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assumed to be 32.70 MPa. An external angle with dimensions of 110x110x40 mm is attached to
the beam near the support section using 3 bolts. The bolts are assumed to be 91 mm in length and
12.7 mm in diameter. Another angle with the same size is used as a deflector near the mid-span
section to have the external bar follow the beam as it deflects when loaded. External SMA bars
are coupled to steel bars with larger cross-section and attached to the external angles using end

couplers.

Fig. 4-10: FE model of half the strengthened beam

FE analysis is performed for the retrofitted beam. Four element different sizes (61.25, 43.75,
26.25, and 17.5 mm) are first considered to determine the appropriate mesh size. It is found that
element size of 17.5 mm gives good results and further refinement of the mesh does not

noticeably change the behaviour.

Fig. 4-11 shows the load-displacement relationship of the retrofitted beam vs. the original beam.
The maximum moment capacity of the beam increased from 20 kN.m to 24 kN.m. The pre-

yielding stiffness of the beam reduced significantly due to replacing the internal steel bars with
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SMA bars. Suggested retrofitting technique reduced the amount of residual displacement from
32 mm to 5 mm (84%). Thus, it is clear that SMA can be used to reduce seismic residual
deformations. However, such use affects the stiffness and strength of the retrofitted element. The
following sections present a simplified method that is used to conduct a parametric study and

develop simplified equations to evaluate effects of the suggested retrofitting technique.
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Fig. 4-11: Load displacement results of the retrofitted beam vs. the original beam.
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4.5  SIMPLIFIED ANALYSIS METHOD

A simplified method is introduced in this section. A computer program is first developed using
JAVA programming to predict the flexural behaviour of RC beams retrofitted using unbonded
superelastic SMAs bars. The program is based on the sectional analysis methodology, where the
cross-section of the retrofitted beam is divided into a discrete number of horizontal layers, Fig.
4-12. Using the predefined stress-strain relationship of each layer, and considering the cross-
section equilibrium and kinematics, the flexural behaviour of the retrofitted beam can be
predicted (Youssef and Rahman 2007; Elbahy et al. 2008, 2009, 2010a, and 2010b). Two main
assumptions are proposed in the suggested analysis procedure: (i) plane sections remain plane
(i.e. linear strain distribution); and (ii) perfect bond exists between concrete and internal

reinforcement layers.

Ag Internal steel layer (typ.)
S ﬁ —Concrete layer
/
= NA = =]
° | ~z-—External steel
~ or SMA layer

r b

New steel angle| New external RFT

Existing tension steel
to be cut

Fig. 4-12: Fibre Model.
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Fig. 4-13: Flow chart of the developed program; (a) Loading stage; (b) Unloading stage.

116



Fig. 4-13(a) illustrates a flow chart of the developed program during the loading stage. Steps of
the analysis are: (1) The analysis starts by assuming an initial strain for the unbonded SMA bars;
(i1) using the predefined SMA stress-strain relationship, the force in the unbonded SMA bars is
then calculated; (iii) a compressive strain value, &, 1s assumed for the top concrete layer; (iv)
cross-section curvature, ¢, is then iterated until equilibrium is achieved; (v) the corresponding
cross-section moment, M, is then calculated; (vi) analysis is repeated for a range of top
compressive strains €., until reaching a moment value that corresponds to the assumed &guz4-exs-
The final moment and curvature represent one point on the desired moment-curvature

relationship. This procedure is repeated for different strain values esug-ex:.

Fig. 4-13(b) shows a flow chart of the program during the unloading stage. Steps of the analysis
are: (i) read the values corresponding to the point of unloading from the loading program (esp-
s MOoment, curvature, layer stress, layer strain); (ii) unloading analysis starts by assuming a
smaller espqer in the unbonded SMA bar; (iii) using the predefined unloading stress-strain
relationship of the SMA bar, the force in the unbonded SMA bar is calculated; (iv) the
compressive strain value in the top layer €., recorded at the maximum loading level is used as
an initial top strain value for the unloading analysis; (v) using the predefined stress-strain
relationship of each layer and the recorded stress and strain of each layer, the cross-section
curvature ¢ is iterated until the cross-section equilibrium is achieved; and (vi) the corresponding
cross-section moment and curvature are calculated and recorded. Analysis is then repeated for a

range of smaller top compressive strains €.y, and esys-ex.
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The Four material models introduced in the Finite Element simulation section are implemented
in the developed program. These models represent the behaviour of concrete, steel, and SMA

materials under tensile and compressive loadings.

4.6 DEFLECTION CALCULATIONS

The moment-area method is utilized to calculate the rotation and deflection values. Steps
involved in this method includes: (i) perform moment-curvature analysis of different cross-
sections defining the structural element; (ii) the bending moment distribution is used in
conjunction with the moment-curvature relationship to obtain the curvature distribution along the
length of the member; (iii) rotation of any part of the element can be calculated by integrating
the area under the curvature distribution, while deflection can be obtained by calculating the

moment of the integrated area about the target location.

