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Featured Application: Calibration factor for ASCE 41-17 modeling parameters of stocky columns.

Abstract: Existing old reinforced concrete (RC) buildings could be vulnerable to large earthquake
events. Most columns in such buildings have insufficient reinforcement details, which may experience
failure during an early loading stage. The failure of columns may lead to partial or complete collapse
of entire building systems. To prepare for an adequate retrofit plan for columns, it is necessary to
simulate the cyclic behavior of columns using a numerical model with adequate values of constituent
modeling parameters. The nonlinear component modeling parameters are specified in ASCE 41-17.
However, the experiments on stocky RC columns suggest that ASCE 41-17 nonlinear component
modeling parameters do not reflect the RC column behavior adequately. To accurately simulate the
nonlinear load–deformation responses of stocky RC columns with low span-to-depth ratio, this study
proposes a calibration factor for ASCE 41-17 RC column modeling parameters. For this purpose,
this study collected test data of 47 stocky column specimens. Based on the test data, empirical
equations including the calibration factor for modeling parameters “a” and “b” in ASCE 41-17 were
proposed. The accuracy of the proposed equation was verified by comparing the measured and
calculated envelope curves.
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1. Introduction

Reinforced concrete (RC) buildings not designed according to modern seismic design codes can
be vulnerable to collapse during earthquakes [1]. Postearthquake researches indicated that columns
are one of the most critical structural components in seismically active regions due to their nonductile
reinforcement details [2–6]. Deficiencies such as lack of confinement due to widely spaced transverse
reinforcement [1], ineffective anchorage length, and insufficient development length [7–11] can cause
premature shear failure in RC columns [12,13], thus leading to rapid lateral strength degradation [14]
or even collapse [15–18]. To understand the seismic behavior of such columns under earthquakes
and to propose an adequate retrofit scheme, the seismic capacity of RC columns with nonseismic
reinforcement details should be estimated.

To predict the seismic capacity of such RC columns with acceptable accuracy, an accurate
backbone curve is required, which defines the lateral load–deformation capacity of a structural
component. An extensive amount of research has been carried out on developing backbone curves
of RC columns [14,15,19–22]. The nonlinear load–deformation relation proposed by ASCE 41-17 [23]
(as noted hereafter as ASCE 41-17) is most widely used in the fields. This standard is provided to
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conduct seismic evaluation and retrofit of existing building by the American Society of Civil Engineer
(ASCE), which includes performance objectives and seismic hazards, Tiers 1–3 seismic performance
evaluation procedures, and retrofit.

Due to the importance of this standard, it has been continuously revised since its first release to
provide a better accuracy in estimating nonlinear load–deformation response of structural components.

Ghannoum and Matamoros [24] proposed equations for RC columns to calculate modeling
parameters to construct a backbone curve, instead of using fixed values used in the previous
standard [25]. These equations are shown in ASCE 41-17, which lead to better estimation of modeling
parameters compared with those in the previous standard. Accurate estimation of modeling parameters
is a key factor in seismic performance evaluation [26] by selecting input seismic ground motions [27].

However, the deformation parameters suggested in ASCE 41-17 do not consider height-to-depth
ratios, which can significantly alter the column behavior [19,28]. For RC members with a height-to-depth
ratio lower than 2 (as noted hereafter as stocky columns), their cyclic behavior is always dominated
by shear [5,29,30]. Therefore, shear deformation induced by shear cracking expansion can be
significant [31,32]. When the ASCE 41-17 modeling parameter equations are applied to columns with
low height-to-depth ratios (stocky columns), the estimation error between measured and estimated
values may become significant.

In order to better estimate the load–deformation response of stocky RC columns, this study
proposes a calibration factor for the equations of deformation modeling parameters provided in ASCE
41-17. For this purpose, the values of deformation parameters for 47 rectangular RC columns with
low height-to-depth ratios are extracted. To minimize the difference between measured values and
those predicted by the ASCE 41-17 equations, the calibration factor was estimated for individual
column specimens. Then, the empirical equations including the calibration factor are proposed from
regression analyses.

