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1. Introduction

Concrete-filled steel tubular (CFST) columns are largely employed around the world
owing to the fact that they offer two significant advantages. The first one is the composite
action of the steel tube and infilled concrete, which enhances the strength and ductility
of the columns. The steel tube effectively confines the concrete core, thereby providing
a highly ductile response under compression and increasing the overall energy dissipation
capacity [1]. The second advantage is the use of the steel tube as a permanent formwork for
concrete casting, which helps to reduce construction time and costs. The combination of
good structural performances and limited costs makes these structural elements attractive
for the design of several structures and infrastructures (particularly arch bridge ribs and
bridge piers [2-5]).

Since the first tests by Kloppel and Goder [6], several researchers carried out laboratory
experiments to assess the structural performance of CFST columns [7-12]. The large
amount of information resulting from such experimental tests was collected by Thai et al.
[13] in order to create a comprehensive database for CFST columns. The experimental
evidences show that the structural performance of CFST columns largely depends on the
confinement effect provided by the steel tube on the concrete core. In fact, an improved
structural performance can be achieved if the confinement exerted by the steel tube persists
at higher strains ranges of both concrete and steel. Thus, the combined use of high-strength
concrete and steel can further increase the axial capacity of CFST columns. For this reason,
some experimental tests on CFST columns also aimed at determining the performance of
CFST columns made of high-strength materials [14-38|. However, the use of high-strength
materials may significantly reduce the economic advantage provided by CFST columns.

Although considerable research and several experimental tests have been carried out to

assess the response of CFST columns under axial compression [39-46], there is still a need
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for accurate and reliable capacity equations that also benefit from the availability of larger
and more detailed datasets. Additionally, the effects of the eccentricity of the applied axial
load and that of the debonding phenomenon — which can significantly jeopardize the axial
capacity of CFST columns — have received little attention so far. This lack of investigations
mirrors in the axial capacity equations for CFST columns included into current technical
standards, which are not in good agreement with the experimental data as demonstrated
in |7]. As an example, the formulation provided by the Eurocode 4 (EC4) may lead up to
a 17% error in the prediction of the ultimate capacity [47]. Moreover, with the exception
of the Chinese design codes [48, 49|, existing technical standards lack formulations that
include the effect of debonding in the prediction of the axial capacity of CFST columns.

Recently, some researches proposed accurate data-driven models for the axial capacity
of CFST columns by means of supervised learning algorithms [50-57]. However, such
models are not supported by a mechanics-based understanding like those included into
current technical standards. For example, although in some cases the initial regressors
are based on the understanding of the underlying physical phenomena, the functional
forms of the explanatory functions (i.e., the regression terms) and the models usually
contain higher-order terms that are selected only because they are statistically significant
and consequently lack physical meanings. Therefore, the main limitation of these recent
data-driven approaches is the lack of consistency with the derivation of the existing code
provisions. Moreover, regardless their accuracy level, all cited models are deterministic
and not suitable for reliability analyses. Consequently, there is a need for accurate physics-
based probabilistic models of the axial capacity for CFST columns that include the effects
of load eccentricity and debonding, in such a way to allow their use within current technical
standards.

Within this framework, the present paper proposes a physics-based probabilistic model
to predict the axial capacity of CFST columns with circular cross-section, together with
two additional corrective models to describe the detrimental effects due to load eccentricity
and debonding. Such models are derived by means of the general procedure reported in
[58]. Ultimately, they identify the most influential parameters affecting the mechanical
behaviour of CFST columns under compression and, at the same time, account for the
prevailing uncertainties. Probabilistic models can be either data-driven or physics-based.
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Both the data-driven and the proposed physics-based models are calibrated with data
and as such fall in the same broader category of empirical models. However, considering
the three fundamental steps in developing a probabilistic model 1) selection of regres-
sors/explanatory functions, 2) calibration of the model parameters, and 3) interpretation
of the results, data-driven models (e.g., [59]) and physics-based models (e.g., [58|) differ in
the first and/or third step. Data-driven models exclusively, or at least largely, rely on the
empirical evidence provided by the data to select the explanatory functions. Therefore, if
statistically significant, every combination of the initial regressor is accepted in the final
model form. Additionally, in most cases, for data-driven models the physical acceptability
of the resulting model form is not considered. On the contrary, for physics-based models,
the understanding of the physics of the problem is the basis not only in the choice of the
regressors but also in the development of the explanatory functions that are constructed
based on the physical phenomena.

The model for the axial capacity of CFST columns is formulated by adding suitable
correction terms to the plastic axial capacity (i.e., the sum of the concrete and steel plastic
capacity). Such correction terms include explanatory functions (which are based on the
physics of the relevant phenomena) and unknown model parameters calibrated through
a Bayesian approach by means of the experimental data previously used in [13]. The
reduction of the ultimate capacity due to axial load eccentricity and debonding is modeled
via correction factors that represent the ratio between the axial capacity of the CFST
column without imperfections under centered compression and the corresponding values
with load eccentricity or debonding, respectively. The models of such correction factors
include explanatory functions similar to those used for the model of the axial capacity and
additional specific explanatory functions that accounts for the characteristics of the axial
load eccentricity and debonding. The unknown model parameters for debonding factor (i.e.,
the correction factor for debonding) and eccentricity factor (i.e., the correction factor for
the eccentricity of the applied axial load) are calibrated by means of the datasets employed
in [60] and [13], respectively, which both contain experimental data already analysed in
the literature.

The accuracy of the proposed models is compared with that of existing capacity equa-
tions already in use into technical standards and existing literature. In order to allow the
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implementation of the proposed models into current technical standards, uncertainty fac-
tors are also derived. Although the present study is meant at estimating the axial capacity
of CFST columns in which the debonding factor refers to circumferential debonding only,
the proposed methodology has a general validity and can be used to obtain physics-based
probabilistic models for the flexural and shear capacity of CFST columns taking into pos-
sible account circular-gap debonding. The very good accuracy and the compact form make
the proposed models suitable to be included within technical standards. Because of the
data-driven calibration, the validity of the proposed models is restricted by the range of
available experimental data. Differently from available deterministic models, however, the
proposed probabilistic approach copes with such issue to some extent, since it allows for
the effective models updating as new experimental data are available.