4.7 PROGRAM VALIDATION

The FE model is used in this section to validate the results obtained using the simplified sectional
analysis method. The load-displacement relationship of the ABAQUS model is plotted versus the
load-displacement relationship obtained using the simplified sectional analysis method in Fig.
4-14. The FE model showed good agreement with the simplified method. Therefore, the
simplified method is used in the analysis of the following sections of the paper. Additional

validations of the developed program are given in Appendix III.
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Fig. 4-14: Load-displacement relationship of the FE method vs. the developed program.

4.8 PARAMETRIC STUDY

A parametric study is carried out in this section to investigate the behaviour of RC beams
retrofitted using unbonded SMA bars. Analysis is performed for the loading and unloading
stages. Three parameters are investigated: (i) the ratio between the added external SMA
reinforcement to the amount of internal steel reinforcement in the beam (Asi4/4s); (i1) applied
load level (ratio between the maximum applied displacement to the displacement at which
yielding of the external reinforcement occurs J,,./0,); and (iii) ratio between the length of the

used SMA bars to the span of the beam (Lgyz4/L).

The parametric study is performed on simply supported beams with cross-sectional dimensions
of 300 mm by 700 mm and span of 7,000 mm. The beams are loaded/unloaded under either one

or two point loads. For each of the studied parameters, the parameter under investigation is
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varied within the desired range while keeping all other parameters constant during the analysis.
While varying Asu4/As and load level, the length of the SMA bars is assumed equal to the full
length of the beam. For the third parameter (Lsy4/L), nine different lengths of the SMA bars are
investigated (0.05 L, 0.10 L, 0.125 L, 0.167 L, 0.25 L, 0.33 L, 0.50 L, 0.67 L, and 0.75 L, where L
is the span of the studied beams). The parametric study is repeated two times: (i) assuming the
beams are externally reinforced with SMA bars and the internal steel bars are not cut; and (ii)
assuming the beams are externally reinforced with steel bars and the internal steel bars are not

cut. Results of the two cases are provided in Appendices IV, V and VL.

4.9 RESULTS AND DISCUSSIONS

4.9.1 Agys/A, Parameter

Seven different As)4/4; ratios are used in the analysis. These ratios are: As/A; = 0.5, 1.0, 2.0,
3.0, 4.0, 5.0, and 6.0. Fig. 4-15(a) shows the effect of increasing the Asy4/4; on the amount of
residual displacement upon unloading. It is clear from the figure that the amount residual
displacement is independent of increasing the Agy/As ratio at different load levels. The ratio
01/Omax varies from 0% to 3% when the Ag4/A; ratio increased from 0.50 to 6.0. This negligible

0,/Omax 18 attributed to the full deformation recovery of the SMA bars after load removal.

Increasing the Asuu/As ratio resulted in significant increase in the maximum moment capacity
ratio M,/M,.s, Fig. 4-15(b). The increase happens in a linear fashion. However, it should be
noted that using Asu4/As less than 1.0 results in reduction in the maximum moment capacity of

the beam compared to the original one.
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Fig. 4-15: Effect of varying the As)4/A4; ratio on the retrofitted beam behaviour; (a) Residual
displacements; (b) Moment capacity; (c) Initial stiffness.
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Initial stiffness decreases to less than 25% of its original value if Asy4/4; ratio of 0.5 is used, Fig.
4-15(c). Increasing Asy4/A; ratio to 3.0 can help the beam to regain its initial stiffness. Increasing
Asma/As ratio beyond this limit results in a more stiff behaviour of the retrofitted beam compared

to the original one.

4.9.2 Load Level Parameter (9,u../9,)

The effect of varying the applied load level (6,../d,) on the behaviour of RC beams retrofitted
using external SMA bars is investigated in this subsection. The analysis is performed for

different values of As).4/A4; ratios. Fig. 4-16 shows the results of the analyzed beams.

Fig. 4-16(a) shows that the effect of increasing the load level on the amount of residual
deformations is negligible. This is because the overall behaviour of the beam is controlled by the

behaviour of the external SMA bars at all Ag,4/4, ratios.

Increasing the load level shows increase in the moment capacity of the beams, Fig. 4-16(b). This
is attributed to the strain hardening in SMA stress-strain models. Significant reduction (33% to
65%) in the overall moment capacity of the beams with low Agy4/A4; ratio (i.e. Asya/As = 0.50 to

2.0) can be observed.

Fig. 4-16(c) confirms that the initial stiffness of the beams are not affected by the applied load
level. However, the initial stiffness of the beams with low Agy.4/A; ratio (i.e. Asya/As = 0.50 to

Asma/As = 2.0) is much lower than the initial stiffness value of the original beam.
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Fig. 4-16: Effect of varying the applied load level on the retrofitted beam behaviour ; (a)
Residual displacements; (b) Moment capacity; (c) Initial stiffness.

