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Abstract. There is a growing need for numerical models simulating the non-linear behavior of 
Reinforced Concrete (RC) elements under seismic loads into inelastic range, and for capacity 
models assessing the deformation capacity of RC members, with emphasis on non-conforming 
existing buildings. As far as nonlinear modeling is concerned, several approaches have been 
proposed by different authors; among them, empirical-based macromodels for lumped plastic-
ity modeling (e.g. Haselton et al., 2008) can represent an effective compromise between accu-
racy and simplicity. They have the great advantage of providing a complete characterization 
of the nonlinear response, accounting for all of the deformation mechanisms, and their relia-
bility is based on the use of experimental data. They also allow evaluating error/dispersion 
measures of the simulated response compared to the experimental data they are based on, 
which can be suitably used for taking into account modeling uncertainties in seismic fragility 
analyses of RC frames. With regard to capacity models, different approaches have been pro-
posed for the assessment of the deformation capacity of RC members, also for pre-normative 
purposes; in particular, as far as the seismic assessment of existing RC buildings is concerned, 
different capacity models have been developed for the ultimate deformation capacity of non-
conforming elements subjected to different failure modes (e.g. Elwood and Moehle, 2005; Zhu 
et al., 2007). 

In this study, a nonlinear response macromodel is proposed for a specific type of member, i.e. 
RC columns with plain bars. To this end, a database of tests on RC columns with plain bars is 
collected from literature. The specimens have different axial load, material properties, geome-
try, and longitudinal and transverse reinforcement ratio. Force-displacement data are col-
lected and processed for each specimen. The backbone of the experimental response is 
evaluated for each test, and predictive equations are developed for characteristics points, 
namely yielding, maximum strength, ultimate (conventional collapse) and zero resistance con-
ditions, based on a statistical analysis of data. 
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1 INTRODUCTION 

Current models for assessment and nonlinear modeling of RC elements are usually based on 
members with deformed bars (e.g. [1], [2], [3]). The post-elastic response of members with 
plain bars can be significantly different compared to members with deformed bars, due to the 
lower bond capacities [4][5] that, for instance, lead to higher deformability contribution of the 
fixed-end-rotation mechanism [6][7]. The objective of this paper is the derivation of empirical 
expressions providing the expected post-elastic response backbone for this kind of elements, 
through a regression analysis carried out on collected experimental data. 

In literature, one of the most widespread empirical macromodels for predicting the nonlinear 
response of RC members has been proposed by Haselton et al. [8], which provide a trilinear 
response backbone and a parameter for modeling the stiffness/strength degradation, according 
to the cyclic response model proposed by Ibarra et al. [9]. The largest part of models for capacity 
assessment and modeling of RC members provides the prediction of the response already in-
cluding the degradation due to cyclic displacement, as in the present study. Among these, the 
studies by Fardis and co-workers, which have proposed empirical-based formulations for chord 
rotation at yielding and “ultimate” (at 20% strength drop) [10][11][2], based on a large database 
of flexure-controlled experimental tests on RC elements. In the last years, several studies by 
Elwood and co-workers are focusing on the deformation capacity of existing non-ductile RC 
elements. Elwood and Moehle [12][13] proposed empirical formulations providing the drift at 
“collapse” (20% strength drop) and at “axial failure” (loss of vertical load-carrying capacity) 
of RC columns failing in shear following flexural yielding. These drift limits were used to 
model the shear-controlled response of RC elements (subjected to flexure-shear failure mode) 
in [14], by means of a modeling approach based on the use of the “limit state” material in 
OpenSees [15]. Aslani and Miranda [16] re-evaluated and simplified the formulations by El-
wood and Moehle [12][13]. Zhu et al. [17] proposed a procedure for failure mode classification 
and, accordingly, empirical formulations for the prediction of drift capacity (at 20% strength 
drop) for columns failing in flexure or in shear/flexure-shear, and for the prediction of the drift 
capacity at axial failure of shear-controlled columns. 

Different approaches have been adopted by international codes. The European standard EC8 
adopted Fardis and co-workers’ proposals, including correction coefficients for ultimate chord 
rotation of non-conforming elements [18][19], which account for their lower deformation ca-
pacity [20][2]. The US standard ASCE/SEI 41-13 [21] provides a procedure for the failure 
mode classification and, accordingly, empirical deformation capacity parameters calibrated to 
satisfy a target failure probability, depending on the failure mode. Such provisions were based 
on a proposal by Elwood et al. [1]. In [22] and [3] a modification to ASCE/SEI 41 provisions 
was proposed, in particular consisting of empirical expressions – not dependent on the expected 
failure mode – providing a median estimate of deformation capacity parameters. 

