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Abstract: In order to achieve active confinement in concrete elements, researchers have recently
employed smart materials called shape memory alloys (SMA). Several empirical relationships have
been widely used to predict the behavior of confined concrete. To develop more accurate relations for
predicting the behavior of concrete actively confined with SMA spirals, it is necessary to obtain new
relations for determining the peak compressive stress and the corresponding strain in addition to the
ultimate stress and strain. For this purpose, existing data from 42 specimens of plain concrete cylin-
drical specimens confined with SMA spirals and subjected to uniaxial compression were collected.
Then, by using MATLAB and SigmaPlot software, nonlinear regression analyses were conducted to
obtain the optimum relations. The best equations were selected using multiple error criteria of root
mean square error (RMSE) and R-squared (R?). Finally, the accuracy of the proposed relations was
compared to the existing relations for active concrete confinement which showed better accuracy.

Keywords: active confinement; SMA spirals; regression analysis; peak stress; ultimate stress; axial strain

1. Introduction

Civil structures during their lifetime may be exposed to various environmental factors,
such as corrosion [1,2], vibration and fatigue [3,4], impact [5-8], seismic excitations [9-11],
and strong wind or storm [12]. These environmental factors may lead to damage to struc-
tural components. Damages in structures should be identified and repaired to prevent
accidents [13]. Among the different types of building materials, concrete is the most widely
used in constructing various structures. Compared to other building materials, concrete
is significantly durable and chemically resistant. Additionally, using concrete makes it
possible to make various building components without limitations in size and shape. How-
ever, concrete is a brittle material [14]. Nowadays, strengthening and repairing concrete
columns has attracted much attention from researchers. When external loads on concrete
columns increase strongly during an earthquake, the column can easily fail and endanger
the safety of the entire structure. Therefore, finding effective methods to improve the
bearing capacity and ductility of concrete columns is essential [15]. According to previous
studies, concrete columns can achieve greater compression-bearing capacity by applying
confinement pressure [16-18]. You can apply confinement pressure to concrete columns
with a concrete jacket, steel jacket, or fiber-reinforced polymer (FRP) wrap. Recently, smart
materials called shape memory alloys (SMA) have been used to improve the performance
of reinforced concrete columns [19]. Applying these materials to confine the reinforced
concrete columns significantly increases the bearing capacity and ductility of concrete
columns [20-24]. Many studies have been conducted in the past decades to understand the
behavior of confined concrete columns.

The first research on concrete confinement was conducted by Richard et al. [25].
They investigated the behavior of concrete under the effect of multiaxial stresses, and
the results showed the effectiveness of lateral confinement on concrete behavior. The
results of this research led many researchers to investigate the behavior of concrete under
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the effect of lateral confinement and different methods of applying lateral confinement
pressure. Generally, there are two confinement techniques: active confinement and passive
confinement. Passive confinement, a common technique, is applied to concrete structures by
internal steel transverse bars (e.g., spirals and closed hoops), external steel jackets, or external
FRP wraps. Active confinement prestresses the reinforced concrete member before loading in
transverse directions and is more effective in increasing the ultimate strength and ductility of
concrete elements [26]. Recently, several researchers have started using smart materials such
as SMAs for developing active confinement in concrete members [15,16,19-21,26-55]. Amidst
this research, only a few investigations have focused on finding analytical methods to predict
the behavior of concrete confined with SMA spirals, such as Chen et al. [21,33,56-58].

SMAs are a group of metal alloys capable of withstanding large deformations, while
being able to return to their original shape (undeformed state) by applying heat (Shape
Memory Effect) or unloading (Super-Elastic) [59,60]. The change in crystal microstructures
of SMA is mainly responsible for SME and SE [61]. In concrete confinement, SMA wires
can be used in austenite or martensite phases. If the wires used for confinement have SE
properties, the confinement is passive, but if the wires used to apply confinement have
SME properties with the application of initial strain, the applied confinement with SMA
wires is active [16].

The review of previous research shows that a comprehensive study has not been
conducted to provide efficient formulations to predict the peak and ultimate stresses and
corresponding strains of concrete cylinders confined with SMA spirals using available
experimental data. In this research, the gathered database includes the results of exper-
imental studies conducted on plain concrete cylindrical specimens confined with SMA
spirals subjected to uniaxial compressive loading (monotonic and cyclic), and have been
collected from the published reported between 2008 and 2022. By using this database and
using Matlab and SigmaPlot software, and by performing regression analysis, equations
for predicting peak stress and corresponding strain in addition to ultimate stress and
corresponding strain for plain concrete cylindrical specimens confined with SMA spirals
were determined. Finally, the obtained relations have been compared with the existing
relationships for active confinement, which have been proposed by other researchers.

2. The Behavior of Active Confined Concrete with SMA Spirals

To apply active confinement pressure to a concrete structure using SMA spirals, the
SME of SMA wires must be used with the initial strain. They are also restrained on
both ends and heated using a temperature above Ar.. When the martensitic SMA wire
is restrained, due to the constraint provided by concrete, the spiral cannot restore its
original length; rather large recovery stress is induced in the spiral, causing the confining
pressure to be exerted on the concrete. Figure 1 shows a schematic of a concrete column
confined with SMA spirals [16,26,47]. Mender et al. [62] proposed a model to obtain the
active confinement pressure that SMA spirals exert on concrete specimens with a circular
cross-section (Equation (1)):
2(Asma)(fsma)

(S)(de)

In this equation fj is active confinement pressure, Asy4 is the cross-sectional area of
SMA wire (mm?), fsp4 equals the SMA wire recovery stress, S is the pitch of the SMA
spiral and d. is the diameter of the concrete cylinders. Figure 2 depicts the confinement
forces and effective confinement of SMA-confined reinforced concrete columns [19,62].

To understand and analyze the behavior of SMA-confined concrete, a schematic
drawing of the axial stress-strain response of SMA-confined concrete is represented in
Figure 3. This drawing is based on observations made from test data on SMA-confined
concrete and represents significant notes. As shown in Figure 3, as the specimen is loaded
beyond the elastic limit, it behaves nonlinearly, reaching its peak point at ' stress and
¢’cc strain. As the loading continues, the stress-strain diagram is followed by a gradually
descending branch to reach the failure point that is defined by the ultimate strain € and

fi =
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the corresponding ultimate stress f;;. A review of previous research shows that various
empirical equations have been developed to predict the stress-strain behavior of confined
concrete. To develop an accurate constitutive model to predict the stress-strain behavior of
SMA-confined concrete, it is essential to explore the characteristics of the peak axial and
ultimate points [26].

SMA spirals .
p(Active pressure)
p— —~—— p(Active pressure)
—_— ——— ‘(;\é
confinement with SMA spirals Before heating After heating

Figure 1. Schematic of a concrete column confined with SMA spirals (active confinement).
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Figure 2. Schematic of confinement, (a) confinement forces (b) effective confinement of SMA-confined
reinforced concrete columns.
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Figure 3. Schematic drawing of the axial stress-strain response of SMA-confined concrete.

3. Collected Experimental Data

A database of the test results of SMA-confined plain concrete specimens under con-
centric monotonic and cyclic axial compressive loading was collected from the literature
published from 2008 to 2022. The collected data included test results for normal-strength
plain concrete. Among 67 test results collected, 42 test results were deemed useful for
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the regression analysis to obtain expressions for values of peak and ultimate stresses and
corresponding strains. The database was refined based on the following criteria:

This study did not include test results on cubic and prismatic specimens. Only the test
results of cylindrical specimens were considered for relationship-building.

Since the main objective of this study is to obtain expressions for the peak and ultimate
stresses and corresponding strains of SMA-confined concrete, specimens of all grades
of normal concrete were used.

Plain concrete cylindrical specimens without any longitudinal and transverse rein-
forcement were considered.

Specimens with partial SMA confinement were excluded from the study data sets.
This study includes the test results of cylindrical specimens of all sizes.

Because the purpose of the study is to obtain expressed relationships for SMA-confined
concrete actively, so the specimens confined with SMA spirals in the martensite phase
were considered and specimens confined with SMA spirals in the austenite phase
were excluded.