123



4.9.3 Lsuy/L Parameter

The effect of varying the external SMA bar length on the behaviour of the retrofitted beams is
investigated in this subsection. SMA bar length is represented by the ratio (Lsy4/L). Nine
different SMA bar lengths are assumed in the analysis. Each length is analyzed at different

Asya/A ratios and at different load levels.

Fig. 4-17 and Fig. 4-18 show the effect of varying the Lgy/L ratio on the amount of residual
displacements upon unloading for different Asy4/4s ratios and for different load levels. The
amount of residual displacement is significantly reduced (i.e. 2% to 5%). The dependency of
Lsya/L on the Agya/Ag ratio and the load level is eliminated. Fig. 4-19 shows that the retrofitted
beam strength is not affected by increasing the Lgy./L ratio. The reason behind this is that the
SMA bars are coupled to regular steel bars with bigger cross-sectional area to ensure that most of
the deformations and failure occur in the SMA region. Thus, the maximum strength of the beam

is equal to the strength of SMA RC section and is independent of the SMA bar length.

The effect of varying the Lgy4/L ratio on the initial stiffness of the beam is also studied. As
shown in Fig. 4-20, increasing the length of the SMA bars reduces the initial stiffness of the
beam. This reduction is very significant (700%) in case of low Asy4/A4; ratios, and less significant

(100%) at high Asu4/A values.
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Fig. 4-17: Effect of varying the Lg4/L ratio on the amount of residual displacements in the
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Fig. 4-18: Effect of varying the Lgy4/L ratio on the amount of residual displacements in the
retrofitted beams at load level = 5.0 J,.
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Fig. 4-19: Effect of varying the Lgy.4/L ratio on the moment capacity of the retrofitted beams at
ASMAs/As =3.0.
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Fig. 4-20: Effect of varying the Lgy4/L ratio on the initial stiffness of the retrofitted beams.
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The effect of varying the length of the external SMA bars on the displacement at which yielding
in the external SMA bars starts is also introduced in this study. Increasing the length of the SMA
bars resulted in increasing the d,../0,.o,¢ ratio, Fig. 4-21. This increase is insignificant at the small
Lsya/L values, and increases as the length of the SMA bars increase. The rate of increasing is
higher for beams with low Agy4/A. The ratio dy.,/0,.o¢ 1s independent of the load level, and, thus

the load level effect is not investigated.

The effect of varying the length of the external SMA bars on the maximum displacement of the
retrofitted beam is shown in Fig. 4-22. Increasing the length of the SMA bars increases the d,,qy-
#/Omax-org Tatlo. This increase is more pronounced in case of low Agy/A,. Similar trend is
observed at different loading levels. Similar to the yielding displacements, the rate of increase in

Omax-rt/Omax-org 18 more significant in case of low Asi/As.
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4.10 CHOICE OF SMA BARS

Multiple linear regression is used to model the relationship between the outputs and the inputs
obtained from the parametric study. After trying numerous number of models that utilize
different transformations (i.e. linear transformation, quadratic power transformation, and
logarithmic transformation), the best five models for the five outputs are noted and presented in

this section.

In the used backward elimination stepwise regression (Dunlop and Smith 2003), all explanatory
variables (inputs) are included in the model at the beginning. Then, the non-significant variables
are eliminated one at a time. At the end of the analysis, the reported remaining variables are only

the statistically significant ones.

The data used in this analysis are the data obtained from the parametric study. A total of 350 data
sets are used in the models. All parameters (i.e. inputs and outputs) are non-dimensional
parameters. The inputs are: Lsy/L, Asma/As, and load level. The outputs of the parametric study
are: 0/Omax, My/Morg, STo/STorg, Oy/Oy-0rg, ANA Omax-rd/Omax-org- DeScriptive statistics of the used
data are presented in Table 4-3. Analysis of the data starts with investigating the correlation
between each pair of the variables and noting the highly correlated pairs and their signs.
Correlation matrix is determined using the STATA software V.12 (STATA 2018) and is shown

in Table 4-4.
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Table 4-3: Descriptive statistics of the used data

Number of Standard  Minimum Maximum
Variable Mean
Observations Deviation value value
Lgyay/L 700 0.3942 0.3056 0.0500 1.0000
Asmas/As 700 3.0714 1.8993 0.5000 6.0000
Load level (d,) 700 5.0000 2.8305 1.0000 9.0000
0/ Omax (Yo) 700 22.1472 30.0816 0.0246 93.3457
M./M,. s (%) 700 301.4610 162.5948 40.0022 622.2005
ST,./STyr (%) 700 264.9297 200.8122 9.5681 899.7625
Oy-r/Oy-org (%0) 700 58.1500 39.4430 1.0000 127.0000
Omax-r/Omax-org (%0) 700 280.9829 193.6878 1.0000 622.0000
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Table 4-4: Correlation coefficients between all variables