A much lower amount of analytical studies regarding the assessment of the deformation 
capacity of RC members with plain bars is present in literature. The European standard EC8 
provides specific expressions of the above-mentioned correction coefficients EC8 [18][19] for 
this kind of elements. These coefficients, in particular, account for the reduction of the ultimate 
chord rotation as a function of limited lap splice length. Different authors have evaluated the 
effectiveness of these coefficients, in some cases proposing improvements or alternative ex-
pressions [1][23][24]. Moreover, the effectiveness of current ASCE/SEI 41 provisions for ele-
ments with plain bars has been evaluated in [25], highlighting a significant conservatism. 

In this study, an empirical macromodel is developed, providing the response envelope of 
flexure-controlled RC columns with plain bars. To this aim, a database of cyclic tests from 
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literature is collected, and empirical formulations are proposed to evaluate the characteristic 
points of the response. 

2 EXPERIMENTAL DATABASE 

In this Section, the experimental database used for the empirical study reported in this paper 
is illustrated. 

Cyclic experimental tests on ductile (flexure-controlled) RC columns with plain bars were 
collected. All the experimental responses were corrected accounting for P-Delta effects, if nec-
essary, in order to be consistent with “Case I” reported in [26]. 

Table 1 reports the geometrical and mechanical characteristics of the 44 collected tests. 13 
of them have overlapped longitudinal reinforcement, with a ratio between splice length and 
longitudinal bar diameter 15 ≤ lo/db ≤ 47. 

The following parameters were extracted from the envelope of the experimental responses 
of the tests collected in the database. The obtained data are reported in Table 2. 

• EIeff: the effective stiffness was evaluated according to [27], i.e. as the stiffness secant to 
first yielding condition at theoretical first yielding moment, My; the ratio between EIeff and 
the gross section stiffness, EIg, was calculated (as the average between the two loading 
directions; if no cyclic displacement was imposed to the specimen prior to the attainment 
of the yielding condition, EIeff was not calculated; 

• Mmax: the peak resistance was evaluated only if cyclic displacement was imposed to the 
specimen prior to the attainment of this condition; again, the average between the two 
loading directions was calculated; 

• θmax: if Mmax was evaluated, chord rotation at peak resistance was considered, too; 

• θult: chord rotation at “ultimate” was evaluated corresponding to a 20% strength drop on 
the envelope of the response curve [10][13]; if 0.80·Mmax was not reached in the softening 
response, the corresponding value was not reported; for this parameter, the lowest value 
between the two loading directions was considered; 

• θ0: chord rotation at zero resistance was evaluated extrapolating to zero the line interpolat-
ing the extreme envelope points of the softening branch of the response; again, the lowest 
value between the two loading directions was considered; 

• K0: softening stiffness toward zero resistance was identified with the slope of the above-
described interpolating line used to evaluate θ0. 

 
An example application of the illustrated procedures is shown in Figure 1. 
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(a) (b) 

  

(c) (d) 

Figure 1: Example data extraction for Specimen Q-0L1 from [28] at yielding (a), peak resistance (b), “ultimate” 
(c), and zero resistance (d) conditions 
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# Reference Specimen ν b h d Ls s fc fy fyw db ρl ωl 
     [-] [mm] [mm] [mm] [mm] [mm] [MPa] [MPa] [MPa] [mm] [-] [-] 

1 

[6] 

C270-A1 0.12 300 300 270 1570 100 25 355 430 12 0.008 0.12 
2 C270-A2 0.12 300 300 270 1570 100 25 355 430 12 0.008 0.12 
3 C270-B1 0.12 300 300 270 1570 100 25 355 430 12 0.008 0.12 
4 C540-A1 0.24 300 300 270 1570 100 25 355 430 12 0.008 0.12 
5 C540-B1 0.24 300 300 270 1570 100 25 355 430 12 0.008 0.12 
6 C540-B2 0.24 300 300 270 1570 100 25 355 430 12 0.008 0.12 
7 

[29] 
S300P-c 0.20 300 300 270 1500 150 17.9 330 375 12 0.011 0.21 

8 R300P-c 0.10 500 300 270 1500 150 19.2 330 375 12 0.010 0.17 
9 R500P-c 0.10 300 500 470 1500 150 20.2 330 375 12 0.010 0.16 
10 

[30] 
G5 0.20 300 300 270 1500 300 21.6 330 375 12 0.011 0.17 

11 C-R30-s 0.20 500 300 270 1500 150 19.2 330 375 12 0.010 0.17 
12 

[28] 