As regards to the monotonic stress-strain curve of concrete cylindrical specimens
confined with SMA spirals, closely follows the trend of the envelope of the cyclic
stress-strain curve [26], so in this study, all specimens confined with martensite SMA
spirals under monotonic and cyclic loading, were considered for regression analysis.

Among 42 test results used for regression analysis, 17 specimens were confined with

NiTi wire and 25 specimens were confined with NiTiNb wire. The strength of unconfined
concrete ranged from 21.15 to 63.50 MPa. Additionally, the confinement pressure of the
database ranged from 0.1754 to 5.3659 MPa with an average value of 1.7083 MPa. Table 1
presents the experimental database used in this study.

Table 1. Experimental database of cylindrical specimens confined with SMA spirals.

Number Reference (@mm) ml-ll-n) Loading £co (Nfﬁ‘i ) 8151]\;‘{\) (f\%'\f,:) (PI::ICIS Substance (N?P ) (I\SICE’ ) £cc (lfl‘lli; ) £ult
1 [16] 150 300 M 0.0031 25.97 1 67.05 2 NiTi 0.3509 27.72 0.0052  23.64 0.0118
2 [16] 150 300 M 0.0031 25.97 1 67.05 2 NiTi 0.3509 2741 0.0053  23.64 0.0122
3 [16] 150 300 M 0.0031 25.97 1 67.05 4 NiTi 0.1754 26.2 0.0042 2347 0.0087
4 [16] 150 300 M 0.0031 2597 1 67.05 4 NiTi 0.1754 27.12 0.0039 22.34 0.0089
5 [26] 152 305 C 0.0021 36.1 1.9 607 7.6 NiTiNb 2.9781 51 0.0051 34 0.0939
6 [26] 152 305 C 0.0023 55.4 1.9 607 7.6 NiTiNb 2.9781 81.6 0.0044 38 0.0719
7 [46] 150 300 M 0.0015 39 2 460 12.5 NiTiNb 1.5406 47.29 0.002 26.29 0.0381
8 [47] 152 305 M 0.0016 39.2 2 460 13 NiTiNb 1.4619 47.3 0.0035 2598 0.0382
9 [31] 152 305 M 0.0018 35 3 865 25.41 NiTi 3.1645  42.58 0.0031  27.08 0.0168
10 [35] 150 300 C 0.0033 36.4 1 147.1 1 NiTiNb 15396 41.64 0.0058  34.88 0.046
11 [35] 150 300 C 0.0033 36.4 1 147.1 2 NiTiNb 0.7698 37.44 0.0055 229 0.04
12 [35] 150 300 M 0.0033 36.4 1 147.1 1 NiTiNb 1.5396  42.87 0.0045 46.27 0.05
13 [35] 150 300 M 0.0033 36.4 1 147.1 2 NiTiNb 0.7698  38.08 0.004 28.18 0.055
14 [34] 150 300 M 0.00209 30.16 1 223 1 NiTi 2.3340  40.63 0.00251 30.73 0.01928
15 [34] 150 300 M 0.00209 30.16 1 304 1 NiTiNb 3.1818 45.38 0.00663 38.08 0.0254
16 [52] 74.4 180 M 0.00121 26.52 1 186.703 2 NiTi 19699  45.05 0.00215 37.62 0.00412
17 [53] 100 200 M 0.004 21.15 0.5 800 8.33 NiTi 0.3769 25.5 0.0062  15.86 0.0217
18 [53] 100 200 M 0.004 21.15 0.5 800 5 NiTi 0.628 289 0.0062 16.72 0.0322
19 [53] 100 200 M 0.0056 31.46 0.5 800 5 NiTi 0.628 33.34 0.0056  16.02 0.0242
20 [53] 100 200 M 0.0056 25.46 0.5 800 8.33 NiTi 0.3769  28.33 0.0048 14.27 0.0257
21 [53] 100 200 M 0.0056 25.46 0.5 800 5 NiTi 0.628 33.74 0.0053  16.66 0.0235
22 [32] 152 305 C 0.0022 39.6 1.9 607 254 NiTiNb 0.8911  45.09 0.0027 1441 0.0533
23 [32] 152 305 C 0.0022 39.6 1.9 607 19.05 NiTiNb 1.1881  45.99 0.0034 19.03 0.0523
24 [32] 152 305 C 0.0022 39.6 1.9 607 12.7 NiTiNb 1.7822 493 0.0038  23.99 0.0765
25 [32] 152 305 C 0.0022 39.6 1.9 607 6.35 NiTiNb 3.5643 59.78 0.007 48.88 0.1198




Buildings 2023, 13, 112

50f33

Table 1. Cont.

Number Reference (m) (mI-IIn) Loading £co (NfICIga) 8151“43 (f&'\f,’;) (Pr::rcxs Substance (N?Pa) (hf[cf’a) £cc (lff‘lli;a) Eult
26 [32] 152 305 M 0.0022 39.6 1.9 607 19.05 NiTiNb 1.1881 47.4 0.0028 18.44 0.059
27 [32] 152 305 M 0.0022 39.6 1.9 607 12.7 NiTiNb 1.7822  50.71 0.0038 2641 0.074
28 [33] 152 305 C 0.0016 30.5 1.9 607 15.9 NiTiNb 1.4235 449 0.0027 16.9 0.0663
29 [33] 152 305 C 0.0016 30.5 1.9 607 10.2 NiTiNb 22190 404 0.0035 30.9 0.1005
30 [33] 152 305 C 0.0016 30.5 1.9 607 5.1 NiTiNb 4.4379 56.9 0.0057 46 0.053
31 [33] 152 305 C 0.0022 50 1.9 607 19.1 NiTiNb 1.1850 58.1 0.0031 18.9 0.0585
32 [33] 152 305 C 0.0022 50 1.9 607 12.7 NiTiNb 1.7822 64.2 0.0037 27.7 0.0958
33 [33] 152 305 C 0.0022 50 1.9 607 6.4 NiTiNb 3.5365 80.6 0.0056 44.8 0.0641
34 [27] 100 200 M 0.0021 39.67 1.9 485 10 NiTi 2.7488 52.75 0.0085  38.81 0.05858
35 [39] 100 200 M 0.0024 249 35 279 36 NiTi 1.4905 31 0.0088 10.2 0.0983
36 [39] 100 200 M 0.0028 63.5 3.5 279 20 NiTi 2.6829 69.4 0.0074  44.58 0.0735
37 [39] 100 200 M 0.0024 249 35 558 36 NiTi 2.9810 344 0.0104 11.86 0.0958
38 [39] 100 200 M 0.0028 63.5 35 558 20 NiTi 5.3658 78.5 0.0125 44.82 0.0478
39 [56] 152 305 M 0.0016 39.2 2 447 26 NiTiNb 0.7103 43.1 0.0029 13 0.0374
40 [56] 152 305 M 0.0016 39.2 2 447 39 NiTiNb 0.4735 41.5 0.0023 10.2 0.0377
41 [56,57] 152 305 M 0.0021 56.8 2 600 254 NiTiNb 0.9760 60.1 0.00257 16.7 0.0574
42 [56,57] 152 305 M 0.0016 39.2 2 447 13 NiTiNb 14206 47.49 0.0022  26.36 0.04

Table 2 presents descriptive statistics of the variables used in the model development,
including mean, median, mode, variance, skewness, standard error, standard deviation,
kurtosis, maximum, minimum, and data range.

Table 2. Descriptive statistics of the variables used in the model development based on 42 data.