Lo/l AsudAs O o MMy ST/STorg OydOrors OmacrOmasors
Lsys/L 1.00
Asma/As 0.00 1.00
Load level 0.00 0.00 1.00
0/Omax 0.08 -0.43 0.13 1.00
M./M,,q 0.00 0.96 0.11 -0.22 1.00
ST,./ST,rq -0.63 0.55 0.00 -0.08 0.61 1.00
Oy-1#/0y-0rg -0.20 -0.16 0.00 0.08 -0.15 -0.24 1.00
Omax-r/Omax-org -0.05 -0.29 0.01 0.08 -0.30 -0.50 0.74 1.00
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Table 4-5 to Table 4-9 present the final regression models for the five outputs. These models are
the most statistically significant models. All the variable coefficients reported in these tables are
statistically significant from zero at 95% confidence level because the associated p-values of all
the coefficients are less than 0.05. Measures of model goodness-of-fit (represented by R-
squared, Adj R-squared, and Root Mean Square Error (MSE)) are also reported in each table. All
the reported models are considered to be with very good fit as their R-squared values vary from
0.67 to 0.99. Furthermore, the values of MSE range from 0.24 to 9.60 confirming also a very

good model fit (Montgomery et al. 2012).

Equations [4-1] to [4-5] represent the summary of the final regression models for the five

outputs.

O/ Omax = -0.14318 X Asyia/As + 0.061737 x (Asyas/As)’ + 0.013083 x (Load level)> + 0.751673

[4-1]
My/Morg = 82.72809 X (Aspas/As) + 5.773622 x (Load level) -23.0628

[4-2]
In(ST,/ST ) = -0.71767 x In(Lsysas/L) + 0.88563 x In(Asasas/As) + 3.210665

[4-3]

10(8,.1/0y.0rg) = 8.336842 X (Lsyas/L) — 11.2 X (Lsyas/L)* + 0.408727 X (Aspias/As) — 0.06615 x
(Asaas/As)* + 2.603485 [4-4]

(O maxert/Omar-org) = 14.02687 X (Lyas/L) - 17.2568 X (Lspsas/L)” - 0.14746 x (Asaas/As) +
4.255832 [4-5]
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For example, if a simply supported beam is to be retrofitted using the suggested technique. If the
amount of external SMA reinforcement is equal to the amount of internal steel reinforcement
(Aspas/As = 1.0), the SMA bars covers only 20% of the span (Lsys/L = 0.20), and the beam is
loaded to a displacement that is equal to six times the yielding displacement, then the amount of
residual deformation of the retrofitted beam will be equal to 1.14% of the maximum applied
displacement. The moment capacity of the retrofitted beam will be 94% of the original beam.
The initial stiffness will be reduced by 21%. Yielding of the SMA bars will start at a

displacement equal to 64% of the yielding displacement of the original beam.

Table 4-5: Regression model for 6,/0ax

Source SS df MS Number of obs = 350

Model 141.1401 3 470467 | FC 3. 346) = 243.48
Prob>F = 0
R-squared = 0.6786

Residual 66.85632 346 0.193226

Adj R-squared = 0.6758

Total 207.9964 349 0.595978 | Root MSE = 0.43958
0,/0 max Coef. Std. Err. t P>t [95% Conf. Interval]
Asyas/As -0.14318  0.052947 2.7 0.007 -0.24732 -0.03904
(ASMA,/AS)2 0.061737  0.008069 7.65 0 0.045866 0.077608
(Load level)2 0.013083  0.000808 16.18 0 0.011493 0.014673
Constant 0.751673 0.074234 10.13 0 0.605666 0.89768
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Table 4-6: Regression model for M,,/M,,,

Source SS dfr MS Number of obs = 350
Model 8721587 2 4360793 F(2, 347) - 4719231
Prob > F = 0
R-squared = 0.9963
Residual 32064.44 347 92.40474 Adj R-squared _ 0.9963
Total 8753651 349 25082.1 Root MSE = 9.6127
M,/M,,, Coef. Std. Err. t P>t [95% Conf. Interval]
AspyiasdAs 82.72809  0.270732 305.57 0 82.19561 83.26057
Load level 5.773622  0.181664 31.78 0 5416322  6.130923
Constant -23.0628 1.334355 -17.28 0 -25.6872 -20.4384
Table 4-7: Regression model for S7,/ST,4
Source SS dfr MS Number of obs = 350
F( 2, 347) = 2911.59
Model 349.8711 2 174.9356
Prob > F = 0
R-squared = 0.9438
Residual 20.84864 347 0.060083 '
Adj R-squared = 0.9434
Total 370.7198 349 1.062234 | Root MSE = 0.24512
In(S7,/ST,.,) Coef. Std. Err. t P>t [95% Conf. Interval]
In(Lgp45/L) -0.71767  0.01408 -50.97 0 -0.74536 -0.68997
In(Asp45/As) 0.88563 0.015595 56.79 0 0.854957  0.916303
Constant 3.210665 0.02609 123.06 0 3.159351 3.261978
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Table 4-8: Regression model for d,.,/0y.org