Following this Introduction, Section 2 describes the mechanics behind the axial capacity
of CFST columns. Then, Section 3 presents both the formulation of the proposed models
and the methodology used for model selection and calibration. Next, Section 4 introduces
the experimental data and the calibrated models. Finally, Section 5 presents the derivation

of the uncertainty factors.

2. Response of CFST columns under axial compression

2.1. Auxial capacity of CFST columns

In the last decades, multiple experimental findings [47, 61-63| proved that the axial
capacity of CFST columns N, is generally higher than the sum of the axial capacities
of their components, which are the steel tube and the concrete core. This mechanical

behaviour is represented by the following inequality:

Nu - (chc + fyAs) > 07 (1)

where f. is the concrete compressive strength, f, is the steel yielding strength whereas
A, and Ay are the cross-sectional areas of concrete and steel, respectively. This behavior
is attributable to the confinement effect provided by the steel tube on the concrete core.
This confinement effect, originally highlighted in [64], determines an increment of the
compressive strength of the concrete [65] that varies during the loading process of the
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CFST columns.

The loading process of the CFST columns can be divided into three phases [66-70].
In the initial loading phase, the confinement effect can be neglected, since the Poisson
coefficient of the concrete v, is smaller than the Poisson coefficient of the steel v5. Therefore,
in the radial direction, the steel tube expands faster than the concrete core that does not
benefit from any confinement effect. In this initial phase, the steel tube is subjected to
compressive stresses, with no separation between the tube itself and the concrete core.
In the intermediate phase, the applied load reaches the level of the uni-axial strength of
the concrete, and concrete micro-cracking increases. The lateral expansion of the concrete
reaches its maximum and mobilizes the steel tube that, in turn, now confines efficiently
the concrete core. In this phase, the concrete core is subjected to a triaxial stress state,
while the steel tube is in a biaxial stress state. In the last phase, the steel tube reaches
the maximum confinement capacity, and the concrete core collapses with the steel tube.
Examples of the failure mechanisms that characterize this last phase are presented in [71].

According to this mechanical behaviour, IV, can be estimated as the sum of the axial
capacities of steel tube and confined concrete core by means of specific correction factors

as follows:

Nu =~ (fccAc + asfyAs) ) (2)

where «a; is the factor that accounts for the reduction of the axial capacity due to the
presence of the biaxial stress state inside the steel tube, and f.. is the compressive strength
of the confined concrete.

Following Barlow’s formula [72], it is assumed that the maximum tensile stress in the
steel tube equals the steel yielding strength. Therefore, the axial capacity of CFST columns

can be written as follows:

N, ~ {1 + |:OéC]€C (g> thi} } chc + OésfyAs~ (3)

where «. is a scale factor for the concrete core |73, 74|, k. is a confinement coefficient

[75, 76], t and D are the thickness and outer diameter of the CFST column. In a more
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compact form, Eq. (3) can be rewritten as follows:

Ny =~ feAc (1 + ackoh + a48) , (4)

where ¢ = (2t/D)/(f,/fc) and &€ = f, A/ fcAc. In technical standards [77] and the litera-

ture [47, 78|, Eq. (3) is often presented as

Ny =~ (Y/LfCAC + (,Ya,fyAs; (5)

assuming a constant value for o/, which accounts for both scale and confinement effects
separately expressed by a, and kg in Eq. (3).

The values of as, a, ke, and o/, vary among the available formulations. Some examples
are reported in Appendix, which provide a summary of some formulations for N,, reported

into technical standards [77, 79| and recent studies [47, 78§].

2.2. FEffects of load eccentricity and debonding on the azial capacity of CFST columns

Both load eccentricity and debonding cause a reduction of the axial capacity of CFST
columns. The eccentricity of the applied axial load generates a bending moment on the
CFST column. In a generic cross-section, the tangential stresses combine with the normal
stresses and lead to the collapse of the column for a value of IV, lower than expected. Some
technical standards (e.g., [79]) and papers (e.g., [80]) provide formulations that account
for the combined effect of axial force and bending moment on CFST columns, but the
analysis of such load combination is out of the scopes of this paper because they involve
failure mechanisms different from those relevant for the present study and would require the
development of specific capacity models. However, for small values of the load eccentricity
(e.g., eccentricity due to construction tolerances), it is common expedient to estimate the

reduced axial capacity of CFST columns N, as a fraction of Ny,

Nue = ker (6)

in which k. is a reduction factor depending on the eccentricity of the applied axial load e

as well as on the geometric and constitutive characteristics of the CFST columns s, i.e.,

May 23, 2022



O J o U W N

OO CTUIUTUIUTUIUTUTOTOT R DB BB BB DEDSEDWWWWWWWWWWNNNNNNNONNNNN R R R R R
GO WNHFROWOJNTTDdWNROWOVW®O-JOAUTDWNROWOW®-JAOAUDWNROWWTAUB®WNROWOW--DIU S WNRF O W

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

ke = ke(e,s).

Debonding is the loss of adhesion between steel tube and concrete core due to the
presence of initial imperfections or defects, and manifests itself as gaps between the two
materials. Such a loss of adhesion prevents the transmission of contact forces and reduces
the confinement effect of the steel tube on the concrete core. Several researchers attempted
to assess the reduction of the axial capacity of CFST columns due to debonding from
experimental tests [71, 81-87]. Xue et al. [60] used the results of such experimental tests to
develop models for the axial capacity of CFST columns and debonding factor (i.e., the ratio
between the axial capacity of CFST columns with and without debonding). Although such
nonlinear regression models based on the Evolutionary Polynomial Regression technique
exhibit a satisfactory agreement with the experimental data, they have no mechanical basis.
Despite the existing experimental studies, there is still a significant lack of knowledge on
the origin of debonding (such as the imperfections of the concrete core or steel tube) as
well as the need for models to quantify the consequent reduction of the axial capacity of
CFST columns.

