio of the stirrups (p;) causes to have more increment in 7, value than
effect of increment steel ratio of longitudinal reinforcement (o). This relationship is given in
Fig. 15.

The figures present that, the relationship tends to be directly proportional with the parabolic type
in most cases and is consistent with the findings of the pertinent literature. The wide ranges of these
parametric studies also verify the generalization capability and the accuracy of the proposed NF
model.

8. Conclusions

This study is a pioneer work that inquires the capability of NF approach for the empirical modeling
of torsional strength of RC beams without web reinforcement. The proposed NF (ANFIS) model is
based on experimental results (76 samples) collected from separate studies. A computer program
was developed to obtain the optimum NF model which evaluates various types and number of
membership functions and selects the NF model with the least testing set error. The optimum NF
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model has been found to have 2 membership functions of generalized bell shaped. The results of the
proposed ANFIS model are observed to be more accurate than those of the current design codes and
existing torsional strength equations available in literature. Most of the design codes and equations
available in literature are based on the regression analysis of predefined functions. However, in the
case of NF approach presented in this study, there is no predefined function to be considered. The
NF approach generated rules between the input and output values. The outcomes of this study are
quite satisfactory which may serve NF approach to be widely used in further applications in the
field of reinforced concrete structures.
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Notation
A : total area
A, : gross area enclosed by the shear flow path
A, : area enclosed by lines connecting the centroids of the reinforcing bars at the corner
of the section
Ay : area enclosed by the centre-lines of the effective wall thickness
A, : total area of longitudinal torsional reinforcement
Ay, : area enclosed by the centre of stirrups
Ay, : area of the two legs of stirrups at a section (=24,)
A, : cross sectional area of one-leg of closed stirrup
a; : outputs of neural network
f- : compressive strength of concrete
S : yield strength of longitudinal torsional reinforcement
Jov : yield strength of closed stirrups
k : number of samples in training or test data
m : number of segments in training or test data
n : number of outputs of neural network for training and test procedures
o) : steel ratio of longitudinal reinforcement
o) : steel ratio of stirrups
DPh : perimeter of centerline of outmost closed transverse torsional reinforcement
R? : correlation coefficient
s : spacing of stirrups
Sy : normalized value of variable
1. : torsion moment resisted by the concrete compression struts
T, : nominal torsional strength

Tyestimateay - predicted ultimate torsional strength
T, (experimentay: Measured ultimate torsional strength

to : the effective wall thickness

t; : desired outputs

u : perimeter of the cross-section

x : short dimension of the cross section

y : long dimension of the cross section

X1 : center-to-center of the shorter and longer legs of stirrups
Vi : center-to-center of the longer legs of stirrups

z : variable values

Zmin : variable minimum values

Zimax : variable maximum values

o : angle of compression diagonals
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Appendix
Table A1 Experimental database [2,5,6,8,28,29]

Ref. No x y x £t S 4, N 4, T o o T,(Test) (I\]{ %) TTM"I(,(FI;SISF?/
FS-1 350 500 300 450 785 100 7133 440 1196.6 440 0.61 0.68 92.00 92.00 1.00
F2-2 350 500 300 450 785 100 71.33 440 2027.2 410 0.61 1.16 115.10 112.74 1.02
FS-3 350 500 300 450 785 S50 7133 440 2027.2 410 1.22 1.16 15530 15594 1.00
FS-4 350 500 300 450 78.5 50 7133 440 2865 520 1.22 1.64 196.00 195.99 1.00
FS-5 350 500 300 450 785 55 126.7 440 3438 560 1.97 1.96 239.00 239.00 1.00
FS-6 350 500 300 450 684 90 7133 420 1719 500 0.68 098 126.70 126.70 1.00
FS-7 350 500 300 450 684 80 126.7 360 1719 500 1.36 098 13520 13521 1.00
FS-8 350 500 300 450 684 90 7133 440 2865 500 0.68 1.64 144.50 134.76 1.07