Source SS df MS Number of obs = 350
F( 4, 345) = 231.82
Model 529.6073 4 132.4018
Prob>F = 0
) R-squared = 0.7288
Residual 197.0443 345 0.571143
Adj R-squared = 0.7257
Total 726.6516 349 2.082096 | Root MSE = 0.75574
In(d,.1/0)-0rs) Coef. Std. Err. t P>t [95% Conf. Interval]
Lsyay/L 8.336842 0.527699 15.8 0 7.298929 9.374754
(LSMAS/L)2 -11.2 0.51597 -21.71 0 -12.2148 -10.1851
Asyasd/As 0.408727 0.09103 4.49 0 0.229683 0.58777
(ASMA,/AS)2 -0.06615 0.013873 -4.77 0 -0.09343 -0.03886
Constant 2.603485 0.149139 17.46 0 2310149  2.896821
Table 4-9: Regression model for dyax-r/Omax-org
Source SS dfr MS Number of obs = 350
F( 3, 346) = 572.24
Model 971.7832 3 323.9277
Prob>F = 0
R-squared = 0.8323
Residual 195.8593 346 0.566067
Adj R-squared = 0.8308
Total 1167.643 349 3.345681 | Root MSE = 0.75237
In(0max-r/Omax-ors) Coef. Std. Err. t P>t [95% Conf. Interval]
Lgyas/L 14.02687 0.525349 26.7 0 12.99359 15.06015
(LSMA/L)2 -17.2568 0.513672 -33.59 0 -18.2671 -16.2465
Asyasd/As -0.14746  0.02119 -6.96 0 -0.18914 -0.10578
Constant 4.255832 0.117638 36.18 0 4.024456  4.487209
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4.11 CONCLUSIONS

The use of external unbonded SMA bars to retrofit RC beams is investigated in this study. A FE
model is first developed to simulate the behaviour of the retrofitted beams and validated using
available experimental results. Experimental results included RC beams that are internally and
externally reinforced using SMA and steel bars. Good agreement between experimental and
analytical results is observed. A simplified method is then developed to capture the flexure
behaviour of the retrofitted beams. The method is based on the sectional analysis technique for
unbonded bars. Results obtained from the developed program/method are validated using FE

results.

An extensive parametric study is then carried out to investigate the flexural behaviour of RC
beams retrofitted using SMA bars. Effect of varying three different parameters is studied. These
parameters are: Asya/As, load level (dua/dy), and Lsya/L. For each of the studied parameters, the
load-displacement relationship is constructed using the moment-area method. Out of the different
load-displacement relationships, 0,/0max, My/Morg, ST,/STorg, Oy-ri/Oy-org, ANA Omar-r/Omax-org are used

to highlight the changes happening in the behaviour due to varying one of the parameters.

Results of the parametric study are then used in multiple linear regression analysis. Numerous
number of models are first developed for the five outputs. Best five models for the five outputs
are then reported. The five models are summarized in the form of simple equations to help

engineers decide the optimum amount and length of needed SMA bars.

136



4.12 REFERENCES

ABAQUS, F.E. A. (2018) “ABAQUS Analysis user’s manual.” Dassault Systemes,Vélizy
Villacoublay, France.

Alam, M.S., Youssef, M.A., and Nehdi, M. (2007). “Utilizing Shape Memory Alloys to Enhance
the Performance and Safety of Civil Infrastructure: a Review.” Canadian Journal of Civil
Engineering, 34(9), 1075-1086.

Deshpande, N., Londhe, S., and Kulkarni, S. (2014). “Modeling compressive strength of
recycled aggregate concrete by Artificial Neural Network, Model Tree and Non-linear
Regression.” International Journal of Sustainable Built Environment, 3(2), 198-198.

Dunlop, P, and Simon, S. (2003) “Estimating key characteristics of the concrete delivery and
placement process using linear regression analysis.” Journal of Civil Engineering and
Environmental Systems, 20(4), 273-290.

Elbahy Y.I., Nehdi M., Youssef M.A. (2010b). “Artificial Neural Network Model for Deflection
Analysis of Superelastic Shape Memory Alloy Reinforced Concrete Beams.” Canadian Journal
of Civil Engineering, 37(6), 855-865.