Q-0 0.44 250 250 210 1600 200 27 313 425 14 0.012 0.14 
13 Q-0L1 0.41 250 250 220 1600 200 30.3 313 425 14 0.011 0.12 
14 Q-0L2 0.42 250 250 220 1600 200 30.3 313 425 14 0.011 0.12 
15 Q-0L1a 0.63 250 250 220 1600 200 28.1 313 425 14 0.011 0.12 
16 Q-0L2a 0.57 250 250 220 1600 200 28.1 313 425 14 0.011 0.12 
17 [31] C 0.30 250 250 215 1600 200 25 372 351 14 0.011 0.17 
18 [32] Control 0.20 250 250 215 1600 200 25.6 372 351 14 0.011 0.17 
19 [33] C-O-1 0.47 200 300 265 1200 200 9.0 336 383 14 0.012 0.43 
20 

[34] 
C3-S 0.14 300 300 270 1700 200 25.7 346 346 14 0.008 0.10 

21 C16-S 0.40 300 300 270 1700 200 27.5 346 346 14 0.008 0.10 
22 C18-S 0.40 300 300 270 1700 200 13.5 346 346 14 0.008 0.19 
23 [35] CC2N 0.20 200 200 185 750 100 23 356 356 10/6 0.012 0.18 
24 

[36] 
WOS-C 0.15 250 250 220 750 200 22.9 370 370 12 0.008 0.13 

25 HOS-C 0.15 250 250 220 750 200 24.8 370 370 12 0.008 0.12 
26 

[37][38][39]  
S-L-0-00 0.40 350 350 302 2000 200 14 275 331 18 0.019 0.38 

27 S-H-0-00 0.32 350 350 302 2000 200 20 284 331 22 0.029 0.41 
28 R-NC-0-00 0.50 200 400 350 2000 200 12 275 331 18 0.029 0.67 
29 

[40][41][42] 

1P2 0.21 350 350 315 2000 165 13.5 315 368 14 0.011 0.26 
30 2P3 0.20 350 350 315 2000 165 12.2 315 368 14 0.011 0.29 
31 3P3_N0.4 0.40 350 350 315 2000 165 13.1 315 368 14 0.011 0.27 
32 4P4 0.20 350 350 315 2000 165 12.4 315 368 14 0.011 0.28 
33 5P5 0.21 350 350 315 2000 165 11.4 315 368 14 0.011 0.31 
34 6PV1 0.20 350 350 315 2000 165 12.5 315 368 14 0.011 0.28 
35 7P3_U 0.20 350 350 315 2000 165 13.2 315 368 14 0.011 0.27 
36 

[24] 

CPA-1 0.18 300 300 270 1700 200 21.2 405 410 12 0.008 0.16 
37 CPA-3 0.18 300 300 270 1700 200 17.4 405 410 12 0.008 0.19 
38 CPB 0.18 300 300 270 1700 200 20.3 405 410 12 0.008 0.17 
39 CPC 0.18 300 300 270 1700 200 17.1 405 410 12 0.011 0.26 
40 CPD 0.18 300 300 270 1700 200 18 405 410 12 0.011 0.25 
41 CPE 0.18 300 400 370 1700 200 18 405 410 12 0.008 0.18 
42 CPF 0.18 300 500 470 1700 200 18.3 405 410 12 0.008 0.18 
43 

[43] 
S1 0.20 350 350 311 1425 265 29.5 325 350 20 0.023 0.25 

44 S4 0.20 350 350 311 1425 265 25.9 325 350 20 0.023 0.29 

Table 1: Database of cyclic tests on flexure-controlled RC columns with plain bars. 
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# EIeff/EIg θmax Mmax θult θ0 K0 
 [-] [rad] [kNm] [rad] [rad] [kNm/rad] 
1 0.34 0.015 66.3 0.062 0.260 272 
2 0.38 0.020 68.4 0.058 0.237 303 
3 0.38 0.013 63.2 0.063 0.147 602 
4 0.38 0.018 98.9 0.037 0.132 933 
5 0.42 0.017 96.4 0.038 0.142 810 
6 0.48 0.013 101.5 0.032 0.111 1065 
7 0.26 0.022 79.7 0.056 0.093 1712 
8 0.21 0.026 100.9 0.068 0.127 1358 
9 0.20 0.020 177.9 - 0.275 698 