€c0 f'co (MPa) f; (MPa) ' (MPa) € f'cu (MPa) €cu
Mean 0.0026 36.5636 1.7083 45.7317 0.0048 26.5600 0.0497
Median 0.0022 36.4000 1.4762 44.9750 0.0043 24.9850 0.0489
Mode 0.0022 39.6000 1.7822 #N/A 0.0053 23.6400 0.0400
S. Variance 0.0000 112.6950 1.5027 208.6242 0.0000 123.1089 0.0008
Skewness 1.5166 0.8838 0.9729 0.8412 1.3771 0.4801 0.4744
Standard error 0.00017 1.6381 0.1892 2.2287 0.00035 1.7120 0.0044
Standard deviation 0.0011 10.6158 1.2259 14.4438 0.0023 11.0954 0.0288
Kurtosis 2.1913 0.5337 0.6549 0.5186 2.3414 —0.8242 —0.3766
Maximum 0.0056 63.5000 5.3659 81.6000 0.0125 48.8800 0.1198
Minimum 0.0012 21.1500 0.1754 25.5000 0.0020 10.2000 0.0041
Range 0.0044 42.3500 5.1904 56.1000 0.0105 38.6800 0.1157

#N/A: Not Available.

4. Regression Analysis

In many mathematical models in engineering, there are problems in which it is neces-
sary to evaluate the parameters of the model and develop an empirical (or semi-empirical)
equation based on the existing experimental data. Estimation of the parameters of such
equations can be carried out by regression analysis. Regression analysis is the application
of mathematical and statistical methods for the analysis of the experimental data and
the fitting of the mathematical models to these data by the estimation of the unknown
parameters of the models. For regression analysis, mathematical models are classified
as linear or nonlinear with respect to unknown parameters. Most mathematical models
encountered in engineering and science are nonlinear in the parameters. These parameters
can be determined by the implementation of nonlinear regression methods [63].

The theory of linear regression has been expounded by statisticians. Nonlinear re-
gression is an extension of the linear regression methods used iteratively to arrive at the
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values of the parameters of the nonlinear models [63]. The general form of the nonlinear
regression model is expressed as Equation (2) [64]:

yi=1f(x;,0)+¢, =123 ...... , N ()

In this equation, y is the dependent variable, f is a nonlinear function, x is an inde-
pendent variable, 6 is a vector of unknown parameters, ¢ is independent and identically
distributed random errors with mean zero and constant variance 02, and # is the number
of experimental data [64].

In MATLAB software, the Statistics and Machine Learning Toolbox include statistical
functions and the Curve Fitting Toolbox provides various functions for linear and nonlinear
regression analysis. Curve fitting in MATLAB can be done with the fit function. This
function fits various types of curves or surfaces to the data. To obtain the coefficient
estimates, the least-squares method minimizes the summed square of residuals. To begin
fitting a regression, data are put into a form that fitting functions expect.

In SigmaPlot software, there are different types of nonlinear equations, such as Polyno-
mial, Sigmoidal, Exponential, Hyperbolic, Power, Rational, Logarithmic, three-dimensional,
and standard curves. The fitting curve for each type of equation in SigmaPlot is obtained
by using experimental data and obtaining the unknown parameters in each function.

Figure 4 summarizes the different steps of nonlinear regression. As can be seen,
whenever the selected nonlinear function is not able to evaluate the responses with proper
accuracy, the type of function is changed and the nonlinear regression analysis is repeated
until the appropriate equation is reached.

< Select Experimental Data >

A 4

Select Type of Nonlinear
' Equation

A

éhmlinear Regression Analysis>

<Unknown Parameter Estimatior>

v

Statistical Analysis >

v

NO
_< Is the Model Validated? >

L YES

< Quality of Prediction >

Figure 4. Mathematical modeling and regression analysis 4 Developed models for SMA-active
confined concrete cylindrical specimens.

This section develops several numerical models to predict the compressive strength
and axial strain of the concrete cylindrical specimens confined with SMA spirals. These
models are based on nonlinear regression analyses which are implemented by MATLAB
and SigmaPlot software.
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4.1. 2D Expression for Prediction of Peak Compressive Strength

The peak strength equation is a mathematical relationship in which the confined
concrete peak strength is expressed as a function of the unconfined concrete peak strength
and the lateral confining pressure of the SMA spirals. The increased strength due to
confinement pressure is represented by the strength enhancement factor, which is the
ratio of the confined concrete peak compressive strength (f..) to the unconfined concrete
peak compressive strength (f.,). The confinement ratio is the ratio of the lateral confining
pressure provided by the confining materials (SMA spirals, in this study) to the unconfined
concrete compressive strength.

A two-dimensional equation is a relationship in which the dependent variable (here
the strength enhancement factor) is expressed in terms of an independent variable (here
the confinement ratio). In general, two-dimensional peak strength expression for confined
concrete is expressed as Equation (3), which is a linear relation [65]:

fcc—1+k1(fl) (3)

ch ch

Gradually, with developing confinement relationships, various nonlinear equations have
been formulated for predicting the peak strength of confined concrete (Equation (4)) [65]:

A
fCC:1+k1<fl) 4)

ch ch

In Equations (3) and (4), fz—; is the strength enhancement factor and fleo is the confine-
ment ratio. K; and A, are fitting parameters that must be determined using experimental
database to obtain the peak strength equation.

The reviews indicate that using Equations (3) and (4) to predict the peak strength
of SMA-confined concrete, does not provide good results (Table 3 and Figure 5). Hence
for predicting the peak strength of concrete cylindrical specimens confined with SMA
spirals, five two-dimensional expressions were developed with the enhancement factor
and confinement ratio (Equation (8a—e)).

Table 3. Regression analysis results of Equations (2) and (3).

Relation RMSE R? R RMSE
ke =14 5.207(%) 0.1200 0.6119 0.7822 0.1200
£ g ) 08301 0.1186 0.6301 0.7938 0.1186
b :1+3.374(¢) : : : :
2.1
1.9
1.7
=
é 1.5
(5]
S
1.3
1.1
0.9
0 0.04 0.08 0.12 0.16

fl/fco ® Experimental Data
(fee/fe0) =1+5.207(fl/fc0 )
(fec/fc0) =1+3.374((fl/fc0 )~0.8301)

Figure 5. Regression analysis results of Equations (2) and (3).
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Using nonlinear regression analysis done by MATLAB and SigmaPlot software, and
according to statistical indicators including root mean square error [66], and the coefficient
of determination [66,67] (Equations (5)—(7)), the best expression is selected.

The purpose of regression analysis is to use existing data to obtain an expression for
predicting the target variable (dependent) in terms of input variables (independent) [68].
Nonlinear regression analysis is an extension of linear regression analysis that is used to
obtain the best curve fitting of data in cases where the relationship between parameters
is nonlinear. The coefficients in this type of regression analysis are calculated using an

iterative algorithm [65].
2
RMSE — \/Z?—1 (Xthe - Xexp) (5)

n
(Z?:l (Xthe — Xﬁw) (Xfxp — X?XP))

R =
\/Z?:l (Xthe - Xthe)z E?:l (Xexp - Xex;g)z

(6)

2

R? — (X1 (Xthe = Xine) (Xexp = Xexp))
\/Z?:l (Xthe - ythe)z 2?21 (Xexp - yexp)2

In these equations, Xy, and Xeyy are the theoretical and experimental values, respec-
tively, and n shows the number of specimens. Xy, and Xy, are the mean values of the
theoretical and experimental estimations, respectively. The R? (coefficient of determination)
varies from 0 to 1, and a higher value indicates a better fit of a model. On the other hand,
a lower RMSE (root mean square error) value indicates higher accuracy of the proposed
model [67].