Also in the case of debonding, it is common expedient to estimate the reduced axial

capacity of CFST columns N,4 as a fraction of N,

Nyg = kqN,. (7)

In this case, k4 is a reduction factor depending on the geometric characteristics of the
debonding d as well as on the geometric and constitutive characteristics of the CFST
columns s, i.e., kg = kq(d,s).

There are two typologies of debonding related to the shape of the steel-concrete gap,
namely the circular-segment and the circumferential debonding gap. The circular-segment
(or spherical-cap) gap derives from poor construction quality and difficulties in concrete
pouring [71] as in curved CFST, where the core is usually filled by pumping concrete.
The process of pumping concrete into the hollow tube can generate a circular-segment gap
at the top of the concrete section. The circular-segment gap is described by the de-fill
rate, which is the ratio between the debonding and concrete areas. The circumferential

gap depends on debonding forces originated by the different deformation of concrete core
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and steel tube, generally caused by concrete shrinkage or thermal gradients. This type of
debonding can be described by three parameters that are the debonding thickness Ty, the
radial extension of the debonding 14 described by the arclength ratio Ry = v4/2m, and
the debonding length L.

In both cases, the effect of debonding occurs in the intermediate phase of the loading
process of the CFST columns. In most cases, the debonding thickness is less than 3 mm
[49, 88]. As the concrete core micro-cracking starts, it expands and reaches the steel
tubes. The presence of the initial gap between the steel tube and the concrete core is
associated with a higher micro-cracking of concrete before the concrete core reaches the
inner surface of the steel tube. Therefore, such higher micro-cracking results in a lower
capacity of the concrete core to generate a higher confining pressure. Additionally, the
presence of asymmetric debonding determines a higher steel stresses where there is no gap.
The asymmetry of the stress state inside the steel tubes may cause a further reduction of

the steel resistance.

3. Probabilistic models for the axial capacity of CFST columns

The initial part of this Section (i.e., Subsections 3.1-3.3) presents the theory behind the
formulation and calibration of the proposed models. The second part of the Section (i.e.,
Subsections 3.4-3.6) illustrates the models proposed in the paper and the set of explanatory

functions used for each of them.

3.1. Probabilistic model formulation

Following [58], the proposed form of the axial capacity and reduction factors is written
as follows:

T[C(x,0)] =T [é (x)} + v (x,0) + oc, ®)

where T'(+) is a variance stabilizing transformation, C'(x, ®) is the dimensionless capacity,
x are the measurable capacity variables, and ® = {0, 0} are unknown model parameters.
On the right side of Eq. (8), C (x) is a deterministic model based on mechanics rules
(also borrowed directly from technical standards), v (x, ) is a correction term based on
mechanics rules and evidence derived from the experimental data. The product ¢ is the

model error, with model standard deviation o and normally distributed random variable
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e. The model is based on three assumptions: additivity (i.e., the additivity of o¢); ho-
moskedasticity (i.e., the independence of o from x); normality (i.e., the normality of ).
Through a suitable choice of T'(+), such assumptions can be approximately satisfied in the
transformed space, within the range of the data used to calibrate the model.

The correction term < (x,0) is selected as a linear combination of n dimensionless

explanatory functions h;(x) and reads
7(x,0)=6" h(x). (9)

The set of explanatory functions h (x) = {h; (x), .., h, (x)} is constructed starting from
physical variables not included in C (x) that may be relevant for the described physical
phenomenon, but also from those included in C (x) and the effect of which should be

recalibrated in light of the available experimental data.

3.2. Bayesian approach for model calibration

The parameters collected into © are calibrated using the Bayesian approach [89]. It
combines the prior knowledge on the parameters, which is contained in the prior distribu-
tion of ®, f/(®), with the information provided by the data, which is contained in the
likelihood function, £(®). The posterior distribution of the parameters f”(©) is defined

as follows:

["(©) =kL(®) [ (©), (10)

and it is obtained by dividing the product £(®)f'(®) by the evidence k, which is the

following normalizing constant:

Bl = [/Q@,C(@) F(©)de| | (1)

where (g is the parameters space.

The posterior distributions f”(@®) obtained after the calibration can be used to find
a point estimate for the model by ignoring the epistemic uncertainties in the model pa-
rameters. An alternative approach is used in the present study, which also accounts for

the epistemic uncertainties in the model parameters. This alternative approach assumes
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©® as random variables and find a predictive estimate of C'(x, ®) in agreement with [58| as

follows:

C(x)= / C(x;0) f"(©)de. (12)
Qe

Since an analytical solution for Eq. (12) is often missing, it is opportune to find a nu-
merical approximation of the distribution of C (x) by sampling from f”(@©) and finding
the corresponding realizations of C'(x; ®). In this way, it is possible to assume the sample
mean of such realizations as predictive estimate and define the a% confidence interval,

where the lower and upper bounds are given by
{0.5(100 — «), [100 — 0.5(100 — )]} . (13)

In this specific case, non-informative priors are chosen in the form of Gaussian distribution

with zero means and large variance for all the parameters.