10 0.34 0.018 91.5 0.052 0.192 565 
11 0.32 0.020 140.5 0.048 0.088 2736 
12 0.55 0.015 72.4 0.019 0.030 6664 
13 0.52 0.015 76.9 0.022 0.035 5657 
14 0.78 0.011 83.5 0.013 0.021 14050 
15 0.86 0.009 75.9 0.011 0.020 7238 
16 0.87 0.011 83.0 0.013 0.021 13952 
17 0.28 0.025 62.1 0.037 0.055 2752 
18 0.20 0.040 53.2 0.060 0.080 2312 
19 0.48 0.012 43.9 0.014 0.024 3432 
20 0.34 0.025 88.1 0.035 0.059 3329 
21 0.35 0.020 129.4 0.029 0.044 8723 
22 0.37 0.018 71.4 0.031 0.085 1065 
23 0.22 0.031 36.1 0.044 0.083 751 
24 0.18 0.014 40.5 0.047 0.171 277 
25 0.24 0.013 42.6 0.039 0.096 487 
26 0.50 0.017 145.9 0.029 0.042 9916 
27 0.48 0.022 191.1 0.040 0.063 7240 
28 0.66 0.009 113.2 0.020 0.048 3145 
29 - 0.028 102.6 - 0.301 351 
30 - 0.028 95.6 - 0.149 797 
31 - - - 0.030 0.062 2748 
32 - - - - 0.226 470 
33 - - - - - - 
34 0.38 0.021 95.6 0.052 0.149 776 
35 0.19 0.024 94.9 0.049 0.189 578 
36 0.26 0.019 71.5 0.034 0.063 2024 
37 0.32 0.024 65.4 0.045 0.081 1479 
38 0.45 0.017 62.0 0.043 0.078 1447 
39 0.23 0.025 83.6 0.048 0.072 2716 
40 0.37 0.017 65.0 0.041 0.077 1447 
41 0.15 0.028 118.8 0.041 0.057 6209 
42 0.21 0.018 202.4 0.035 0.058 6325 
43 0.24 0.016 192.6 0.024 0.049 6479 
44 0.27 0.016 168.3 0.022 0.039 8435 

Table 2: Extracted data at characteristic points of the base moment-chord rotation response envelopes (yielding, 
peak resistance, “ultimate”, and zero resistance). 

3 METHODOLOGY 

The regression methodology adopted in this study consists of (i) the selection of potential 
predictive parameters, (ii) the analysis of the trends of the output (predicted) variable with the 
selected potential predictive parameters, (iii) the execution of regression analysis based on as-
sumed functional forms, and (iv) the selection of the adopted formulation. This methodology is 
briefly illustrated as follows. 

Based on previous literature studies and mechanical judgment, the following potential pre-
dictive parameters were selected: axial load ratio (ν); shear span-to-depth ratio (Ls/d); transverse 
reinforcement spacing-to-depth ratio (s/d); transverse reinforcement spacing-to-longitudinal 
bar diameter ratio (s/db); rebar buckling coefficient (sn=(s/db)·(fy/100)0.5) (already adopted by 
Haselton et al. [8]); geometrical (ρl) and mechanical (ωl) longitudinal reinforcement ratio; geo-
metrical (ρw) and mechanical (ωw) transverse reinforcement ratio; compression-to-tension (in-
cluding web) longitudinal reinforcement ratio (ω’/ω); concrete compressive strength (fc); 
longitudinal steel yield strength (fy); splice length-to-longitudinal bar diameter ratio (lo/db). Fur-
thermore, a “fixed-end-rotation coefficient”, (lba·db)/(d·fc

0.5), was tentatively used, trying to ac-
count for the influence of fixed-end-rotation on deformation capacity; this coefficient should 
be positively correlated with elements’ deformability, since the expected rigid end rotation due 
to the slip of the longitudinal reinforcement from the anchorage should be positively correlated 
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to the anchorage length (lba) and to the bar diameter (db), and negatively correlated to the square 
root of concrete compressive strength (fc

0.5, correlated to the bond strength) and to section ef-
fective depth (d, correlated to the “rotation arm”) 

Then, the correlation between each output variable and the potential predictive parameters 
was analyzed through visual inspection and analysis of correlation coefficients. Parameters 
showing an unexpected (not mechanically explainable) correlation with the output variable 
were excluded. 

Ordinary least squares regressions were carried out between each output variable (trans-
formed in logarithmic form) and the input variables; these were assumed, alternatively, in their 
natural or logarithmic form, or not present (leading to reduced models, in the latter case). The 
best model was selected as the one characterized by the lowest Residual Sum of Squares (RSS) 
among all the full models. 

Finally, F-tests were performed between the best model and all the reduced models searching 
for statistically significant differences. If the p-value was higher than a fixed significance level 
α = 0.10 (assumed higher than 0.05 in order to reduce the risk of a “Type II” error [44]) the null 
hypothesis was not rejected, i.e. the reduced model was “accepted” as statistically equivalent to 
the best model. Among all the “accepted” reduced models, the one with the lowest number of 
predictive parameters and the highest p-value was selected. In some cases, a further parameter 
was included, if it led to a very significant increase in p-value. If possible, the expression was 
simplified in linear form. Statistics of the observed-to-predicted ratio (mean, median and Coef-
ficient of Variation (CoV)) were calculated. 

4 ANALYSIS OF RESULTS 

The empirical formulations derived according to the above-described methodology are illus-
trated as follows for each parameter analyzed. 