@)

1.0749 — 14.3320 (fio)

fe _

fo g 16.0844(%) T 36.4014(%)2

Type1: (8a)

Type: ig _ 0.9408 +5.7585( ) — 4?'09 o(f )2 . 2438'21 (%)3 | N
O 1-64879( ¢ ) —197.8833( L)+ 1437.0224 (L ) - 335.3507 (¢ )

fypes: f 1.0555 — 108.7819({—10) + 37229.3660(%)2 - 472360,7712(f‘c—'0)3 + 1915477.9077({%0)4 5 50
fo g 105.3636(%) + 3788.6886(%) - 54084.4122(%) 4 303432.5690(%) - 504305.3887(%)

Typed: {2 = 1.862+0.4047 cos (304 (1 ) ) —0.8908 sin (304 (L ) ) — 0.4046 cos (60.8( L ) ) -
0.7636 sin (60.8(%)) — 0.5190 cos (91.2(%)) — 0.0424sin (91.2 (%)) ~ 0.0991 cos (121.6(%) ) + (8d)
0.2110 sin<121.6(fi—10>>
(fi)7743920 g (ff—l)fo,om 2 (ffl)fo.lzzz :
Type5: &= = (57210 x 108)e~(~rwo—) 4 0.2858¢ (~“hmss ) — 0.7628¢~(~hoos—) + 50
(ff—l)—O-OSOZ : (ff—l)—o.ozez ? ©

1.05¢— (S —) +0.2171e (— ooz —)

Statistical criteria, including RMSE and R?, are used to obtain the best fit relation.
According to the statistical analyses, that results are shown in Table 4, it can be seen that
Equation (8e) has the maximum coefficient of determination (R? = 0.8110), and that the
RMSE value of this equation (RMSE = 0.1032) is fairly similar to other proposed equations
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(RMSE = 0.1004 to 0.1131). Therefore, using two-dimensional equations, the Equation (8e)
is the best for predicting the peak strength of concrete confined with SMA spirals.

Table 4. Regression analysis results of two-dimensional equations for predicting the peak compressive
strength of the SMA-confined concrete cylindrical specimens.

Type R R? RMSE
Type 1 0.8371 0.7008 0.1095
Type 2 0.8736 0.7631 0.1030
Type 3 0.8877 0.7881 0.1004
Type 4 0.8550 0.7310 0.1131
Type 5 0.9005 0.8110 0.1032

Figure 6 compares the strength enhancement factor values obtained from the proposed
model (Equation (8e)), and experimental results.

2.1 I I | I
Proposed Model : : : :
— 1.9 Mean=1.0038 N S [ e
= SD=0.1824 : : : !
S AAE=0.0472
= 17 4= t-—————z e b
3 P P
@ [ ]
] 1.5 b—————— jm——— —— 4 - [EE
& I I o I * | [
= I o | ° I I
o 13 F—————- l____®_ 7 e
s ‘ i | | I
P oo 0
L] I I I [
g TR B Ny ¥ " SN - t—————— p—————
= | I I I I
® | I I I |
0.9 | | | | |
0.9 1.1 1.3 1.5 1.7 1.9 2.1

(fee/feo) Experimental

Figure 6. Comparison of % values obtained from the proposed model and experimental data.

This comparison uses the statistical indicators: average absolute error (AAE) to eval-
uate the proposed model accuracy, mean (M) to evaluate average overestimation or un-
derestimation of the model compared to experimental results, and standard deviation
(SD) to evaluate the magnitude of the associated scatter [65,69]. This comparison indicates
that there is a good agreement between the model prediction and the test results. The
measurements of these parameters are defined as follow:

n 1 (;((the )
i= .
Mean = ———="~ 9
ean N 9)
n Xthe _ gthe
i=1 Xfxp Xexp 10
D =
S N1 (10)
n 1’th§(_xfw
i= .
AAE = add 11
S 1)

4.2. 3D Expression for Prediction of Peak Compressive Strength

In Section 4.1, the two-dimensional equations for predicting the peak strength of
SMA-confined concrete were expanded. According to the resulting equations, it can be
seen that the equations have a complex form. To simplify the form of the equations and
make them easier to use, three-dimensional equations were defined.
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As explained earlier, the peak strength of concrete cylindrical specimens confined
with SMA spirals depends on unconfined concrete peak compressive strength and the
lateral confining pressure of the SMA spirals. Therefore, three-dimensional expressions can
be utilized to define equations that can predict the peak strength of concrete cylindrical
specimens confined with SMA spirals in terms of unconfined concrete peak strength and
confining pressure. So five three-dimensional expressions were developed with the SMA-
confined concrete strength, unconfined concrete strength, and lateral confinement pressure
of the SMA spirals (Equation (12a—e)). The best expression is chosen using nonlinear
regression analysis performed by MATLAB and SigmaPlot software and according to
statistical indicators including root mean square error and coefficient of determination, the
best expression is selected:

Type 1: fee = 2.5065 + 0.9634(fo) + 4.6828(f;) (12a)

Type 2 : foo = —3.4384 + 1.1829(fo0) + 7.1398(f;) — 0.0027(f0)* — 0.5310(f;)*  (12b)

Type 3 : fe = —3.84 4 1.24(f) 4 6.585(f;) — 0.0043(f0)* — 0.6982(f;)? + 0.0344 (fo0) (f;) (120)

o B (foo) — 65.2308\* [ (f;) — 4.8763 >
Type4: foc = 82.4756 exp(—0.5 [(—34.1840 + 49090 (12d)

83.7111
2 2
f0—58.1829 —4.9153
{ [1 + ( 332071 ) ] X [1 + ( 61759 ) } }
Equation (12e) has the highest coefficient of determination (R? = 0.9424) and the lowest
RMSE value (RMSE = 3.6502) based on the statistical analyses shown in Table 5 and Figure 7.

Therefore, Equation (12e) is the best three-dimensional equation for predicting the peak
strength of concrete confined with SMA spirals.

(12e)

Type5: foc =

Table 5. Regression analysis results of three-dimensional equations for predicting the peak compres-
sive strength of the SMA-confined concrete cylindrical specimens.

Type R R2 RMSE
Type 1 0.9498 0.9022 4.631
Type 2 0.9536 0.9093 4.579
Type 3 0.9539 0.9099 4.6275
Type 4 0.9631 0.9276 4.0916
Type 5 0.9708 0.9424 3.6502

Figure 8 compares the SMA-confined concrete strength values derived from the sug-
gested model (Equation (12e)) and experimental results. This comparison shows that the
model forecast closely matches the test results.

Comparing two-dimensional and three-dimensional equations defined for predicting
the peak strength of SMA-confined concrete shows that the resulting three-dimensional
equation (Equation (12e)), in addition to having a simpler form than the two-dimensional
equation (Equation (8e)), also has higher accuracy.
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Figure 7. Regression analysis diagrams of the three-dimensional equations for predicting the peak

compressive strength of the SMA-confined concrete cylindrical specimens and comparing them with

the experimental data.
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Figure 8. Comparison of f.. values obtained from the proposed model and experimental data.

4.3. Prediction of Axial Strain Corresponding to Peak Compressive Strength

As explained earlier, to determine the stress-strain behavior of SMA-confined con-
crete, it is necessary to determine the peak point and ultimate point characteristics. After
determining the peak strength (f..), the axial strain corresponding to peak strength (ec)
must be determined. Expression of axial strain corresponding to confined concrete peak
compressive strength (ec) is a mathematical relationship in which the e is expressed as a
function of the unconfined concrete peak compressive strength, axial strain corresponding
to unconfined concrete peak strength, and the lateral confining pressure of the SMA spirals.
In general, the two-dimensional expression for ¢ in terms of the parameters % and fleo is
expressed as Equation (13), which is a linear relation [53]:

fee 94 k(fl) (13)
€c0 feo

Gradually, with developing confinement relationships, various nonlinear equations
have been formulated for predicting the axial strain corresponding to the peak strength of
confined concrete (Equation (14)) [53]:

A
Ecc fl
— =1+k () 14
€c0 feo (14)

The reviews indicate that using Equations (13) and (14) to predict the axial strain
corresponding to the peak strength of SMA-confined concrete, does not provide good
results (Table 6 and Figure 9).

Table 6. Regression analysis results of Equations (12) and (13).

Relation R R? RMSE

fx =14 20,&(%) 0.7409 0.5490 0.6237

P 22‘44( i )1'03 0.7411 0.5493 0.6312
c0 c0

As a result, five two-dimensional expressions were developed for predicting axial
strain corresponding to the peak strength of concrete cylindrical specimens confined with
SMA spirals (Equation (15a-e)). Using nonlinear regression analysis that is done by MAT-
LAB and SigmaPlot software and according to statistical indicators including root mean
square error and coefficient of determination, the best expression is selected.
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Typel: — =

Type 2:

gce/eco
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e ccc/ec0 =1+20.82(f1/fc0 )
ecc/ec0 =1+22.44((f1/fc0 )~1.03)

Figure 9. Regression analysis results of Equations (12) and (13).