3.8. Stepwise deletion process for model selection

In order to facilitate the use of the model and its possible implementation into technical
standards, it should be parsimonious (i.e., with a correction term constructed by means of
a limited number of explanatory functions n) and as accurate as possible (i.e., with a small
value of standard deviation o). However, a reduction of n usually entails a higher value of o.
Stepwise deletion allows finding a compromise between parsimony and accuracy. There are
several procedures to apply stepwise deletion, and they mostly differ in the deletion criteria,
such as the stepwise deletion based on p-values [90]. The stepwise deletion process used in
this paper starts with a model that includes all the candidate explanatory functions, and at
cach step removes the explanatory function with the highest coefficient of variation (COV)
of the corresponding 6;, as proposed in [58]. Once an explanatory function is removed,
the model is re-calibrated and the deletion process repeated. The deletion process ends
when either o grows beyond an undesirable threshold, or the increment of o is too large

compared to the reduction of the model complexity.
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3.4. Model for the azial capacity of CFST columns

The model of the axial capacity of CFST columns follows the form presented in Eq. (8).
The modeled non-dimensional capacity parameter is C (x, ®) = N, (xy, ©,)/N,, i.e., the
ratio between the axial capacity of CFST columns Nu(xu, ®,) and the total compressive
strength of the concrete core N. = f.A.. For this model, the measurable capacity variables
are X, = s, and @, = {0,,0,} is the set of unknown model parameters. The variance
stabilizing transformation used to approximately satisfy the additivity, normality, and
homoskedasticity assumptions is the natural logarithm 7'(-) = In(-) [89]. The chosen

deterministic model is the ratio between the plastic compression resistance N, = f.A. +

fyAs and N, i.e., C (x) = Ny /N, = 1+ ¢. Consequently, Eq. (8) is rewritten as

In [Nu(xw eu)

N, ] =In(1+&) + v (Xu, Ou) + ous, (14)

or, equivalently, as

= Yu (Xu, Oy) + Oye. (15)

In Nu(xm eu)
Npi

By means of this formulation, the axial capacity of the CFST column is expressed as
follows:

Nu(X4, @) = Nyelruxufu)tous] (16)

and the exponential factor derived from the correction term assumes the meaning of
Strength Index (SI), which is a dimensionless parameter that quantifies the strength im-
provement of CFST columns due to the confinement effect and defined as the ratio N, /Ny,

[91]. Given the normality assumption, a 67% confidence interval for In[N,(x,, ®,)/N,]

can be found as follows:
{In (14 &) + 7 (Xu, 0u) — 0w, In (14 &) + 7u (Xu, 0) + 0w}, (17)
whereas the corresponding confidence interval for ]\~fu(xu7 Q,) is
{ Nyl Ccu6u)=ou] Nplemxu,eu)m}} ' (18)

Table 1 shows the set of non-dimensional candidate explanatory functions h,;(x,) used
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326

327
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329

330

331

332

in the initial step of the stepwise deletion process. The first explanatory function hy; (x,)

Table 1: Set of candidate explanatory functions for vy, (x4, 04).

Explanatory functions

hy1(xy) =1 hue(Xy) = ¢ huto(xy) =€
hua (%) = Ar hut(%0) = Art) hua1 () = Arg
s (%) = A2 hug (%) = A21p huia(%u) = A2E
hua(xy) = A hug(Xy) = A huis(xy) = A€
hus(Xu) = 5 hura(xu) = 5€

takes into account a possible constant bias. The second and third explanatory functions,
hy2(xy) and hy3(xy), are suggested by the formulation proposed by the Eurocode 4 [79]

and are used to evaluate the possible effects of the relative slenderness A, defined as follows:

1
N. 2
Ar = <Npl> ) (19>

where
7T2EI€ff

Ncr = 12

(20)

is the elastic critical normal force for the relevant buckling mode, L is the length of the
CFST column, and El.sy is the characteristic value of the effective flexural stiffness of the
cross-section given by

Elj; = B, +0.6E,I. (21)

Herein, I, and I. are the second moments of area of the steel tube and concrete core,
respectively. Moreover, Fs; and E, are the Young modulus of steel and concrete, respec-
tively. Similarly, hy4(x,) explores the possible contribution of the geometric slenderness
ratio A = L/D, whereas hys5(x,) reflects the contribution of the relative thickness of steel
tube and concrete core. The explanatory functions hyg(Xy, )-hug(Xy) and hy1o(xy)-hy14(Xy)
search for the interactions between the same effects relevant for the explanatory functions
hu1(xy)-hys(xy) and the contributions due to the confinement effect and steel tube (i.e.,

Y and &, respectively).
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343

344

345

346

347

348

349

350

351

352

353

354

3.5. Model of the eccentricity factor

The model for the reduction factor due to the eccentricity of the applied axial load is

derived in the form given by Eq. (8) as follows:

ke(xea 96)

logit l;:e Xe, Q)| =In | —————
s [ ( )} 1+ ke(xe,©,)

] =7 (Xev 06) +Oce. (22>

In this case, there is no deterministic model, C (x) = 0, and the variance stabilizing
transformation is the logit function 7'(-) = logit(-). The choice of the logit function ap-
proximately fulfills the three assumptions of the model and, at the same time, ensures that
ke(%e, ©,) € [0,1]. In Eq. (22), x. = {e,s} and ©, = {6,,0.}. The confidence interval for

logit[ke(Xe, ©¢)] can be found as

{’Ye (Xe’ 08) — Oey Ve (X67 96) + UE} ) (23>

whereas the confidence interval for l;:e(xe, ©.) is the following:

(24)

ehe(x&ee)_oe] 6[76()(6766)""06}
1 — C[Ye(xe,ee)—ae] ’ 1 — ehe(x&ee)""ae}

Table 2 presents the non-dimensional candidate explanatory functions hei(x.) that
are included in the deletion process for I;:e(xe, ®.). Such explanatory functions can be
divided into two subsets. The explanatory functions in the first subset, heq(Xe)-he14(Xe),
correspond to the explanatory functions hy;(xy)-hyu14(x,) used previously for modelling
N, (Xu, ©4). The other explanatory functions in the second subset, he15(Xe)-heos(Xc ), takes
into account the possible interaction between the effects of the explanatory functions in the
first subset and the non-dimensional eccentricity e/D, where the dimensional eccentricity
€ = |eup —€low| is the absolute value of the difference between the eccentricity of the applied

axial loads on the upper and lower bases of the CFST column, respectively.