2. Backbone Curve for RC Columns in ASCE 41-17

In ASCE 41-17, an idealized nonlinear load–deformation relation for a structural component is
provided to represent a generalized backbone curve, as shown in Figure 1. In Figure 1, V and Vy are
the column shear force and the column yield shear strength, respectively, and θ is the drift ratio; a and
b are the parameters representing plastic drift ratios, for cases when a strength degradation begins and
the shear force drops to the point “D”, respectively.
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The generalized load–deformation relation consists of a linear portion and a nonlinear portion.
The linear portion corresponds to the segment between points A and B, which can be determined
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the effective stiffness for various structural components. For RC columns, the proposed equations
to calculate the effective stiffness are summarized in Table 1, where Ec is the modulus of elasticity
of concrete, Ig is the moment of inertia of the concrete gross section, Aw is the summation of the net
horizontal cross-sectional area for concrete in the direction of loading, and Ag is the gross sectional
area of the column.

Table 1. Effective stiffness equations proposed by ASCE 41-17.

Component Flexural Rigidity Shear Rigidity Axial Rigidity

Columns with compression caused by
design gravity loads 0.7EcEIg 0.4EcEAw EcEAg

Columns with compression caused by
design gravity loads or with tension 0.3EcEIg 0.4EcEAw 0.4EcEAg

The nonlinear portion is governed by two deformation parameters, that is, modeling parameters
a and b. For rectangular RC columns, parameter a can be calculated using Equation (1):

aASCE = 0.042− 0.043
P

Ag fc
+ 0.63ρt − 0.023

Vy

V0
≥ 0, (1)

where P is the axial compressive load applied on the column section, fc is the concrete compressive
strength, ρt is the ratio of the area of distributed transverse reinforcement to the concrete gross area
perpendicular to that reinforcement, and Vy is the yield shear strength of the column. The column
shear strength V0 is calculated from Equation (2) provided in ASCE 41-17 for RC columns:

V0 =

Av fytd
s

+

6
√

fc
av/h

√
1 +

P

6Ag
√

fc

0.8Ag

, (2)

where aV/h is the height-to-depth ratio of the column; knl is 1.0 for a displacement ductility demand
(µ) less than or equal to 2 and 0.7 for µ ≥ 6, where µ is calculated as θ/θy and θy is the yield drift ratio
as shown in Figure 2. For µ between 2 and 6, knl is estimated using interpolation.
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The load–deformation response representing a reduced resistance is predicted using modeling
parameter b, which is calculated using Equation (3):

bASCE =
0.5

5 + P
0.8Ag fc

1
ρt

fc
fyt

− 0.01 ≥ aASCE, (3)

where fyt is the yield strength of the transverse reinforcement and modeling parameter b must be
greater than or equal to modeling parameter a.

3. Estimating the Values of Modeling Parameters from the Measured Cyclic Curves

The modeling parameters a and b were extracted from the first-cyclic envelope curve of RC
columns. The first-cycle envelope curve can be constructed by connecting each point of the peak
displacements during the first cycle of each increment of loading (or deformation) [23,33]. Figure 2.
illustrates the extraction of the modeling parameters a and b.

In Figure 2, the values for the maximum shear strength Vy are identical to the maximum ordinate
values of the first-cycle envelope. Yield drift ratio θy was obtained according to the procedure proposed
by Sezen et al. [2]. A secant line is projected from the origin to the intersection point on the first-cycle
envelope curve and a horizontal line at 0.7Vy. The secant line was extended, until it reached the
horizontal line drawn at Vy. Then, θy is the abscissa of the intersection of these two lines.

Drift ratio θu is a lateral drift ratio, at which a significant (more than or equal to 20%) lateral
resistance degradation from Vy occurs. In ASCE 41-17, θ f is defined as a lateral drift ratio at axial
failure. However, due to the scarcity of column specimens tested up to the onset of axial failure [24,34],
θ f is defined as a lateral drift ratio, when the lateral strength decreases to 25% of Vy.

The values of modeling parameters a and b can be calculated using Equations (4) and (5),
respectively:

a = θu − θy, (4)

b = θ f − θy. (5)

4. Stocky RC Column Database

The PEER Structural Performance Database provides the test data of 246 rectangular RC columns.
Among them, only 47 columns have section-to-depth ratios less than or equal to 2.0. Only a limited
number of cyclic tests were conducted for stock columns. In this study, 47 rectangular RC column test
specimens with height-to-depth ratios (av/h) less than or equal to 2.0 (stocky columns) were collected
from the PEER Structural Performance Database [35]. All the 47 specimens experienced a strength
drop by more than 20%.