2 FS-9 350 500 300 450 355 100 7133 440 1191.6 440 0.61 0.68 79.70 79.71 1.00
FS-10 350 500 300 450 355 100 71.33 440 20272 410 0.61 1.16 9520 9522 1.00
FS-11 350 500 300 450 35,5 50 7133 440 20272 410 122 1.16 116.80 116.79 1.00
FS-12 350 500 300 450 35,5 50 7133 440 2865 520 1.22 1.64 138.00 138.01 1.00
FS-13 350 500 300 450 355 55 126.7 440 3438 560 1.97 1.96 158.00 165.00 0.96
FS-14 350 500 300 450 355 90 7133 420 1719 500 0.68 098 111.70 111.68 1.00
FS-15 350 500 300 450 355 80 1267 360 1719 500 1.36 098 125.00 125.00 1.00
FS-16 350 500 300 450 35,5 90 7133 420 2865 500 0.68 1.64 117.30 117.29 1.00
KB-1 203 305 165 267 39.6 108 7133 373 5068 386 092 082 1940 1940 1.00
KB-2 203 305 165 267 64.6 108 7133 399 5068 386 092 0.82 1890 18.56 1.02
KB-3 203 305 165 267 75 108 7133 373 5068 386 092 0.82 21.10 2I1.11 1.00
KB-4 203 305 165 267 80.6 108 7133 399 5068 386 092 0.82 1940 1938 1.00

5 KB-5 203 305 165 267 939 108 7133 38 5068 38 092 082 21.00 21.00 1.00
KB-6 203 305 165 267 762 102 7133 386 5068 386 098 082 1840 18.41 1.00
KB-7 203 305 165 267 729 95 7133 386 64946 373 1.05 1.05 2250 19.56 1.15
KB-8 203 305 165 267 759 90 7133 386 7602 373 1.11 123 23.70 23.69 1.00
KB-9 203 305 165 267 767 70 7133 386 7944 380 142 128 24.00 24.02 1.00
RB-1 160 275 130 245 41.7 90 7854 665 15439 620 149 3.51 16.60 1644 1.01
RB-2 160 275 130 245 382 90 7854 669 15439 638 1.49 351 1530 1581 0.97
RB-3 160 275 130 245 363 90 7854 672 15439 605 1.49 351 1530 16.00 0.96
RB-4 160 275 130 245 61.8 90 78.54 665 15439 612 149 351 20.00 19.05 1.05
RB-5 160 275 130 245 57.1 90 78.54 665 15439 614 149 351 18,50 1845 1.00
RB-6 160 275 130 245 61.7 90 7854 665 15439 612 149 351 19.10 19.04 1.00

6 RB-7 160 275 130 245 773 90 78.54 658 15439 617 149 3.51 20.10 21.01 0.96
RB-8 160 275 130 245 769 90 7854 656 15439 614 1.49 351 20.70 2096 0.99
RB-9 160 275 130 245 762 90 78.54 663 15439 617 149 351 21.00 20.86 1.01
RB-10 160 275 130 245 109.8 90 78.54 655 1526.8 618 149 3.51 2470 2443 1.01
RB-11 160 275 130 245 105 90 78.54 660 1526.8 634 1.49 351 23.60 2426 097
RB-12 160 275 130 245 105.1 90 78.54 655 15439 629 149 351 2480 2433 1.02
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Table A1 Continued
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Ref. No X y X1 N I S A, 5 A, S 0 o T, (Test) (I\%:) Tf"l(,(TISI%;/
HS-1 254 381 215.9 3429 27.58 1524 71.33 341.29 508 313.71 0.54 0.52 22.30 2585 0.86
HS-2 254 381 21593429 28.61 181.1 126.7 31992 635 31647 0.81 0.66 29.30 29.51 0.99
HS-3 254 381 215.9 3429 28.06 127 126.7 319.92 762 3275 1.15 0.79 3750 38.82 0.97
HS-4 254 381 21593429 30.54 922 126.7 323.56 889 31992 1.59 092 4730 4759 099
HS-5 254 381 21593429 29.03 699 126.7 3213 1016 33233 2.09 1.05 56.20 56.10 1.00
HS-6 254 381 215.9 3429 28.82 57.2 126.7 322.67 1143 331.64 2.56 1.18 61.70 60.94 1.01
HS-7 254 381 215.9342.9 2599 127 126.7 318.54 508 319.92 1.15 0.52 2690 27.50 0.98
HS-8 254 381 21593429 26.75 57.2 126.7 319.92 508 321.99 2.56 0.52 32.50 32.09 1.01
HS-9 254 381 21593429 28.82 1524 126.7 342.67 762 319.23 0.96 0.79 29.80 2991 1.00
HS-10 254 381 215.9 3429 26.48 1524 126.7 34198 1143 3344 096 1.18 3440 3441 1.00
HS-11 254 381 215.9 342.9 26.61 1524 71.33 337.84 508 333.02 0.54 0.52 2240 26.78 0.84
HS-12 254 381 21593429 2558 181.1 126.7 33095 635 322.67 0.81 0.66 27.70 27.65 1.00
HS-13 254 381 21593429 2841 127 126.7 333.02 762 341.67 1.15 0.79 4020 39.18 1.03
HS-14 254 381 215.9342.9 30.61 922 126.7 333.02 889 33026 1.59 092 4790 47.70 1.00
HS-15 254 381 215.9342.9 29.85 1494 7133 353.01 635 326.12 0.55 0.66 30.40 3031 1.00
HS-16 254 381 215.9 3429 30.54 104.9 7133 357.15 762 328.88 0.79 0.79 40.60 31.33 1.30
HS-17 254 381 21593429 26.75 139.7 126.7 326.12 889 32199 1.05 092 43.80 43.79 1.00
HS-18 254 381 215.9 3429 26.54 104.9 126.7 326.81 1016 318.54 1.39 1.05 49.60 49.04 1.01
HS-19 254 381 215.93429 2799 82.6 126.7 330.95 1143 335.09 1.77 1.18 5570 56.13 0.99