Elbahy Y.I., Youssef M.A., Nehdi M. (2009). “Stress Block Parameters for Concrete Flexural
Members Reinforced with Superelastic Shape Memory Alloys.” Journal of Materials and
Structures, 42(10), 1335-1351.

Elbahy Y.I., Youssef M.A., Nehdi M. (2010a). “Deflection of Superelastic Shape Memeory
Alloy Renforced Concrete Beams: Assessment of Existing Models.” Canadian Journal of Civil
Engineering, 37(6), 842-854.

Elbahy, Y.I., Youssef, M.A., Nehdi, M. (2008). “Flexural Behaviour of Concrete Memebers
Reinforced with Shape Memory Alloys.” 2nd Canadian Conference on Effective Design of
Structures, McMaster University, Hamilton, Ontario, Canada, 477-486.

Janke, L., Czaderski, C., Motavalli, M., and Ruth, J. (2005). “Applications of Shape Memory
Alloys in Civil Engineering Structures - Overview, Limits and New Ideas.” Materials and
Structures, 338(279), 578-592.

Karsan, 1. D., and Jirsa, J. O. (1969). “Behavior of Concrete under Compressive Loading.”
ASCE Journal (Structural Division), 95(12), 2543-2563.

137



Montgomery, D. C., Peck, E. A., and Vining, G. G. (2012). “Introduction to linear regression
analysis.” John Wiley & Sons, Vol. 821.

Saiidi,M.S., Sadrossadat-Zadeh, M., Ayoub,C., and Itani,A. (2007). “Pilot study of behavior of
concrete beams reinforced with shape memory alloys.” Journal of Materials in Civil engineering,
American Society of Civil Engineering, 19(6): 454-461.

Scott, B.D.; Park, R.; and Priestley, M.J.N. (1982). “Stress-Strain Behavior of Concrete Confined
by Overlapping Hoops at Low and High Strain Rates.” ACI journal, 79(1), 13-27.

Stevens, N.J., Uzumeri, S.M., and Collins, M.P. (1987). “Analytical Modeling of Reinforced
Concrete Subjected to Monotonic and Reversed Loading.” Publication No. 87-1, University of
Toronto, 3634 p.

Youssef, M., and Ghobarah, A. (1999). “Strength Deterioration due to Bond Slip and Concrete
Crushing in Modeling of Reinforced Concrete Members.” ACI Structural Journal, 96(6), 956-
967.

Youssef, M.A., and Rahman, M. (2007). “Simplified seismic modeling of reinforced concrete
flexural members.” Magazine of Concrete Research, 59(9), 639-649.

138



Chapter 5 Flexural Behaviour of Reinforced Concrete Joints Retrofitted

Using External Superelastic Shape Memory Alloy Bars

5.1 INTRODUCTION

It is acceptable to assume that pre-1970s Reinforced Concrete (RC) structures are deficient under
seismic loads. These structures are not designed for ductile behaviour. Insufficient anchorage of
the beam reinforcement into the beam-column joint (BCJ) can be considered a main deficiency
for these structures. Thus, there is an urgent need to retrofit these structures to ensure safety of

the occupants.

Newly built structures may also need to be retrofitted to accommodate changes in their use or
loading. Different retrofitting materials and techniques are suggested in the literature to retrofit
RC BClJs such as: (i) epoxy repairs (Mohle and Mahin 1991, French et al. 1990, Beres et al.
1992, Filiatrault and Lebrub 1996); (ii) concrete jackets (Corazao and Durrani 1989, Alcocer and
Jirsa 1993); (iii) reinforced masonary blocks (Bracci et al. 1995); (iv) steel jackets and steel
elements (Corazao and Durrani 1989, Ghobarah et al. 1997, Biddah et al. 1997); and (v) fibre
reinforced polymers (FRP) (Antonopoulous and Triantafillou 2002, Ghobarah and Said 2002,
Gergely et al. 1998, karayannis and Sirjelis 2002, clyde and Pantelides 2002). Although steel is a
commonly used material, it has a major disadvantage, which is the large permanent seismic

deformations.
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Superelastic Shape Memory Alloys (SMAs) can undergo large strains and return to their
undeformed shape upon unloading. The flaged shape stress-strain hysteresis gives them some
damping ability, Fig. 5-1. Also, SMAs have excellent fatigue properties and high corrosion
resistance. All of these unique properties make them potential candidate for retrofitting RC BClJs

(Janke et al. 2005, Alam et al. 2007).
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Fig. 5-1: Stress-strain relationships for an SMA bar (McCormick et al., 2006)

In this study, the applicability of retrofitting RC BCJs using external unbonded SMA bars is
investigated. First, a Finite Element (FE) model is developed and validated using available
experimental results. Then, a simplified model is suggested and validated using the FE model.
An extensive parametric study is then carried out to investigate the behaviour of retrofitted RC
BClJs. Results of the parametric study are used to develop equations that address the change in

the behaviour of the retrofitted BCJs.
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5.2 FINITE ELEMENT SIMULATION

Three-dimensional FE models are developed to investigate the behaviour of RC BClJs retrofitted
using external SMA bars during the loading/unloading stages. Analysis is performed using the
commercial FE program ABAQUS Version 6.9 (ABAQUS 2018). 8-node hexahedral
isoparametric linear solid elements with reduced integration (C3D8R) are used in the modelling
process of the concrete, internal and external reinforcement, and external angles. Different

element sizes are first considered to determine the appropriate mesh size.