The ranges of important parameters are summarized below:
Height-to-depth ratio 1.0 ≤ av/h ≤ 2.0
Section width (mm) 160 ≤ b ≤ 500
Section height (mm) 160 ≤ h ≤ 914
Center-to-center spacing of a transverse
reinforcement (mm)

20 ≤ s ≤ 406

Longitudinal reinforcement ratio (%) 1.27 ≤ ρl ≤ 6.94
Transverse reinforcement ratio (%) 0.08 ≤ ρt ≤ 1.64
Measured compressive strength of concrete 14 ≤ fc ≤ 118
Measured yield strength of longitudinal
reinforcement

323 ≤ fyl ≤ 510

Measured yield strength of transverse reinforcement 258 ≤ fyt ≤ 1424
Axial load ratio (%) 0 ≤ ν ≤ 80.1; v = P/

(
Ag fc

)
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To estimate the error between the measured and calculated values of the modeling parameters,
absolute relative errors (AREs) were calculated using Equation (6):

ARE =

∣∣∣∣∣MPmeas −MPASCE
MPmeas

∣∣∣∣∣, (6)

where MPmeas is the measured modeling parameter value for a and b extracted from the first-cycle
envelope curve and MPASCE is the parameter value for a and b calculated using Equations (1)
and (3), respectively.

Figure 3 shows the relationship of the calculated ARE and the shear span-to-section height ratio
(av/h), in which 246 specimens with av/h ranging from 1 to 7.3 were included. The test data for these
specimens were also obtained from the PEER Structural Performance Database [35]. The solid and
dashed lines in Figure 3 represent the mean ARE values obtained from the moving windows analyses.
With an increase in av/h, the mean values of ARE for parameters a and b [µARE(a),µARE(b)] generally
decrease. In the case of av/h ≥ 2.0, µARE(a) and µARE(b) approach approximately 0.5 and 0.3, respectively.
However, with the decrease in av/h within the range of av/h less than 2.0, µARE(a) and µARE(b) increase
sharply, which indicates that the errors associated with the ASCE 41-17 equations for parameters a and
b become more significant. Thus, it is necessary to propose a calibration factor for Equations (1) and (3)
for columns with av/h ≤ 2.0.
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5. Regression Analysis

The original equations of ASCE 41-17 do not include the influence of a height-to-depth ratio;
however, it was revealed in the previous section that there was a considerable amount of error in the
modeling parameter predictive equation proposed by ASCE 41-17 when the height-to-depth ratio was
lower than 2.0. For this reason, a calibration factor was proposed to minimize error.

Linear regression was used to introduce a calibration factor for the modeling parameter predictive
equation of ASCE 41-17 to calculate more accurately the values of parameters a and b. The measured
modeling parameters extracted from the first-cycle envelope curve is shown in Table 2.

To propose an empirical calibration factor, various candidate predictor variables frequently used
in the past research [14,22,52–55] were considered. Considered candidate predictor variables include:
longitudinal reinforcement ratio (ρl), transverse reinforcement ratio (ρt), axial load ratio (v = P/

(
f ′c Ag

)
),

measured concrete compressive strength ( fc), column shear span (av), height-to-depth ratio (av/h), ratio
of a transverse bar spacing to a column depth (s/h), ratio of a strength contribution of longitudinal
reinforcements to that of concrete ( fylAsl/ f ′c Ag), ratio of a strength contribution of concrete axial
strength to that of transverse reinforcements ( f ′c Ag/ fytAst).
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Table 2. Physical properties and measured deformation parameters of the selected specimens.