1.3872 — 61.3001 (filo) 4 898.0783 (%) ? 43609520 (f%) ’

€cc

€0 g _ 48.3322(%) + 833.3800(%)2 — 5916.5481 (5—10)3 4 13718.7087(%)4

1.2706 — 64.5901 ({—10) + 1203.1985(%)2 - 9666.4737( {—10)3 1 27948.9731 (%)4

€cc

€0 1 56.2757(%) + 1222.0616(%)2 - 127139179(%)3 1 629025471 (%)4 - 117861.1659(%)5

. (%)70.07595 2 (%)*0-1428 ’ (;*10)*0'0580 ’
Type3: —= = —1.71e~ (o) 4 3.812¢ (o) 4 1417 (—ooor )
c0
i, 2 fl 2 iy 2
et (g
Type 4 : == 4.872¢ 0.0035 + 7.90e 0.0079 + 2.935¢ 0.0068 +
(ffl)703009 2 (i)*0~0516 ?

[ F

(7.5810 x 1013)e~ (oot —) 4 2,053~ (—omos—)

2 2 2
(ff—l)—0.0858 (i)70.2791 (ff—l)fo,osm

Cl fC Cl
Type5: £ = 23990~ (~homw—) + (1.502 x (10™))e™(~boms ) +4.70e~ (o005 )

fi

fi fy
(7L o

2 2 2
5 )—0.0612 (#)—29.37 (#L)-0.1171
Cl

fC Cl
0.8935¢~(—oows—) 1 (2.77 x (10°))e~(—5mr—) 4 2.863¢ (= o5 )

+

(15a)

(15b)

(15¢)

(15d)

(15e)

According to the statistical analyses, which results are shown in Table 7, it can be seen that
Equation (15e) has the highest coefficient of determination (R? = 0.8378). Additionally, this
equation has the lowest RMSE value (RMSE = 0.10) after Equation (15b). Since the value
of R? is a very important parameter in assessing the model accuracy, some researchers have
suggested that the coefficient of determination be the basis for best-fit curve selection [66,70,71].
Therefore, Equation (15e) is the best for forecasting the axial strain corresponding to the

peak strength of concrete confined with SMA spirals in terms of parameters E—z; and ff—lo

Table 7. Regression analysis results of equations for predicting the axial strain corresponding to the

maximum compressive strength of the SMA-confined concrete cylindrical specimens.

Type R R2 RMSE
Type 1 0.8594 0.7386 0.5215
Type 2 0.8917 0.7952 0.4757
Type 3 0.8383 0.7028 05919
Type 4 0.8879 0.7883 0.5266
Type 5 0.9153 0.8378 0.4888
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Figure 10 shows a comparison of the axial strain values derived from the proposed
model (Equation (15e)) with the experimental results. This comparison indicates that the
model’s prediction is consistent with the test results.
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Figure 10. Comparison of z—z values obtained from the proposed model (Equation (15e)) and
experimental data.

A review of previous research shows that to obtain an equation to predict axial
strain corresponding to the peak strength of confined concrete, the equation can also be

defined in terms of the parameters ECC and sco ‘- Therefore, for predicting the axial
strain corresponding to the peak strength of SMA-confined concrete, five two-dimensional
expressions were developed in terms of the parameters ¢ E““ and Em L - . (Equation (16a-e)).
Using nonlinear regression analysis and according to statlstlcal indicators including root
mean square error and coefficient of determination, the best equation is selected.

1.5827 — 0.0533 ( —\+—
Type 1: ﬁ — (( )(f 0)) (163)

€0 1 _ 00399(m) +00002(m)2

f 2 -5 i )°
09209 + 01412 ( ) = 00033t ) — (82929 x 10°9) ()

€cc

1+00410(7) 00020<7) 7(15923><10*5)*(f7‘>3+(13344><10*9)*( f )4
’ (eco) (fe0) (ec0) (fe0) ’ (ec0) (fe0) ’ (ec0) (fe0)

(16b)

Typed: & — [2 988 -+ 0.3349 cos (0.0649 () ) — 1303 sin (0.0649 11 ) ).

~0.5356 cos (0.1298 (m)) 1.505sin (o 1298 (m)) ~ 1.04cos (0.1947(7)) (16¢)
~0.2962 sm(O 1947(m)) 03117 cos (0 2596 (m)) 10.6710 sin(0.2596 ((m(o)))}

Type5:

3.195e~

(
(

2 f 2
( L3142 ( Ly 4823
(e € )(fc (ec )(fc )
Type4 ECC =2.177e~ ( 0 2.3051 ) —|—2366e_( . 12.083 ) +
2 . 2 (16d)
((5c0>1<fc0))71409 )l(f )) 17.42
(5.477 x 1013)e_(72392 ) +1.806e~ (G
f, f, 2 f, 2
( )—30.74 (#) —48.02 lf )—34.04
s — 44120 (L) | 6530~ (L) 4 27460~ (4R n
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Equation (16e) has the highest coefficient of determination (R? = 0.8280) and the lowest
RMSE value (RMSE 0. 5382) the results are shown in Table 8. Therefore, in terms of
the parameters << and Toxig, Bquation (16e) is the best for predicting the axial strain
corresponding to ‘the peak strength of concrete confined with SMA spirals.

Table 8. Regression analysis results of equations for predicting the axial strain corresponding to the
peak compressive strength of the SMA-confined concrete cylindrical specimens.

Type R R? RMSE
Type 1 0.6839 0.4677 0.7039
Type 2 0.7443 0.5540 0.6812
Type 3 0.7084 0.5019 0.7419
Type 4 0.7389 0.5456 0.7319
Type 5 0.9099 0.8280 0.5382

Figure 11 compares axial strain values that were obtained using the proposed model
(Equation (16e)) and experimental results. Based on this comparison, it can be seen that the
predictions made by the model are in close agreement with the test results.

4.6 T T T
= Proposed Model | | |
2 38 | Mean=1.0080 I S R el _ o _|
=4 SD=0.9176 | [ |
= I | I
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Figure 11. Comparison of i—;: values obtained from the proposed model (Equation (16e)) and
experimental data.

4.4. 2D Expression for Prediction of Ultimate Compressive Strength

As expressed before, after reaching the stress value of SMA-confined concrete to its
peak point, the diagram is followed by a gradually descending branch. The failure point
is defined by the ultimate strain (e;) and the corresponding ultimate stress (f,;1;). In this
section, the aim is to obtain the ultimate strength of the SMA-confined concrete. The
Ultimate strength equation of SMA-confined concrete is a mathematical relationship in
which the confined concrete ultimate strength is expressed as a function of the unconfined
concrete peak strength and the lateral confining pressure of the SMA spirals. So, for
predicting the ultimate strength of concrete cylindrical specimens confined with SMA
spirals, five two-dimensional expressions were developed in terms of fl and ““ (Equation
(17a-e)). Using nonlinear regression analysis that is done by MATLAB and SigmaPlot
software and according to statistical indicators including root mean square error and
coefficient of determination, the best expression is selected.