5.3 EXPERIMENTAL VALIDATION

Results of the experimental work performed by Youssef et al. (2008) are used to validate the
accuracy of the developed FE model. Two large scale BCJs are constructed and tested under
reversed-cyclic loading. The two joints are identical in dimensions and reinforcement details
except the type of reinforcement. In the plastic hinge region, one joint (BCJ1) is reinforced with

regular steel bars, while the second (BCJ2) is reinforced with superelastic SMA bars.

As shown in Fig. 5-2, the beams of the two joints have a length of 1830 mm, 400 mm cross-
section height, and 250 mm cross-section width. Amounts and arrangements of transverse
reinforcement are also identical for the two beams. Stirrups are 10M in diameter and are spaced
at 80 mm for the 800 mm length adjacent to the column and spaced at 120 mm elsewhere. The
longitudinal top and bottom steel for the beam of BCJ1 is 2-20M. For BCJ2, Two superelastic

SMAs bars (20.6 mm diameter) are used to replace the top and bottom steel bars at the plastic
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hinge region. Regular 2-20M steel bars are used outside the plastic hinge region of BCJ2 beam.

Steel couplers are used to connect the SMA bars to the steel bars.
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Fig. 5-2: Details of the two BCJs tested by Youssef et al. (2008)

Average concrete compressive strength is 53.50 MPa for BCJ1 and 53.70 MPa for BCJ2.
Average split cylinder tensile strength is 3.50 MPa for BCJ1 and 2.80 MPa for BCJ2. Steel
Reinforcing bars of BCJ1 have yield strength of 520 MPa, ultimate strength of 653 MPa, and a
modulus of elasticity of 198 GPa. Steel reinforcing bars of BCJ2 have yield strength of 450 MPa,
ultimate strength 650 MPa, and a modulus of elasticity of 193 GPa. Stirrups have a yield strength

of 422 MPa and ultimate strength of 682 MPa.
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Youssef et al. (2008) determined the mechanical properties of the superelastic SMA bars by
experimentally testing them under cyclic loading. It is reported that the SMA bars critical stress
is 401 MPa at a critical strain of 0.75%. The modulus of elasticity is evaluated as 62.5 GPa. The

residual strain is determined as 0.73%, when the SMA bar was loaded up to 6.0% strain.

Different element sizes (46.88, 39.07, 31.25, 25.40 and 19.05 mm) are first considered to
determine the appropriate mesh size for the two BCJs. As shown in Fig. 5-3, element size of 25.4
mm gives good results and further refinement of the mesh does not noticeably change the
behaviour. As shown in Fig. 5-4, good agreement between the experimental and analytical

results can be observed for the two BClJs.

The work done by Saiidi et al. (2007) is used to validate the model accuracy in predicting the
behaviour of RC beams externally reinforced with steel or SMA bars. Saiidi et al. (2007) tested
eight reinforced concrete beams under quasi-static loading. The eight beams are different in the
type and amount of reinforcement at the mid-span as summarized in Table 5-1. Four beams are
reinforced with SMA bars at mid-span, while the other four are reinforced with conventional

steel bars.

The beams are 1530 mm long. They have cross-sectional dimensions of 127x152 mm at mid-
span and 127x305 mm at the ends (i.e. outer-sections), Fig. 5-5. The beams are tested under two
point symmetric loads that are placed 152 mm apart. The reinforcement at mid-span is attached
to the beam using external angles. The internal reinforcement is cut at the mid-span section to

ensure that the behaviour is controlled by the external reinforcement.
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Table 5-1: Properties of the beams tested by Saiidi et al. (2007)

Specimen Mid-span &y b E,
reinforcement (mm/mm) (MPa) (MPa)
BNL1 1 @ 6.40 mm 0.013 400 34,078
BNL2 2 @ 6.40 mm 0.013 400 34,078
BNHI1 1 @9.50 mm 0.013 510 39,245
BNH2 2 @ 9.50 mm 0.013 510 39,245
BSLI 1 ©9.53 mm 0.0021 440 209,524
BSL2 2 @ 9.53 mm 0.0021 440 209,524
BSH1 1 @ 12.70 mm 0.0009 420 466,667
BSH2 2 & 12.70 mm 0.0009 420 466,667

ins

2M16 Steel bars

SM A rebars

Fig. 5-5: Beams dimensions and test setup
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Mesh sensitivity analysis is performed to determine the appropriate element size. As shown in