No. ID av/h
b

(mm)
h

(mm)
s

(mm)
ρl

(%)
ρt

(%)
fc

(MPa)
fyt

(MPa)
ameas
(%)

bmeas
(%) Reference

1 SC9 1.33 457 914 406 1.88 0.08 16 400 0.36 - [36]

2 CB060C 1.16 278 278 52 2.75 0.78 46 414 0.50 - [37]

3 H-2-1_3 2.00 200 200 40 2.65 0.71 23 364 1.51 -

[38]
4 H-2-1_5 2.00 200 200 50 2.65 0.57 23 364 1.96 -

5 HT-2-1_3 2.00 200 200 60 2.65 0.71 20 364 2.03 -

6 HT-2-1_5 2.00 200 200 75 2.65 0.57 20 364 1.99 -

7 I18 2.00 500 500 254 2.12 0.20 33 258 1.64 -
[39]

8 I21 2.00 500 500 254 2.12 0.20 32 258 0.98 -

9 HPRC10-63 1.50 200 200 35 1.27 0.68 22 344 1.33 -
[40]

10 HPRC19-32 1.50 200 200 20 1.27 1.19 21 344 1.15 -

11 N-18M 1.50 300 300 100 2.68 0.21 27 380 0.62 10.16

[41]12 N-27C 1.50 300 300 100 2.68 0.21 27 380 0.57 3.00

13 N-27M 1.50 300 300 100 2.68 0.21 27 380 0.94 4.70

14 2D16RS 2.00 200 200 50 2.01 0.48 32 316 2.85 -
[42]

15 4D13RS 2.00 200 200 50 2.65 0.48 30 316 1.00 -

16 CA025C 1.50 200 200 70 2.13 0.81 26 426 2.10 -
[43]

17 CA060C 1.50 200 200 70 2.13 0.81 26 426 0.81 -

18 C1 1.50 300 300 160 1.69 0.08 14 587 0.46 2.33

[44]
19 C12 1.50 300 300 75 1.69 0.28 18 384 1.21 8.15

20 C4 1.50 300 300 75 1.69 0.28 14 587 1.08 5.57

21 C8 1.50 300 300 75 1.69 0.28 18 384 0.74 2.21

22 D1 1.00 300 300 50 1.69 0.42 28 398 0.73 3.96

[45]

23 D11 1.50 300 300 150 2.25 0.14 28 398 0.66 1.89

24 D12 1.50 300 300 150 2.25 0.14 28 398 0.69 1.98

25 D14 1.50 300 300 50 2.25 0.42 26 398 1.49 17.98

26 D16 1.00 300 300 50 1.69 0.42 26 398 0.75 8.45

27 B3 2.00 250 250 60 2.43 0.63 100 344 1.11 -

[46]

28 B4 2.00 250 250 60 2.43 0.52 100 1126 2.34 -

29 B5 2.00 250 250 30 2.43 1.05 100 774 1.18 -

30 B6 2.00 250 250 60 2.43 0.52 100 857 1.32 -

31 B7 2.00 250 250 30 1.81 0.52 100 774 0.54 -

32 UC15H 2.00 225 225 45 1.86 1.27 118 1424 1.40 -

[47]
33 UC15L 2.00 225 225 45 1.86 1.27 118 1424 2.36 -

34 UC20H 2.00 225 225 35 1.86 1.63 118 1424 2.30 -

35 UC20L 2.00 225 225 35 1.86 1.63 118 1424 2.93 -

36 CUS 1.11 230 410 89 3.01 0.55 35 414 0.69 -

[48]37 CUW 1.98 410 230 89 3.01 0.15 35 414 1.21 -

38 UM207 2.00 200 200 100 1.99 0.28 18 324 0.81 -

39 HC4-8L16-T10-0.2P 2.00 254 254 51 2.46 1.64 86 510 5.84 - [49]

40 No.1 2.00 300 300 100 2.68 0.19 31 392 0.64 -

[50]41 No.3 2.00 300 300 200 2.68 0.09 31 392 0.55 8.00

42 No.4 2.00 300 300 100 2.68 0.19 31 392 0.62 1.95

43 BE 1.00 175 175 110 2.42 0.29 33 312 0.28 2.01

[51]44 CE 1.00 175 175 110 2.42 0.29 26 312 0.28 -

45 LE 1.00 175 175 20 6.94 1.62 42 322 0.77 -

46 104-08 1.00 160 160 40 2.22 0.61 20 559 0.56 -
[29]

47 204-08 2.00 160 160 40 2.22 0.61 21 559 1.10 -

Among the candidate variables listed above, only the statistically significant variables used to
predict the deformation parameters were selected. To determine the statistically significant variables,
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a linear stepwise regression analysis [56] was used. A candidate variable is considered to be statistically
significant, when the p-value is less than 5%. The p-value is used for measuring the plausibility of
a null hypothesis. Typically, in regression analysis, a null hypothesis is rejected if the p-value is less
than 0.05.