0.5712 — 55. 3724( ) +1097. 8061( ) - 5658.9235(%)3

1+ 144658.6937(%) - 10158204.3569(5—0) - 97793012.2967(é—lo)3 + 1399850164.9976(%)4

% 3 1 (17a)
@ 1-101.6748( % ) + 23443005 ) —18300.7663( £ ) + 433446919 (L)
11666912 - 162468.7600< i ) +10578366.6413 (f—l) — 440848831.9175 (;‘—10)3 + 3013426928.0966(%)4 (17b)
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£ 1.0038 — 2311579 ({1 ) +19635.4628 ({1 ) — 657684.1531 (¢, ) * 1 42722622235 ( 5—10)4
Type 3 : fL = 3 < 1 < — (17¢)
@ 12469784 ) + 246128953 (ffl) —1009249.2482 () -+ 9846783.3183 ({1 ) — 246847069681 L )

Typed: Bt = 0.8549 — 0.0167 cos (41 22( )) ~0.1220 sin<41.22(fi—'0)> +0.1970 cos<82.44<ffc—10> ) "
0.0602 sm(82.44(5)> +0.1963 cos 123.66(%)) — 0.0847 sin 123.66(%))4— (17d)
0.1409 cos (164 88( fi ) — 0.1424sin (164.88(%)

(:—10)718.35 2 (:—10)70.0749 ? (:—10)—040414 2
Type5: {0t = (1.186 x 10™)e~(~"s5—) 05357~ (o) 4 0.2753¢~(~hmowr—) + 17e)
e
(£L)~0.1004 2 (fL)-00911 2 (fL)-00173 : (fLU 0.0626

(2.63 x 10%) e~ (—morr—) 4 0.2909¢~ (—“bw57 ) — 0.1439¢~(—oow ) 4 56.44e~ (oo )

According to the statistical studies, Equation (17c) has the highest coefficient of deter-
mination (R? = 0.6079) and the lowest RMSE value (RMSE = 0.2124). The results are shown in
Table 9. Therefore, Equation (17c) is the most accurate two-dimensional equation for predicting
the ultimate strength of concrete confined by SMA spirals. Although Equation (17c) is the best
for predicting the ultimate strength, the coefficient of determination of this equation is
relatively low.

Table 9. Regression analysis results of two-dimensional equations for predicting the ultimate com-
pressive strength of the SMA-confined concrete cylindrical specimens.

Type R R2 RMSE
Type 1 0.7474 0.5586 02186
Type 2 0.7699 0.5927 02131
Type 3 0.7797 0.6079 0.2124
Type 4 0.7344 0.5394 0.2302
Type 5 0.7270 0.5285 0.2875

Figure 12 compares the f“(l; values obtained from the proposed model (Equation (17c)
and experimental results. This comparison indicates that the model prediction and the test
results correspond closely.
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Figure 12. Comparison of ff‘:—: values obtained from the proposed model and experimental data.

4.5. 3D Expression for Prediction of Ultimate Compressive Strength

As expressed earlier, the ultimate strength of concrete cylindrical specimens confined
with SMA spirals depends on the peak strength of unconfined concrete and the lateral con-
fining pressure of the SMA spirals. So, three-dimensional expressions can be used to define
equations that can predict the ultimate strength of the SMA-confined concrete cylindrical
specimens. Thus, five three-dimensional expressions were developed with the ultimate
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Type 3 : fue = —90.67 + 10.45(fog) — 49.16(f)) — 0.304(f0)? + 2.552(f;)% + 0.0026(f0)> + 2.38(fe0) () —

strength of confined concrete, unconfined concrete strength, and active confinement pres-
sure (Equation (18a-e)). The best expression is chosen using nonlinear regression analysis
and according to statistical indicators including root mean square error and coefficient
of determination:

Type 1: fue = 12.2701 4 0.1016(f¢) + 6.1899(f;) (18a)

Type 2 : fy; = 6.7957 4 0.3746(fc) + 6.6056(f,) — 0.0034(f)> — 0.0834(f)>  (18b)

0.0211(f,0)? x (£) — 0.0741(f) x (£)? (18¢)

o B (foo) —52.3645\% [ (f;) — 5.7868 2
Type 4 : f,; = 49.9693 exp( 0.5 l<43‘2015 + 3001 (18d)

48.9057
2 2
f.0—55.4290 f,—4.7667
Hl"'( ‘633528 ) ] x [1+ ( 36625 ) ”
Results from the statistical analyses, which are shown in Table 10 and Figure 13,
indicate that Equation (18c) has the maximum coefficient of determination (R? = 0.7166)
and also the lowest RMSE value (RMSE = 6.5843). So, Equation (18¢) is the best for

predicting the ultimate strength of concrete confined by SMA spirals, when using a three-
dimensional equation.

Type5: fy = (18e)

Table 10. Regression analysis results of three-dimensional equations for predicting the ultimate
compressive strength of the SMA-confined concrete cylindrical specimens.

Type R R? RMSE
Type 1 0.7311 0.5345 7.7616
Type 2 0.7329 0.5371 7.9467
Type 3 0.8465 0.7166 6.5843
Type 4 0.7497 0.5621 7.7289
Type 5 0.7540 0.5685 7.6724

Type 1 R2=0.5345

70

1. TTe——— 30 40

fl feo
Type 2 R2=0.5371

D)

Figure 13. Cont.
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One of the most important advantages of concrete confined with SMA spirals is the

Figure 14. Comparison of f;; values obtained from the proposed model and experimental data.
considerable increase in ductility and ultimate strain of concrete. Therefore, the ultimate

4.6. Prediction of Ultimate Axial Strain
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strain is an important parameter for the stress-strain behavior of the SMA-confined con-
crete. To predict the ultimate axial strain of SMA-confined concrete cylindrical specimens,
five two-dimensional expressions in terms of the parameters %Clot and fi—‘U are developed
(Equation (19a-e)) and according to statistical indicators including root mean square error
and coefficient of determination, the best expression is selected.

—4.9571 + 1367.7620 (%) —29,243.1198 (%)2 1 157,806.5126 (f%) °
1

Typel: — = 5 3 < (19a)
© o 1- 11-0707(%) +14.2283(%) —2074.2987(%) +19189.452 (in)
£ 4
Iype2s S 31379 — 117.6480( L. ) +32,946.1176 £ ) — 77,8884. 7805(%) +46,97378.1797 (£ ) wom
" to 1
Eco 1-49. 8287( ) +2011. 5814( ) 34, 430.2032(%) 1187, 267.8743(}1)
ey 177081 +4884.1981(§—10) — 346, 807.6365({—10) 1 6,430,975. 6560(%) — 35,051, 128. 1885<f—1> (199)
Type3: —— = < < C
tco 1737.7636<é—10) 74631.0079<é—10)2+111107.9558( A ) — 448661. 7764(%) ~ 1,969, 290. 6596(%)5
(fflo)fonns g (fl )—0.1305 2 (fio) 0.0331 2
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(ffl )—0.0497 2 (fi)foom
+43.37e~ (o) 4 766.2¢ (oo —)
(:—1) 0.0718 ? (ff—l)—0.0865 ? (fi)f(]AOSSO : (fi) 0.0499 :
c0 c0 c0
Type5: St = 3104e o)+ 34.61e~ (—boms—) 4 24.43¢ (—wr—) + 47,560 (—o00r—) (19)
e
(#)7040645 ’ (ff—l)—01311 ?
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Table 11 shows the results of the statistical analyses. Equation (19c) has the highest
coefficient of determination (R? = 0.6411) and the lowest RMSE value (RMSE = 10.2092).
Therefore, Equation (19¢) is the best for predicting the ultimate axial strain of concrete
confined with SMA spirals in terms of the parameters ““ and ‘0 Although Equation (19¢)
is the best for predicting the ultimate strain, the coeff1c1ent of determ1nat1on of this equation
is relatively low.

Table 11. Regression analysis results of equations for predicting the ultimate axial strain of the
SMA-confined concrete cylindrical specimens.

Type R R? RMSE
Type 1 0.7359 0.5415 11.1938
Type 2 0.7824 0.6121 10.4511
Type 3 0.8007 0.6411 10.2092
Type 4 0.7270 0.5285 12.7382
Type 5 0.7889 0.6224 12.0911

Figure 15, compares the ultimate axial strain values obtained from the proposed model
(Equation (19c)) and experimental results. This comparison indicates that the model’s
prediction and the test results are relatively similar to each other.
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Figure 15. Comparison of %ﬁ: values obtained from the proposed model (Equation (19¢)) and
experimental data.

In Equation (19), the f ratio is used to obtain the ultimate axial strain of the SMA-
confined concrete. In the fcollowmg, to predict the ultimate axial strain of the concrete
cylindrical specimens confined w1th SMA splrals flve two-dimensional equations are
developed in terms of parameters it -e)). The best expression is
chosen with the use of nonlinear regresswn ana1y51s and accordmg to statistical indicators
including root mean square error and coefficient of determination, the best expression is
selected.