Fig. 5-6, four element sizes are used in the analysis. It is found that reducing the element size

beyond the 25.4 mm has negligible effect on the predicted results. Results of the analysis are

plotted in Fig. 5-7 for the SMA RC beams and in Fig. 5-8 for the steel RC beams. As shown in

the figures, good agreement between the experimental and analytical results is observed for both

steel and SMA RC beams.
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5.4  PROPOSED RETROFITTING TECHNIQUE

The proposed retrofitting technique is based on attaching external SMA bars to the RC BCJ. As
shown in Fig. 5-9, the bars are attached to the BCJ using external steel angles. The steel angles
are attached to the BCJ using steel bolts. One angle is attached to the BCJ joint area, while the
second angle is attached to the beam. Hold down angles can be used for big lengths of the SMA

bars to enforce the bars to follow the beam deflection.
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Fig. 5-9: Proposed retrofitting technique
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5.5 RETROFITTED BCJ

A RC BClJ is assumed for the analysis in this section. The beam of the BCJ has a cross-section of
250x400 mm and a span of 1830 mm. The column has similar cross-section dimensions and is
1200 mm in height. The BCJ is supported using top and bottom plates representing roller and
hinge supports, respectively. The plates have dimensions equal to 250x400x100.The external
angles have dimensions of 90x90x20 mm and are attached to the BCJ using 8 bolts. The bolts are
assumed to be 71 mm in length and 12.7 mm in diameter. The external SMA bars are attached to
the external angles using end couplers. The added external SMA bars are equal to the internal

steel reinforcement.

FE analysis is performed for the retrofitted BCJ. Fig. 5-10 shows a sketch of the retrofitted BCJ
while Fig. 5-11 shows the FE model of the retrofitted BCJ. Fig. 5-12 shows the load-
displacement relationship of the retrofitted BCJ vs. the original BCJ. The maximum moment
capacity of the beam increased from 70 kN to 85 kN due to retrofitting. The initial stiffness of
the beam is almost not affected by retrofitting. The amount of residual displacement is reduced

from 72 mm to 60 mm. Amount of dissipated energy is increased.

It is clear from the figure that adding external SMA bars reduced the amount of residual
displacement by 17%. This small effect is attributed to the low modulus of elasticity for the
SMA bars that is much lower (1/5 to 1/3) than that of the regular steel. Thus, attaching a small to
moderate ratio of SMA will improve the strength of the BCJ, but it is not expected to reduce the

residual deformations. Thus, it is proposed to cut the internal steel bars of the beam at the face of
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the column and replace them with the external SMA bars. This ensures that the BCJ behaviour is

governed by the external SMA bars rather than the internal steel bars.

FE analysis is performed again for the BCJ assuming cutting the internal steel reinforcement.
Analysis of the results is illustrated in Fig. 5-13. As shown in the figure, significant reduction in
the amount of residual displacement (98%) is observed in this case. On the other hand, the total
moment capacity of the beam is reduced by 31% due to the cut of the internal steel bars. Initial
stiffness of the beam is also significantly reduced. These disadvantages can be overcome by

increasing the amount of the external SMA bars as will be investigated in the following sections.
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Fig. 5-10: sketch of the retrofitted BCJ

Fig. 5-11: FE Model of the retrofitted BCJ
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5.6  SIMPLIFIED MODEL

Modelling the retrofitted BCJ using ABAQUS is a complex process. Thus, a simplified model
for the retrofitted BCJ is proposed in this section. The simplified model is developed using
Seismostruct software v.6 (Seismostruct 2018). The special technique used to model the
connection include: (i) modelling the SMA bars using inelastic truss elements; (ii) modelling the
superelastic behaviour of the SMA bars using the uniaxial material model proposed by Auricchio
and Sacco (1997); (iii)) modelling the concrete beam and column using displacement based
inelastic frame elements; and (iv) modelling the external angles that supports the SMA bars

using rigid arms connected to the concrete beam and column.

As shown in Fig. 5-14, the beam and the column of the BCJ are modelled using frame elements.
Two rigid arms are connected to the beam near the face of the column representing the angle
supported in the joint area. Another two rigid arms are connected to the beam at a distance equal
to the length of the required SMA bars. The SMA bars are connected between the rigid arms and
are modelled using truss elements. The reinforcement in the beam element is cut in between the
rigid arms to eliminate any contribution from it to the strength, stiffness and residual deformation

of the joint.

To validate the assumed simplified model, a comparison between the load-displacement results
of the simplified model developed using Seismostruct software and the actual model developed
using ABAQUS is shown in Fig. 5-15. Very good agreement between the two results is

achieved.

155