 
Effective stiffness 
The regression obtained for EIeff/EIg includes the axial load ratio and the shear span-to-depth 

ratio, see Eq. 1. As expected, the effective stiffness increases with these parameters increasing. 
The strongest correlation is observed with the axial load ratio, consistent with previous litera-
ture and code expressions and mechanical-based judgment. 

 ( )/ 0.086 7.6 1 0.23 /= ⋅ ⋅ + ⋅eff g sEI EI L dν  (1) 

 

Figure 2: observed vs predicted EIeff (Eq. 1) 
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Mean, median and CoV of the observed-to-predicted ratio are 1.05, 1.04 and 0.24, see Fig-
ure 2. 

The observed values of EIeff/EIg can be compared with the ASCE/SEI 41-13 provisions; 
mean, median and CoV of the observed-to-predicted ratio are 0.82, 0.83 and 0.30, singularly 
equal to the values observed by Elwood and Eberhard [27] on rectangular columns with de-
formed bars; hence, the presence of plain bars does not seem to increase the deformability at 
yielding [11]. However, if a non-biased estimate of the expected stiffness has to be provided, 
the lower bound could be decreased from 0.30 to 0.20; mean, median and CoV of the observed-
to-predicted equal to 0.98, 0.94 and 0.31 would be obtained, see Figure 3. 

 

Figure 3: observed EIeff/EIg, ASCE/SEI 41-13 provision and proposed modification 

 
Peak resistance 
First, an attempt of predicting the observed flexural strength Mmax through a section analysis 

is made, estimating the maximum expected moment as the moment calculated with a fiber anal-
ysis using a bilinear elastic-perfectly plastic model for the steel and the Mander et al. [45] con-
stitutive relationship for the concrete, corresponding to a compressive strain of 0.004 in the 
extreme concrete fiber [27], M004. Mean, median and CoV of the ratio between Mmax and M004 
are 1.08, 1.06 and 0.11, thus highlighting an experimental overstrength that has already been 
observed in literature, and can be explained through the confinement effect of the foundation 
element on the end section of the element [46]. Therefore, a regression analysis is carried out 
for the Mmax/My ratio, but the obtained results do not show a significant scatter reduction com-
pared to the observed values; thus, a simple mean value could be assumed for this ratio, i.e. 
Mmax/My = 1.17. 

 
Chord rotation at peak resistance 
The regression obtained for θmax includes the axial load ratio, the shear span-to-depth ratio 

and the splice length-to-longitudinal bar diameter ratio, see Eq. 2. Mean, median and CoV of 
the observed-to-predicted ratio are 1.00, 0.98 and 0.24, see Figure 4. A negative correlation is 
observed with the geometrical longitudinal reinforcement ratio, too, but it is not retained in the 
formulation selected according to the adopted methodology. Note the minimum between lo/db 
and 50 was assumed in regression analysis. 

 ( ) ( )( )max 0.011 0.21 1 0.29 / 0.57 0.43 min / ,50 / 50= ⋅ ⋅ + ⋅ ⋅ + ⋅s o bL d l dνθ  (2) 
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Figure 4: observed vs predicted θmax (Eq. 2) 

 
Chord rotation at “ultimate” 
The regression obtained for θult includes the axial load ratio, the mechanical transverse rein-

forcement ratio, the “fixed-end-rotation coefficient” proposed in this study, and the splice 
length-to-longitudinal bar diameter ratio, see Eq. 3. The terms related to the two latter coeffi-
cients could be approximated by linear expressions. Mean, median and CoV of the observed-
to-predicted ratio are 1.02, 1.05 and 0.18, see Figure 5a. Again, the axial load ratio has the 
strongest influence also on this deformation capacity parameter. The beneficial effect of trans-
verse reinforcement through the confinement effect on concrete in compression is demonstrated 
by the inclusion of the mechanical transverse reinforcement ratio. The inclusion of the “fixed-
end-rotation coefficient” demonstrates the possibility of taking into account the higher deform-
ability due to this deformation mechanism through the proposed coefficient. As for θmax, the 
minimum value between lo/db and 50 was assumed as predictive parameter. Note that, different 
from the usual approach based on correction coefficients [18][19], which are calibrated a pos-
teriori, in this case a unique expression is derived for elements with continuous and lap-spliced 
longitudinal reinforcement. 

Another regression analysis is performed excluding the “fixed-end-rotation coefficient”, be-
cause in some situations the anchorage length lba cannot be easily determined, as for continuous 
longitudinal reinforcement passing through beam-column joints. The resulting expression in-
cludes, again, the axial load ratio, the mechanical transverse reinforcement ratio and the splice 
length-to-longitudinal bar diameter ratio, and, furthermore, the shear span-to-depth ratio, posi-
tively correlated to θult, see Eq. 4. Mean, median and CoV of the observed-to-predicted ratio 
are 1.00, 1.00 and 0.20, see Figure 5b. 