Typel: S — [3551+6835cos(00655((%>(c0))) 13.79:sin (0.0655 (= ) )

€co

~13.41 cos (0.1310 (m)) — 23.83sin (0.1310 (m)) ~19.80 cos (0.1965 (m)) (20a)
16.586sin (0.1965 (m) )}

Type2: St = (1196 +80.22cos(0.0681 (e ) ) — 1555sin (0.0681 (1)),

€co
—93.4c0s (0.1362( )) 1279sm(0 1362( f )) —103.7 cos (0.2043(f71)), (20b)
€cO (SCO)( ) (SCO)(CO)
1+37.12sin (0.2043( )) 1 12.86cos (o 2724(m)) 137.83 sm(o 2724((%0)“0)))}
£ 2 2 £ 2
( l__)_7759 71)74391 (—L—)-1853
(ec0) (g eq0) (o) (ec0)(fcn)
Type3: it = 41050~ (— s ) 4712 (Tl +32.6le (— i) 4 (200
(2 1___)_30.26
18.78e~ (" ih—)
(5cof>1(fco))744'07 ? ()i )—4451 2
Type4: St = (8635 x 10*)e (" 1ot )+ (5.156 x 10%)e~(— 1w ) (20d)
(2 of>l( n )—27.48 2 filf)) 1331 2 (fz Of)l( " )—39.93 2 (= Of)l(fo))qzys
29.78¢~ (— " Far——) —76.95¢~ (73923 ) £5682e (— o) — 9675 (—5—)
f, 2 f 2 f
( )—47.14 (871)740 1 _y_11.01
Type5: St —89.68¢~(— 3 —) 4 178¢ (%) 42259 (Talligl %) +
f, f, 2 f, 2
(Eil) 29.31 (%)724.27 (E71)747.71
3091~ (L) | 46180~ (L) + (2.801 x 104)e_(%) + (20€)

)—81.32

fi fl
—18.30 —
(eco) (£ ) ((ECO)(fC0>
11.97

(
)(f0)
41.81e~ (—*58m—) 1 63.07¢(

According to the statistical analyses, the results are shown in Table 12, it can be seen
that Equation (20e) has the highest coefficient of determination (R? = 0.9115) and the lowest
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RMSE value (RMSE = 6.7588). Therefore, Equation (20e) provides the most accurate results

for predicting the ultimate axial strain of SMA-confined concrete. This strain is measured
f
€c0 >1<ch ’

in terms of i‘l—l&l and
C

Table 12. Regression analysis results of equations for predicting the ultimate axial strain of the
concrete cylinders confined with SMA spirals.

Type R R? RMSE
Type 1 0.7901 0.6243 10.1333
Type 2 0.8756 0.7666 8.2318
Type 3 0.8837 0.7810 8.2355
Type 4 0.8844 0.7822 9.1832
Type 5 0.9547 0.9115 6.7588

A comparison of the ultimate axial strain values obtained from the proposed model
(Equation (20e)) and experimental results are shown in Figure 16. This comparison indicates
that the model prediction is consistent with the test results.

70 L I I [ |
Proposed Model : : : :
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Figure 16. Comparison of %‘ values obtained from the proposed model (Equation (20e)) and
experimental data.

5. Evaluation of Existing and Proposed Models

The review of previous research shows that various models have been presented for
predicting the peak strength and the axial strain corresponding to the peak strength of
concrete cylindrical specimens actively confined. Most of these equations are empirical
relationships obtained by performing regression analysis on experimental data and ob-
taining linear or non-linear fitting curves for them, such as equations presented by other
researchers [25,72-78]. Additionally, other researchers have tried to investigate the be-
havior of concrete cylindrical specimens confined with SMA spirals, such as Chen and
Andrawes [26]. In this section of the research, the performance of the existing models is
compared with the proposed models using statistical indicators. These indicators include
the coefficient of determination (R?), mean, root mean square error (RMSE), relative root
mean square error (RRMSE), relative square error (RSE), mean absolute error (MAE), rela-
tive mean absolute error (RMAE), average absolute error (AAE), and performance index
(PI) which are defined in Equations (5)—(7), (9), (11) and (21)—(25) [65-67,70,79]:

RRMSE = \/ L (Xine = Xey)” 1)
| Xexp| n
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2
RSE — Z?:l (Xl‘he - XEXP) (22)
- 2
2?21 (Xexp - Xexp)
" A Xy — X
MAE — Zz—l’ tf;f exl" (23)
1 " A X — X
RMAE — L Eis1[Xone = Xeo | (24)
| Xexp| n
RRMSE
PI= ——— 25
R+1 (25)

To evaluate the aforementioned model, accepted criteria need to be considered. Some

criteria suggested by different researchers for model validity are as follows:

The R-squared value lies between 0 and 1, and a higher value indicates a better fit of a
model [65]. If a model gives IRI| > 0.8 (R >0.64), a strong correlation exists between
the predicted and measured values [80].

A lower value indicates higher accuracy for the error measures introduced (RRMSE,
RMAE, RSE, AAE). On the limit state, a completely exact model would have error
measures equal to zero [66].

Model accuracy is considered acceptable when the maximum value of RRMSE equals
0.2 and model accuracy is considered excellent when RRMSE is less than 0.1 [81].
The smaller PI values indicate the better performance of the proposed models. If the
maximum PI value equals 0.2, the results from the proposed model are close to the
experimental results [79].

Table 13 presents the statistical indicators of the peak compressive strength models

of actively confined concrete. Additionally, Figure 17 shows the changes diagram of each
indicator for the models presented by different researchers and the proposed models.

Table 13. Statistical indicators of the peak compressive strength models of actively confined concrete.

Peak Compressive Strength Models 2
Reference of Actively Confined Concrete R Mean RMSE MAE RMAE AAE RSE PI
[25] fLOc =1+41 (%) 0.6247 09573  0.1341 0.0940 0.0749  0.0685 0.4965 0.0597
[72] f%c =1+56 (%) 0.6247 1.0097  0.1206  0.0850  0.0678  0.0647 0.4017  0.0537
f i g
Jee 1
[73] feo <1 + ((O.ZSB)*(QO )08 >> 0.0034 1.0361 0.2521 0.1999 0.1594 0.1550 1.7548 0.1899
k=125 [1 4 0.062(%)] (f )%
[74] f%c =14+53 (%) 0.6247 0.9992  0.1187 0.0832  0.0663  0.0627 0.3889  0.0528
[75] f%c =14+40 (%) 0.6247 09538 0.1368 0.096¢4 0.0769  0.0701 0.5169  0.0609
[76] ffLoC =1+ 3.5(%) 0.6247 09362  0.1530 0.1086 0.0866  0.0784 0.6457  0.0681
[77] f%c -1 +8<%> _4(%>1‘2 0.6278 1.0149 0.1184 0.0860 0.0686  0.0658 0.3870  0.0527
[78] ffﬁ -1 +3.24(%)0'8 0.6309 1.0185 0.1164 0.0879 0.0701  0.0677 0.3743  0.0517
[26] f%)c =14641 (%) 0.6247 1.0381  0.1367 0.1010  0.0805  0.0780 0.5159  0.0609
2D Proposed Equation Equation (8e) 0.8110 1.0038  0.1032  0.0597  0.0476  0.0472 0.1890  0.0432
3D Proposed Equation Equation (12e) 0.9424 1.0003  3.6502  2.3052 0.0504 0.0509 0.0576 0.0405
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Figure 17. The diagrams of each indicator for the peak compressive strength models are presented by
different researchers and the proposed models [25,26,68-74].

Considering the mentioned criteria, it can be seen that the two-dimensional and three-
dimensional equations presented for calculating the peak strength of concrete confined with
SMA spirals provide better results than other models. Additionally, by comparing the two-
dimensional and three-dimensional expressions, it can be found that the three-dimensional
equation (Equation (12e)) provides better results compared to the two-dimensional equation
(Equation (8e)).

Table 14 presents the statistical indicators of the axial strain corresponding to the peak
compressive strength models of actively confined concrete. Additionally, Figure 18 shows
the changes diagram of each indicator for the models presented by different researchers
and the proposed models.