7 HS-20 254 381 21593429 29.37 699 126.7 340.6 2288 317.85 2.09 236 60.10 60.12 1.00
HS-21 254 381 215.9 342.9 4523 98.6 71.33 348.87 635 32543 0.84 0.66 36.00 2831 1.27
HS-22 254 381 215.9342.9 44.75 127 126.7 333.71 762 34336 1.15 0.79 45.60 4556 1.00
HS-23 254 381 21593429 4495 922 126.7 326.12 889 315.09 1.59 092 58.10 5826 1.00
HS-24 254 381 21593429 45.02 69.9 126.7 32543 1016 31026 2.09 1.05 70.70 70.50 1.00
HS-25 254 381 21593429 4578 57.2 126.7 328.88 1143 32543 2.56 1.18 76.70 76.72 1.00
HS-26 254 508 215.9 469.9 29.79 187.5 71.33 33922 508 32199 0.4 0.39 26.80 104.27 0.26
HS-27 254 508 215.9 469.9 30.89 120.7 71.33 333.71 635 322.67 0.63 0.49 4030 4034 1.00
HS-28 254 508 215.9469.9 26.82 155.7 126.7 327.5 762 33853 0.87 0.59 49.60 49.52 1.00
HS-29 254 508 215.9469.9 2827 1143 126.7 34198 889 32543 1.18 0.69 6490 6487 1.00
HS-30 254 508 215.9 469.9 26.89 859 126.7 327.5 1016 33095 1.57 0.79 72.00 72.03 1.00
HS-31 254 508 215.9 469.9 29.92 127  126.7 349.56 1144 334.4 1.06 0.89 39.10 49.47 0.79
HS-32 254 508 21594699 30.96 146.1 126.7 322.67 1430 319.23 0.92 1.11 52.70 52.70 1.00
HS-33 254 508 21594699 28.34 1049 126.7 328.88 1716 32199 1.28 133 63.30 63.30 1.00
HS-34 254 508 215.9215.9 27.03 2159 7133 34129 381 34129 022 0.3 11.30 11.39  0.99
HS-35 254 508 215.9215.9 26.54 117.6 7133 34474 508 3344 041 039 1530 1525 1.00
HS-36 254 508 215.9 215.9 26.89 139.7 126.7 329.57 635 330.95 0.61 0.49 20.00 20.25 0.99
HS-37 254 508 21592159 27.17 98.6 126.7 327.5 762 336.46 0.86 0.59 2530 2489 1.02
HS-38 254 508 215.9215.9 2723 732 126.7 328.88 889 328.19 1.16 0.69 29.70 29.47 1.01
HS-39 254 508 215.9215.9 27.58 54.1 126.7 327.5 1016 31578 1.57 0.79 3420 3434 1.00

*Bold samples are used testing set