3.6. Model of the debonding factor

The model of the debonding factor l%d(xd, ©®,) is limited to the circumferential debond-
ing. However, the procedure presented in this paper can be applied without relevant

changes to derive a model for the spherical-cap debonding. The model of l;:d(xd, Q) is
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Table 2: Set of candidate explanatory functions for e (X, 8e).

Explanatory functions without eccentricity

hel(xe) =1 heG(Xe) = ’(/) helO(Xe) = 5
he2(xe) = A7‘ he?(xe) - )\T‘,L/) hell(xe) = )\T‘g
hes(xe) = A hes(xe) = )‘2¢ heiz(xe) = AJE
he4(xe) = eQ(xe) helB(xe) = )‘5
he5(Xe) = % he14(xe) = %5
Explanatory functions with eccentricity
helS(Xe) - % he20(xe) == 'L/J% he24(xe) - 5%
hel6(xe) = )\’I"% te(Xe) - Ard) h625(xe) - )\T‘f%
hel?(xe) = )\3% e22(xe) /\2¢D he26(xe) = )‘35%
helS(Xe) - )\% he23(xe) he27(xe) - )\5%
helQ(Xe) = t_e2 h628(xe) = t_e2€
formally similar to that for k.(xe, ©.) in Eq. (22), and it reads
L[5 ka(x4,©4)
logit [kd X4, Oy } =In | ——————| =4 (xq,04) + 045, 25
( ) 1+ ka(Xa, ©a) ( ) 29)

where x4 = {d,s}, d = {1y, R4, L4}, and ©4 = {04,04}. Also the confidence intervals for
logit[kq(x4, ©4)] and ky(x4, ©4) are analogous to those presented in Eq. (23) and Eq. (24),
respectively. As shown in Table 3, the non-dimensional explanatory functions considered
as candidates for l;:d(xd, ®,) are mostly functions of the geometric characteristics of the
debonding. Among the explanatory functions in the first column of Table 3, hg1(xq)
accounts for a possible constant bias, hgo(xg4) is proportional to the slenderness of the
CFST columns, and hg3(x4)-hds(xq) are directly related to geometric characteristics of the
debonding. In particular, hg7(x4) investigates the possible dependence of the debonding
factor on the the volume of the gap between the two materials, whereas hgg(x4) accounts
for the area of the surface where the concrete core and the steel tube are detached. The
two subsets of explanatory functions {hg3, ha11, haro} and {hga, hai2, ha2o } are both related
to the debonding thickness Ty. In the first subset, Ty is scaled by the outer diameter of
the CFST column, whereas the characteristic value of the debonding thickness T* = 3
mm |49, 88| is considered in the second subset. The two subsets are considered as alter-

natives and not included at the same time in the model selection. Explanatory functions
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hao(X4)-ha14(xq) and hgi7(xq)-hao2(x4) analyse the interaction between the effects cap-
tured by hg1(X4)-hdas(x4) and the contributions due to ¢ and &, respectively. In hgi5(xq)
and hg16(Xq), Dmin and Ly, are the minimum values of diameter end height among those
of the specimens in the dataset used for model calibration.

Table 3: Set of candidate explanatory functions for vy, (xa,84q).

Explanatory functions

hai(xq) =1 hag(xq) = hai7(xq) =€

ha2 (xq4) = A haio(x4) = M\ haig(xq) = A
haz(xq) = 2 hai1(xq) = 4 haio(xa) = H&
haa(xq) = ¢ ha12(Xa) = HL1p hazo(Xa) = &
has(xq) = Ra hai3(xq) = Rayp ha21(xq) = Ra€
has(xq) = % ha1a(xq) = % haoa(%4) = %5
har(xa) = Ra52 54 hais(Xa) = 52— hazs(xa) = Ra52 54¢
has(x4) = Rq2e hae(Xa) = 72—

4. Model calibration and model selection

For all models, the calibration is performed at each stage of the model selection process
with the STAN package of the R software [92] that uses a gradient descend method. Two
extensive databases, recently analysed in [13] and [60], are used to calibrate the models for

Nu(xy,0,) and ke(xe, ©,), and the model for kg(xq4, @), respectively.

4.1. Calibration and selection of the axial capacity model

The model N, (x,,®,) is calibrated with records from the database analysed in [13].
The database contains tests conducted on both rectangular and circular CFST columns and
includes data obtained from specimens with high-strength materials and slender sections.
Some of the data are collected from tests where the normal force is applied in an eccentric
position (i.e., tests where the members are subjected to combined axial compression and
bending moment). Only data from tests without eccentricity of the applied axial loads and
CFST columns with circular cross-section are herein used for the calibration of Nu(xu, 0.,),
thereby resulting in a total of 815 records.

Figure 1 presents the results of the stepwise deletion process for the axial capacity

model. For each step, the figure shows the value for the posterior mean of o,, which is
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Figure 1: Stepwise deletion process for the axial capacity model.

represented by a square, and the coefficients of variation of the ,;’s related to the hy;’s
included at that step, which are represented by dots. The dots with a cross denote the
coeflicients of variation of the terms that are dropped. The red line represents the value of
oy at the first step, and it is used to facilitate the comparison with the values of o, in the
following steps. The figure also explicitly shows the values of o, at some selected steps.
In the first step, the selection process removes h,4, which is the term associated to the
parameter with the largest coefficient of variation, 6,4, being COVy, , = 1.57. One term
is removed at each step up to Step 10, which leads to the elimination of 6,12 and a 5%
cumulative increase in o,,. The process stops at Step 11 because removing h,; would result
in a cumulative increase in o, higher than 10%, which is deemed excessive, and because
the additional step would entail an increase in o, equivalent to the cumulative increase of
the first 10 steps. The 10% threshold is chosen to have a parsimonious model that could be
adopted in technical standards. Moreover, the difference in accuracy between the reduced
model and the full model (i.e., the model obtained without applying the stepwise deletion
process) is limited. The reduced model resulting from the selection process has v, (xy, 0.,)

in the following form:

t
Tu (Xm eu) = 9u0 + 9u2>\r + <9u10 + 9u145) f (26)