Table 14. Statistical indicators of the axial strain corresponding to the peak compressive strength
models of actively confined concrete.

Peak Compressive Strength

Reference Models of Actively R? Mean RMSE RRMSE MAE RMAE AAE RSE PI
Confined Concrete
[25] Lo 14205 (%) 05491 10755 06165 03142 04449 02268 02432 04514 0.1805
[73] % =14 (17 — 0.06f )(%) 05234 09443 0.7129 0.3634 0.4715 0.2403 02221 0.6036 0.2109
[74] E%c =14+20 (%) 0.5491 1.0640 0.6180 0.3150 0.4405 0.2245 0.2380 0.4536  0.1809
[75] % —=1+4+1921 (%) 0.5491 1.0457  0.6229 0.3175 04335 02210 0.2297 0.4608 0.1824
[76] E%)c =1+ 17.5(%)1'2 0.5483 0.8241  0.8461 04313 05739 02925 02499 0.8501 0.2478
[77] ;cCOC — (%) 11 0.2158 0.7503  1.0786 0.5498 0.7226 0.3683 0.3037 1.3815 0.3754
[78] E%c =1+ 17.4(%)“”’ 0.5495 09373  0.6998 0.3567 04644 02367 0218 0.5815 0.2048
[26] % =1419.1 (%) 0.5491 1.0431  0.6239 0.3180 0.4325 0.2254 0.2286  0.4622  0.1827
Proposed Equation Equation (15e) 0.8378 1.0430  0.4888 02492  0.2673  0.1362  0.1640 0.1604 0.1301
Proposed Equation Equation (16e) 0.8280 1.0080  0.5382 0.2743 02603  0.1327  0.1580 0.2087 0.1436
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Considering the mentioned criteria, it can be seen that equations presented for cal-
culating the axial strain corresponding to the peak strength of concrete confined with
SMA spirals provide better results than other models. Additionally, by comparing the two
presented expressions, it can be found that both proposed equations (Equations (15e) and
(16e)) provide relatively the same performance.

Table 15 presents the statistical indicators of the ultimate strength models of the SMA-
confined concrete. Additionally Figure 19 shows the changes diagram of each indicator for
the model presented by Chen and Andrawes [26] and the proposed models.
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Figure 18. Cont.
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Figure 18. The diagrams of each indicator for the axial strain correspond to the peak compressive
strength models presented by different researchers and the proposed models [25,26,69-74].

Table 15. Statistical indicators of the ultimate strength models of SMA-confined concrete.

Ultimate Compressive
Reference Strength Models of Actively R? Mean RMSE RRMSE MAE RMAE AAE RSE PI
Confined Concrete

[26] fue = 10.43(f;) +6.25 05268 0.9482  9.2161 0.3470 6.5822  0.2478  0.2860 0.7068  0.2011
2D Proposed Equation Equation (17¢) 0.6079  1.0696  0.1854 0.2334 0.1292  0.1627  0.2008 0.3833  0.1311
3D Proposed Equation Equation (18c) 07166  1.0377  5.9121 0.2226 44072 01659  0.1956  0.2908  0.1206
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Figure 19. The change diagrams of each indicator for the ultimate strength model presented by Chen

and Andrawes [26] and the proposed models.

Considering the mentioned criteria, it can be seen that equations presented for calculat-
ing the ultimate strength of concrete confined with SMA spirals provide better results than
Chen and Andrawes’ model. Additionally, by comparing the two presented expressions, it
can be found that Equation (18c) has a better performance.

Table 16 presents the statistical indicators of the ultimate strain models of SMA-
confined concrete. Additionally, Figure 20 shows the change diagram of each indicator for
the model presented by Chen and Andrawes [26] and the proposed models.
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Table 16. Statistical indicators of ultimate strain models of SMA confined concrete.
Ultimate Compressive
Reference Strength Models of Actively R? Mean RMSE RRMSE MAE RMAE AAE RSE PI
Confined Concrete
fres = 9.22(f)) +9.73
[26] £\ 4229 0.0529 2.8511  0.0583 1.1731 0.0388  0.7807  1.8958 4.2147 0.9537
fult = 0.176(§) +0.057
Proposed Equation Equation (19¢) 0.6411 12902  8.9113 0.3969 6.7345  0.2999  0.5181 03589  0.2204
Proposed Equation Equation (20e) 09115 1.1155 4.5214 0.2014 3.2435 0.1445  0.2420 0.0924  0.1030
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Figure 20. The change diagrams of each indicator for the ultimate strain model are presented by

Chen and Andrawes [26] and also for the proposed models.

Considering the mentioned criteria, it can be seen that the equations presented for
calculating the ultimate strain of concrete confined with SMA spirals provide better re-
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sults than Chen and Andrawes model. Additionally, by comparing the two presented

expressions, it can be seen that the model that is expressed in terms of i% and waj{f 5
(Equation (20e)) performs better.

6. Conclusions

In this paper, the required data including the results of experimental studies (pub-
lished between 2008 and 2022) conducted on unreinforced concrete cylindrical specimens
confined with SMA spirals, which are subjected to an axial compressive force (monotonic
and cyclic) without eccentricity, were collected. By employing MATLAB and SigmaPlot
software and performing several regression analyses, some relations were obtained for
predicting the peak compressive strength, axial strain corresponding to peak compressive
strength, ultimate compressive strength, and ultimate axial strain of unreinforced concrete
cylindrical specimens actively confined with SMA spirals. Finally, the developed models
were compared with the existing relations. The following significant points can be found
by examining the results of this study:

e To predict the peak compressive strength of the cylindrical specimens confined with

SMA spirals, a 2D relationship was defined in terms of fcs and 0 . Furthermore, a 3D
relationship was also developed in terms of f., 9 and f;. The statistical investigations
show that the proposed models have a higher R-square and less RRMSE than the
existing relations. As a result, the obtained responses from the developed models are
more accurate.

e By comparing the proposed 2D and 3D relations for predicting the peak compressive
strength of concrete specimens confined with SMA spirals, which has been imple-
mented using statistical analysis, it can be observed that the 3D relation is more
accurate than the 2D model.

e Inorder to predict the axial strain corresponding to the peak compressive strength of
the concrete cylindrical specimens actively confined with SMA spirals two 2D models

were developed so that one of these relat1ons is in terms of 5“ and f while the other

relation was defined in terms of 2—58 and m. The statlstlcal investigations show

that the proposed relationships have a higher R-square and a lower RRMSE compared
to the existing relations developed in the previous research.
o  To predict the ultimate compressive strength of the cylindrical concrete specimens

confined with SMA spirals, a 2D relation was defined in terms of “g and fl a3D
relation was also defined in terms of f ), foo and f;. The conducted studies show that
the proposed models have a higher R-square and less RRMSE than the existing models.
It can be concluded that the proposed models can be more accurate in predicting the
ultimate compressive strength of actively confined concrete specimens.

e  Due to predicting the ultimate axial strain of the actively confined concrete cylindrical
specimens with SMA spirals, two 2D models were proposed so that one of these

o

models was developed in terms of 5““ and o)’ and the second model was extended in

terms of m and CRSIAE The 1mp1emented statistical studies show that the proposed

><f

relation in terms of E““ and CaxT) is more accurate compared to the other proposed

fy

0% feo)
model. Generally, both proposed models have a higher R-square and less RMSE than
the existing relations developed in previous research.

e By using the relationships obtained from this research and knowing the unconfined
concrete peak strength, axial strain corresponding to the unconfined concrete peak
strength, and the lateral confining pressure, it is possible to predict the peak strength,
ultimate strength, axial strain corresponding to the peak strength and ultimate strain
of SMA-confined concrete cylindrical specimens, easily and without the need for
experimental investigations.
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7. Recommendations for Future Research

In this research, equations for predicting the mechanical properties of SMA-confined
cylindrical concrete specimens were presented using nonlinear regression analysis. In
future research, other methods such as Multi-Expression Programming (MEP) method
can be used to predict the mechanical properties of SMA-confined cylindrical concrete
specimens, and its advantages and disadvantages can be compared with the relationships
presented in this research.
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