 ( ) ( )( )0.150.055 0.034 1 0.32 / 0.70 0.30 min / ,50 / 50= ⋅ ⋅ ⋅ + ⋅ ⋅ + ⋅ult sw ba b c o bl d d f l dνθ ω  (3) 

 ( ) ( )( )0.180.071 0.039 1 0.20 / 0.75 0.25 min / ,50 / 50= ⋅ ⋅ ⋅ + ⋅ ⋅ + ⋅ult sw s o bL d l dνθ ω  (4) 
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(a) (b) 

Figure 5: observed vs predicted θult (Eq. 3 (a), Eq. 4 (b)) 

The obtained expressions can be compared with provisions by literature and codes for chord 
rotation at “ultimate”. Formulations provided by the following references are considered: Eu-
rocode 8 [18][19], without (“EC8”) and with (“EC8c”) correction coefficients accounting for 
the lack of seismic detailing and the presence of plain bars (“c.c.”); Eurocode 8  with c.c. pro-
posed by Verderame et al. [23] (“V&al”); Eurocode 8 with c.c. proposed by Melo et al. [24] 
(“M&al”); Biskinis and Fardis [2], without (“B&F”)  and with (“B&Fc”); c.c.; Zhu et al. [17], 
including the predicted Failure Mode (“FMZ”, “Z&al”); ASCE/SEI 41-13 [21], including the 
predicted Failure Mode and Condition (“FMA”, “Cond.”, “ASCE”); Ghannoum [3], including 
the predicted Failure Mode (FMG, G). In Table 3, these provisions are compared with the pre-
dictions of Eq. 3 and Eq. 4 proposed herein, and, of course, with observed values (“θult,obs”). 
Finally, mean, median and CoV of the observed-to-predicted ratio are reported, for all columns 
(“all”), and separately for columns with continuous (“c.”) and lap-spliced (“l.s.”) longitudinal 
reinforcement, too. 

The Equations proposed herein show the highest predictive capacity, and similar statistics 
of observed-to-predicted for “c.” and “l.s.” columns. The comparison with uncorrected EC8 
provisions highlights that only for “l.s.” columns a correction should be applied; however, the 
c.c. proposed by code lead to a significant underestimation of deformation capacity, both for 
“c.” and “l.s.” columns. Similar trends are observed for the update proposal by Fardis and co-
workers [2]. The c.c. proposed by Verderame et al. [23] and Melo et al. [24] lead to a signifi-
cantly better agreement, although quite conservative for “l.s.” columns in the former case, and 
slightly non-conservative for “c.” columns and conservative for “l.s.” columns in the latter case. 
ASCE provisions [21] appear very conservative, but a direct comparison is not possible, since 
these provisions are calibrated to satisfy target failure probabilities rather than to predict the 
expected values, and, secondarily, because the significant underestimation of the effectiveness 
of end-hooked anchorages of plain longitudinal bars leads to unrealistic IS and/or ID failure 
modes [25][47][48]. The corresponding update proposal by Ghannoum [3], aimed at predicting 
median deformation capacity values, is, as expected, less (but still) conservative. 
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# θult,obs Eq. 3 Eq.4 EC8 EC8c V&al M&al B&F B&Fc FMZ
* Z&al FMA

† Cond. ASCE FMG
‡ G 

 [rad] [rad] [rad] [rad] [rad] [rad] [rad] [rad] [rad]  [rad]   [rad]  [rad] 
1 0.062 0.060 0.061 0.051 0.035 0.047 0.051 0.050 0.040 F 0.037 F ii 0.028 F-FS-S 0.040 
2 0.058 0.060 0.061 0.051 0.035 0.047 0.051 0.050 0.040 F 0.037 F ii 0.028 F-FS-S 0.040 
3 0.063 0.061 0.062 0.051 0.041 0.050 0.059 0.050 0.040 F 0.037 F ii 0.028 F-FS-S 0.040 
4 0.037 0.040 0.042 0.044 0.030 0.042 0.035 0.044 0.035 F 0.029 F ii 0.025 F-FS-S 0.034 
5 0.038 0.041 0.042 0.044 0.035 0.045 0.041 0.044 0.035 F 0.029 F ii 0.025 F-FS-S 0.034 
6 0.032 0.041 0.042 0.044 0.035 0.045 0.041 0.044 0.035 F 0.029 F ii 0.025 F-FS-S 0.034 
7 0.056 0.050 0.045 0.038 0.030 0.038 0.046 0.037 0.029 F 0.026 F* ii 0.022 F-FS-S 0.033 
8 0.068 0.063 0.056 0.045 0.036 0.044 0.060 0.044 0.035 S 0.058 F* ii 0.021 F-FS-S 0.036 
9 - - - 0.032 0.026 0.030 0.042 0.032 0.025 F 0.044 F ii 0.022 F-FS-S 0.033 