This formulation suggests that there may be a systematic bias in the deterministic predic-

tions obtained with N,; because h, is retained in the model. It also shows that A, plays
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Table 4: Posterior statistics of @,

Correlation coefficients

Stand.
©u Mean =y 0 0u1 Ouo Ou10 Ouis  Ou
0,1 012 0.0l 1.00 — — — —
0z —0.97 002  —0.34 1.00 — — —
0uio 0.10 001  —059  —0.25 1.00 — —
Ouia —0.79  0.08 0.47 0.20 —0.92 .00  —
ou 014 001  —0.01 0.01 0.0l —0.01 1.00

a significant role in reducing the axial capacity of CFST columns. The combined effect
of hy1o and hyi14 likely accounts for the confinement effect, which is proportional to the
compressive strength of the steel column and depends on the ¢/D ratio. Table 4 gives the
posterior statistics of the five model parameters.

Figure 2 shows the predicted versus measured capacity for each test. The closer the
data points are to the 1:1 lines (i.e., the continuous lines in the figure), the more accurate
are the predictions. Figures 2(a) and 2(c) compare predictions made considering the plastic
resistance to compression. In this case, the predictions underestimate the axial capacity
at high values of V,. Figures 2(b) and 2(d) show the predictions modified by v, (Xy, 64,).
Such predictions are median values obtained by considering the posterior statistics of 6,
and g, = 0. The proposed model provides more accurate predictions since the data points
are closer to the 1:1 lines. Figures 2(b) and 2(d) also show the region within one standard

deviation of the median value, which is the region enclosed by the dashed lines.

4.2. Calibration and selection of the eccentricity factor model

The model of l:ce(xe,@e) is calibrated with records from the same dataset used to
calibrate Nu(xu,Gu) but retaining only data from CFST columns with circular cross-
section and eccentric axial load (i.e., e > 0). Additionally, model calibration and model
selection are performed by considering only the 83 data points with e/D < 0.15 to ensure
that the CFST column specimens are mostly subjected to compression. It is pointed out
that similar limits are also adopted by technical standards (e.g., the use of the formulation
proposed by the Eurocode 4 [79] is limited to CFST columns with e¢/D < 0.1). The
dataset used to calibrate the model only provides the axial capacity of the specimens N,
not the values for k.. In order to derive k., the axial capacity N, of CFST columns

having the same geometry and material characteristics of the specimens used in the tests
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Figure 2: Predicted versus measured values of the axial capacity: (a~c) predictions with plastic resistance

to compression; (b-d) predictions with proposed probabilistic model.

and without the eccentricity of the applied axial load is predicted with the probabilistic

model proposed previously. With such predictions, the eccentricity factor is derived as

ke =
Table 4.

we/ Nu(xu, (:)u), where @, is the vector of the mean values of the parameters in

Figure 3 presents the results of the stepwise deletion process for the eccentricity factor

model. The deletion process stops after the removal of h.1g at Step 22 because the removal

of her at Step 23 would caused a a cumulative increase in o, higher than 20%, which is

deemed undesirable. Therefore, he7 is kept in the final form of v.(x, 8.), which reads

Ve (X€7 05) = 650 + 652>\r + 064)\ + (057)\7" + 889>\) 1/} + 6515%'

(27)
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Equation 27 and the posterior statistics of the model parameters in Table 5 show that both
Ar and A provide significant contributions to the value of k.. Since 0.008 < 1 < 0.635 for
the tests used in the model calibration, the effect of A, is the one of reducing k., whereas
A contributes to increase k.. As expected, the retained explanatory function that includes
the eccentricity, h.15, reduces the value of k..

Table 5: Posterior statistics of ®..

Correlation coefficients
Stand.

dev. 061 962 964 057 959 0615 O¢
Oc1 2.635 0.197 1.00 — — — — — _

®. Mean

Oc2 —14.813 2.536 —0.59 1.00 — — — — —
Oca 0.509 0.084 0.57 —0.99 1.00 — — — —
Oer 34.285 12.824 0.41 —0.76 0.69 1.00 — — —

feo —1.334 0.390 —0.43 081 —-075 =099 1.00 — —
Oc15 —13.628 1.874 —0.89 050 —-0.53 —-0.26 0.29 1.00 —
Oe 0.433 0.036 —0.01 0.01 -0.01 -0.01 0.01 -0.01 1.00

Figures 4(a) and (b) show the predicted versus measured values of k. in the transformed
and original space, respectively. As in Fig. 2, the continuous line is the 1:1 line and the
dashed lines represent the upper and lower bounds of the region within one standard
deviation from the median value. Although the model seems to slightly underestimate the
highest values of k., the results show good accuracy of the final predictions. The model

may also be affected by the high variability of the experimental data.
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Figure 3: Stepwise deletion process for the eccentricity factor model.
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Figure 5: Stepwise deletion process for the debonding factor model.

4.8. Calibration and selection of the debonding factor model

The database presented in [60] is used to calibrate kq(x4, ®4). Also in this case, only

data from CFST columns with circular cross-section are used for the calibration, which

amount to 93 records. Figure 5 shows the stepwise deletion process for the debonding

factor model. The last removed term is hgig: its elimination at Step 9 leads to reach the

threshold of 20% cumulative increase in o4. From a statistical point of view, the stepwise

deletion process could have been stopped at Step 8, after a 4% cumulative increase in oy.