As a result of the regression analysis, the obtained equation for parameter a was written as:

a f it = aASCE +

(
−

1
47.78

−
1

57.49
1

av/h
+

fyl

1988.07cunit

)
, (7)

where cunit is 6.89 when using the unit of MPa and 1.00 when using the unit of ksi.
As discussed in the previous section, height-to-depth ratio av/h was found to be a significant

predictor variable.
The equation obtained for parameter b was described as:

b f it = bASCE +

(
1

12.56
−

1
703.39ρl

)
≥ a f it. (8)

In the proposed equations (Equations (7) and (8)), three variables were considered (av/h, ρl,
and fyl). It was reported that RC member behavior is affected significantly by av/h [1–6,57]. RC
columns with lower av/h are more likely to fail in shear. Past studies [7–9] also reported that the dowel
action of longitudinal reinforcements significantly affects the load–deformation responses of stocky
structural components; thus, ρl and fyl selected from the stepwise regression analyses can be physically
meaningful variables.

The significant predictor variable for both modeling parameters a and b was related to the
longitudinal reinforcement, that is, the measured yield strength of a longitudinal reinforcement fyl
and the longitudinal reinforcement ratio ρl. Past literatures [58–60] also revealed that dowel action of
longitudinal reinforcements can have significant impact on load–deformation response of relatively
stocky structural components.

As discussed in the previous section, due to the scarcity of column specimens tested to the onset
of axial failure, Equation (8) was proposed for column specimens experiencing a 75% lateral resistance
degradation in Table 2, which corresponded to the 15 RC column specimens.

6. Validation of the Proposed Calibration Factor

Figure 4 shows the accuracy of the calculated values of modeling parameters a and b with respect
to the corresponding measured values. As shown in Figure 4, the calculated values of parameters a and
b by applying the calibration factor proposed by this study match the corresponding measured values
more accurately than those obtained without applying the calibration factor. The errors associated
with parameters a and b were calculated using Equation (6).

The values of Error associated with the calculated values of parameter a without applying the
proposed calibration factor is 87.7%, whereas that by applying the calibration factor is 41.4%. Similar
results were obtained for parameter b.

Envelope curves were plotted for specimens, which were obtained using the ASCE 41-17 equations
for parameters a and b with and without the proposed calibrating factor applied. Figure 5 show the
envelope curves and the measured cyclic curves for the specimens No.4, C1, C8, and N27-C. It was
observed that the envelope curves obtained with the proposed calibration factor match the measured
cyclic curves more accurately than those obtained without the calibration factor. Similar observations
were obtained for the other specimens listed in Table 2, which were not included in this paper due to
page limitations.
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7. Conclusions

In this study, a database of 47 stocky RC columns was used to extract the modeling parameters for
constructing column envelope curves. The extracted values were then compared with the modeling
parameters values calculated using the ASCE 41-17 equations. The comparison results showed that
the error between the measured values and the values calculated with the ASCE 41-17 equations was
significant for the columns with height-to-depth ratios (av/h) less than 2.0. In this study, a calibration
factor was proposed for RC columns with av/h less than 2.0 to improve the accuracy of the values of
modeling parameters a and b calculated from the ASCE 41-17 equations. The following conclusion can
be drawn.

1. The ASCE 41-17 equations for deformation modeling parameters produce erroneous predictions
for stocky RC columns, because these equations do not consider the effect of av/h of RC columns.
The application of the proposed calibration factor significantly improved the accuracy of the
calculated values of modeling parameters a and b for columns with av/h less than 2.0.

2. After applying the calibration factor to the ASCE 41-17 equations, errors in the calculated values
of modeling parameters a and b significantly decreased. For parameter a, the error reduced from
87.7% to 41.4%, and for parameter b, the error reduced from 71.1% to 42.3%.

3. The envelope curves for the stocky RC columns were accurately constructed using the modeling
parameters with the proposed calibration factor, which match the measured cyclic curves.
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