10 0.052 0.041 0.038 0.039 0.031 0.039 0.044 0.039 0.031 S 0.040 F* ii 0.019 F-FS-S 0.024 
11 0.048 0.045 0.041 0.040 0.032 0.040 0.047 0.039 0.031 S 0.055 F* ii 0.019 F-FS-S 0.030 
12 0.019 0.024 0.023 0.038 0.030 0.039 0.022 0.037 0.030 F - F* ii 0.016 F-FS-S 0.020 
13 0.022 0.019 0.020 0.040 0.015 0.012 - 0.040 0.016 F - IS iv 0.007 IS 0.032 
14 0.013 0.020 0.021 0.040 0.020 0.021 - 0.039 0.022 F - F* ii 0.017 F-FS-S 0.022 
15 0.011 0.010 0.010 0.030 0.011 0.009 - 0.030 0.012 F - IS iv 0.005 IS 0.030 
16 0.013 0.013 0.013 0.033 0.017 0.016 - 0.032 0.018 F - F* ii 0.012 F-FS-S 0.016 
17 0.037 0.034 0.035 0.044 0.035 0.048 0.037 0.044 0.034 F - F* ii 0.021 F-FS-S 0.027 
18 0.060 0.047 0.048 0.050 0.040 0.053 0.049 0.049 0.039 F 0.006 F* ii 0.024 F-FS-S 0.032 
19 0.014 0.022 0.020 0.024 0.019 0.028 0.033 0.024 0.019 F 0.009 F* ii 0.013 F-FS-S 0.018 
20 0.035 0.052 0.050 0.052 0.035 0.044 0.048 0.051 0.040 S 0.062 F* ii 0.022 F-FS-S 0.036 
21 0.029 0.021 0.021 0.038 0.026 0.034 0.019 0.038 0.030 S 0.054 F* ii 0.016 F-FS-S 0.023 
22 0.031 0.030 0.024 0.033 0.022 0.031 0.032 0.032 0.025 S 0.054 F* ii 0.015 F-FS-S 0.023 
23 0.044 0.036 0.038 0.038 0.030 0.039 0.046 0.038 0.030 F 0.025 F* ii 0.023 F-FS-S 0.030 
24 0.047 0.044 0.040 0.040 0.032 0.040 0.051 0.039 0.031 F 0.009 ID iv 0.004 ID 0.029 
25 0.039 0.035 0.033 0.040 0.017 0.016 - 0.040 0.019 F 0.009 IS/ID iv 0.004 IS/ID 0.029 
26 0.029 0.025 0.027 0.029 0.023 0.033 0.032 0.029 0.023 F 0.011 F* ii 0.017 F-FS-S 0.024 
27 0.040 0.032 0.032 0.035 0.028 0.038 0.032 0.034 0.027 F 0.021 F* ii 0.021 F-FS-S 0.027 
28 0.020 0.019 0.020 0.024 0.019 0.027 0.027 0.024 0.019 F 0.039 F* ii 0.017 F-FS-S 0.021 
29 - - - - - - - - - - - - - 0.024 - - 
30 - - - - - - - - - - - - - 0.024 - - 
31 0.030 0.023 0.028 0.029 0.023 0.032 0.033 0.029 0.023 F 0.015 F* ii 0.017 F-FS-S 0.026 
32 - - - - - - - - - - - - - 0.024 - - 
33 - - - - - - - - - - - - - 0.024 - - 
34 0.052 0.046 0.053 0.036 0.029 0.038 0.049 0.036 0.029 F 0.030 F* ii 0.024 F-FS-S 0.036 
35 0.049 0.045 0.053 0.037 0.029 0.039 0.048 0.036 0.029 F 0.029 F* ii 0.024 F-FS-S 0.036 
36 0.034 0.044 0.048 0.047 0.038 0.049 0.053 0.046 0.037 S 0.062 F* ii 0.022 F-FS-S 0.035 
37 0.045 0.048 0.050 0.045 0.036 0.048 0.056 0.044 0.035 S 0.061 F* ii 0.022 F-FS-S 0.035 
38 0.043 0.039 0.044 0.047 0.027 0.029 - 0.046 0.029 S 0.062 IS iv 0.007 IS 0.032 
39 0.048 0.048 0.050 0.045 0.036 0.048 0.056 0.044 0.035 S 0.061 F* ii 0.023 F-FS-S 0.035 
40 0.041 0.042 0.045 0.045 0.026 0.029 - 0.045 0.028 S 0.061 IS iv 0.009 IS 0.030 
41 0.041 0.039 0.042 0.037 0.029 0.038 0.044 0.036 0.029 S 0.044 F* ii 0.020 F-FS-S 0.031 
42 0.035 0.035 0.038 0.035 0.028 0.035 0.042 0.034 0.027 S 0.034 F* ii 0.019 F-FS-S 0.028 
43 0.024 0.027 0.032 0.039 0.031 0.039 0.035 0.039 0.031 S 0.034 FS ii 0.019 F-FS-S 0.019 
44 0.022 0.028 0.033 0.038 0.030 0.038 0.038 0.038 0.030 S 0.034 FS ii 0.019 F-FS-S 0.019 