However, the resulting formulation would have included an explanatory function, hg, that

would limit the range of applicability of the model to columns with L > L,,;,. Therefore,

a further step (i.e., the continuation of the process up to Step 9) is preferred. The model
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derived from the stepwise deletion process is the following;:

T
Yd (Xd,04) = a1 + O\ + (0a3 + 0q119 + 0419) Bd + (0a5 + 04218) Ra+

L Ty L
(Oas + Oa14%) + 04228) fd + (Ba7 + 0g038) Rdﬁdfd

(28)

Such a model includes more terms than the models selected for N, (x4, ®,) and /;e(xe, 0.).
However, removing any other term from Eq. (28) would lead to a significant increase in o4
with a consequent large reduction of the predicting capability of the model. Equation (28)
shows that all the geometric characteristics of debonding phenomenon (i.e., Ty, Ry, and L)
does matter to evaluate the reduction of the axial capacity due to debonding. The survival
of two terms related to the volume of the debonding gap, hgry and hge3, can be related to a
reduction in the confinement effect. Such a reduction can be explained considering that, in
the intermediate phase of the loading process of the CFST columns, a larger increment of
the concrete micro-cracking is needed to mobilize the steel tube and start the confinement
effect. The only two explanatory functions not directly related to debonding are h41, which
is a constant, and hgo, which is the geometric slenderness of the CFST column. The two
terms have opposite effects: while hy; increases the value of kg, hgs reduces the value of kg
for CFST columns with large slenderness. Table 6 presents the statistics of the parameters
that multiply the explanatory functions in Eq. (28).

Figure 6 shows the predicted versus measured values of k4. Figures 6(a) and (b)
are presented in the transformed and original spaces, respectively. The perfect agreement
between test values and predictions as well as the bounds of the region within one standard
deviation form the median value are represented with solid and dashed lines, respectively.
Despite a single case which is significantly under-predicted, the model seems to be unbiased.
The model is particularly accurate in the prediction of cases that have the debonding length

smaller than the length of the CFST column and a limited reduction of the axial capacity.
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Table 6: Posterior statistics of @g4.

(O Oa1 a2 a3 Oas e Oar Oa11 Oara Oaro Oaz1 a2z Oa23 o4

Mean 3.024-10" —6.632-1072 —3.555-10° ~8.918 - 10" 1.821-10" 6.532-10% 1.742-10° —2.297 - 10" —4.237 - 10° 8.882- 10" 5.589 - 10° —6.706 - 10* 3.310- 107"
Stand. dev. 1.110-107"  1.920-107% 1.503-10%> 1.598-10° 1.812-10° 1.589 - 10® 7.847-10* 1.116-10° 1.901 -10* 3.342-10° 2.712-10> 3.193-10% 2.652 - 1072

W JoUAsWN

ze0e ‘s¢ o

Corrclation cocfficients
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Figure 6: Predicted debonding factor versus measured debonding factor: (a) transformed space; (b) original
space.

4.4. Comparison with models from technical standards and literature

Figure 7 presents a comparative assessment of the axial capacity of CFST columns in
terms of the ratio between numerical predictions and corresponding experimental values
ry = NP /NP, The figure presents both predictions made with code-conforming formu-
lations [49, 77, 79, 93] and with formulations from the literature [47, 78, 94|; both groups
are presented in chronological order. A short presentation of these formulations is pro-
vided in Appendix. This assessment is intended to analyse the differences between the
formulations and should not be considered as a competitive evaluation of their accuracy.
This is because the existing formulations considered for the present comparative assess-
ment might have been developed on a testing dataset instead of the complete dataset, or
because the code-conforming formulations require design values and are not intended for
mean values, or even because the considered formulations may not be valid for the intervals
of the parameters in the considered dataset.

Table 7 shows the statistics of the distributions of r,,, the Mean Absolute Error (MAE),
the Root Mean Square Error (RMSE), and the Variance Accounted For (VAF) obtained
from the different formulations considered in the comparative assessment. It can be ob-
served from Fig. 7 and Table 7 that all code-conforming formulations tend to underestimate
the axial capacity of CFST columns. The formulations collected from the existing literature

show a progressive increment of accuracy in time. Overall, the statistical indicators used
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Figure 7: Comparison among predictions of the axial capacity of CFST columns in terms of box plot of the
ratio between numerical predictions and corresponding experimental values NE™ /NP (complete dataset
of 815 samples).

for the comparative assessment show a moderate increment of the accuracy level obtained
by means of the proposed model. Specifically, mean and standard deviation of the ratio
between predicted and experimental values according to the proposed models are slightly
better than those carried out by means of the most recent formulations, while MAE and
RMSE have improved to a greater extent. The main difference with the earliest formula-
tions [47, 78] is the lack of the confinement effect, which is either not considered (in [78])
or overestimated (in [47]).

Table 7: Mean, standard deviation and mean squared error of the ratio between numerical predictions and

corresponding experimental values N5 /NP (complete dataset of 815 samples), Mean Absolute Error
(MAE), Root Mean Square Error (RMSE), and Variance Accounted For (VAF).

pre exp
Formulation N MAE RMSE VAF
Mean ~ Standard Mean square  [kN] [kN] %o
deviation error
EC4 (2004) 1.084 0.593 0.359 425.748  935.777  94.866
AISC (2005) 1.091 0.472 0.231 342.902 742.282  96.707
ACIT (2005) 1.033 0.453 0.206 411.129 888.189  95.540
Goode et al. (1997) 0.627 0.284 0.219 1031.22  2263.43  75.029
Giakoumelis and Lam (2004) 1.293 0.546 0.384 548.974 1051.80  94.310
Xue et al. (2013) 0.912 0.189 0.044 326.230 733.983  97.135
Ho and Le (2021) 1.188 0.230 0.056 248.992  562.408  98.127
Proposed 1.011 0.155 0.024 229.267  452.192  98.769
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A similar comparative assessment can be done in terms of the ratio between numerical
predictions and corresponding experimental values in case of eccentric applied axial load
re = NP/NP. In this case, the comparison can be made with the formulation included
into Eurocode 4 only, which directly provides the formulation to estimate N,.. On the other
hand, two prediction steps are needed when using the proposed formulation. In the first
step, N, is predicted using the model in Eq. 16 by disregarding the effect of the eccentricity
of the applied axial load. In the second step, the predicted value of N, is reduced using
the predictions of k. carried out from Eq. 22. Mean value, standard deviation, and mean
squared error of r. obtained with the proposed formulation (i.e., . = 1.049, 0, = 0.204,
and MSE,. = 0.043) are consistently smaller than those obtained with the formulation
provided by Eurocode 4 (i.e., pre = 1.637, 0y = 1.049, and MSE,. = 1.642). Such a
difference can be justified, to some extent, by recalling that the predictions are made using
the mean values for the material strength parameters and the non-dimensional eccentricity
range in the dataset is e/D < 0.15 while the validity of the formulation in the Eurocode 4
is limited to e/D < 0.1.