al
l 

mean 1.02 1.00 0.94 1.30 1.06 0.96 0.95 1.28  1.67   2.57  1.27 
median 1.05 1.00 0.98 1.35 1.01 0.94 0.99 1.31  1.28   2.02  1.32 
CoV 0.18 0.20 0.33 0.30 0.36 0.24 0.33 0.30  1.03   0.93  0.29 

c.
 mean 1.03 1.00 1.03 1.28 0.99 0.92 1.04 1.31  1.81   2.31  1.36 

median 1.06 0.99 1.05 1.31 1.00 0.92 1.06 1.34  1.30   1.93  1.34 
CoV 0.17 0.19 0.28 0.28 0.30 0.22 0.28 0.28  1.04   0.95  0.24 

l.
s.

 mean 1.01 1.01 0.77 1.34 1.21 1.11 0.78 1.21  1.32   3.07  1.09 

median 1.04 1.00 0.84 1.41 1.19 1.10 0.85 1.22  0.69   2.10  1.29 

CoV 0.20 0.21 0.38 0.35 0.41 0.25 0.38 0.34  0.92   0.88  0.35 

*: F = flexure; S = flexure-shear or shear. 
†: F = flexure with further confidence; F* = flexure without further confidence; FS = flexure-shear; ID: inadequate development; IS: inadequate splicing. 
‡: F-FS-S = flexure or flexure-shear or shear; ID: inadequate development; IS: inadequate splicing. 

Table 3: Comparison between observed and predicted chord rotation at “ultimate” 

 
Chord rotation at zero resistance 
For some tests, very high, unrealistic values of θ0 were obtained, due to very low post-peak 

negative slope, unrealistically high values of θ0 were obtained. Hence, a judgment-based value 
of 0.15 rad was assumed as upper bound for this parameter. 

The regression obtained for θ0 includes the axial load ratio and the geometrical transverse 
reinforcement ratio, see Eq. 5. Mean, median and CoV of the observed-to-predicted ratio, with 
the assumed upper bound on observed and predicted values, ratio are 0.99, 0.93 and 0.37, see 
Figure 6. 

 ( )( )100

0 min 0.098 0.015 58 ;0.15
⋅= ⋅ ⋅ wρνθ  (5) 
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Figure 6: observed vs predicted θ0 (Eq. 5) 

 
Softening stiffness toward zero resistance 
Due to the strict dependency between θ0 and K0, the adoption of a (lower) bound for this 

parameter is considered. To this aim, K0 is reported versus θ0 (see Figure 7): assuming a lower 
bound on K0 equal to 700 kNm/rad, almost all (except two) tests with θ0 ≤ 0.15 show a value 
of K0 above this bound, while all the tests with θ0 > 0.15 show a value of K0 below this bound. 

 

Figure 7: observed θ0 vs observed K0 and corresponding assumed bounds 

The regression obtained for K0 includes the same parameters of the regression obtained for 
θ0, see Eq. 6. Mean, median and CoV of the observed-to-predicted ratio, with the assumed 
lower bound on observed and predicted values, ratio are 1.27, 1.00 and 0.62, see Figure 8. 

 ( )( )1.69

0 max 30 327 100 ;700
−

= ⋅ ⋅ ⋅wK ν ρ  (6) 
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Figure 8: observed vs predicted K0 (Eq. 6) 

 

5 CONCLUSIONS 

An empirical macro-model for the prediction of inelastic response of flexure-controlled RC 
columns with plain bars was proposed. To this aim, a database of cyclic tests was collected, 
parameters identifying the characteristic point of the response envelope were identified, and a 
regression analysis was performed in order to derive empirical formulations predicting these 
parameters. The proposed equations allow modeling the inelastic response up to complete col-
lapse (zero-resistance condition). A comparison was carried out between proposed equations 
for deformability at yielding (effective stiffness) and chord rotation at “ultimate” (20% strength 
drop) and proposals from literature and codes, highlighting, in the latter case, a general con-
servatism. 

The proposed formulations can be used both for performance-based deformation capacity 
assessment and for nonlinear modeling, thus representing a useful tool for seismic analysis of 
existing RC frames with plain reinforcing bars, properly accounting for the specific response 
characteristics of this kind of members. 
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