A further comparative assessment is done for k;. Such comparative assessment is
made between the results proposed in this paper and those presented by Xue et al. [60],
which were derived on the same experimental dataset and were specifically intended for

circumferential debonding. The formulation provided in [60] for k4 reads

L6 (RyTyLy)s

ka = 0.9947 — 3.4871————%
Détﬁfych

, (29)
and was obtained by means of a machine learning-based approach (namely, the Evolu-
tionary Polynomial Regression technique). Since both results are already expressed in
terms of kg4, there is no need to shift the comparison on the corresponding axial capac-
ities. Once again, the comparison is based on the ratio between numerical predictions
and corresponding experimental values rq = k°/k;®. This further comparative assess-
ment demonstrates that the two formulations have equivalent accuracy. Mean value, stan-
dard deviation and mean squared error of ry obtained with the proposed formulation are
rqg = 1.009, 0.4 = 0.064, and M SE.; = 0.035, whereas those obtained with the formu-
lation in [60] are p.q = 1.012, 0.4 = 0.057, and M SE,; = 0.035. The main difference
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between the two formulations is that the one presented herein is mechanics-based and, as a
consequence, is likely to be more robust (i.e., its accuracy degrades slower when considering
data outside the ranges of the corresponding values used for model calibration). Addition-
ally, since the proposed model is calibrated with a Bayesian approach, its coefficients can
be updated to include information coming from new tests. Conversely, the formulation

presented in [60] is more compact.

5. Derivation of uncertainty factors for design applications

The potential use of the proposed formulation for practical applications requires the
definition of an uncertainty factor yyq4 for the calculation of the design value of the axial
capacity. Such uncertainty factor is needed to avoid the underestimation of the axial
capacity due to the involved uncertainties, in such a way that the design can ensure a
safety margin in compliance with code regulations. The code-format design axial capacity
can be defined as follows:

Nug = —L- N, (%ua, ©u) , (30)
YNd

where 7 is a conversion factor that depends on the technical standard [79] and x,4 is
the vector of the design values of the capacity variables. In a similar fashion, for CFST
columns with axial load applied in eccentric position or with debonding, the code-format

design axial capacity reads

Nud = le’e (Xed7 95) Nu (Xucb ®u) (31>
YNd
and
Nyqg = Ll;’d (Xdd, ©a) Nu (Xug; Ou) (32)
YNd

respectively. The estimation of g4 is performed by assuming that the design value is less

than the corresponding experimental value with a probability equal to p as

P[Nua < NJ*]=p (33)
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The value of p depends on the reference technical standard. The estimation of ~yg is
performed with n = 1 and characteristic values of compressive concrete strength and steel
yielding stress equal to those in the experimental database used for the model calibration.
The ratio of the number of samples for which N,q > N2 and the total number of samples is
used to estimate P[N,q < N2**| and the corresponding value of 4. Table 8 compares the
values of yyg4 obtained for three different technical standards, namely Eurocodes, AASH-
STO, and GB50923-2013. The European building code sets p as ®(ar/fLs), where ®(-) is
the standard Normal cumulative distribution function, ag is the sensitivity factor for the
capacity, and (rg is the safety index relevant to the considered limit state. Assuming a
50-years reference period and an ultimate limit state, ®(agflrs)=0.9988. For AASHSTO,
the value of p is derived as p = ®(3.5) = 0.9997 because § = 3.5 is the target reliability
index. In accordance with the specifications of the GB50923-2013 technical standard, the
value of p is derived assuming a ductile failure and the 2nd safety level, which lead to
p = ®(3.2) = 0.9993.

The calibration of vyg is performed with all available data, including those with ec-
centric applied axial load and debonding. The accuracy in approaching the target values
of p and, consequently, in defining an accurate value of vyg is determined by both the
number of available samples and the distribution of NZ**. Since 1006 tests are used,
the probability values closer to the target values of p are p* = 1004/1006 = 0.9980,
p* = 1005/1006 = 0.9990, and p* = 1006/1006 = 1.000. The values of x4 corresponding
to the target values of p are obtained by linear interpolation. Table 8 shows the results of

the calibration.

Table 8: Model uncertainty factors for yn4 for the proposed axial capacity derived according to the three
different technical standards.

Technical Target value ~Yng for vNq for Yng for Interpolated

standard of p p*=0.9980 p*=0.9990 p* = 1.0000 YNd
EC4 0.9988 1.599 1.815 — 1.772
AASHTO 0.9997 — 2.276 3.128 2.872
GB50923-2013 0.9993 — 1.642 2.484 1.895

The higher values of 4 derived for the AASHTO compared to those obtained for the
Eurocode 4 and GB50923-2013 are due to both the higher target reliability index and the
higher design values of the compressive concrete strength and steel yielding stress.

May 23, 2022



O J o U W N

OO CTUIUTUIUTUIUTUTOTOT R DB BB BB DEDSEDWWWWWWWWWWNNNNNNNONNNNN R R R R R
GO WNHFROWOJNTTDdWNROWOVW®O-JOAUTDWNROWOW®-JAOAUDWNROWWTAUB®WNROWOW--DIU S WNRF O W

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

6. Conclusions

The beneficial interaction between steel tube and infilled concrete core has promoted
the large diffusion of CFST columns in many projects over the years. To begin with, the
concrete core prevents inward local buckling of the steel tube. At the same time, the steel
tube confines the concrete core. Such synergy results in high load-carrying capacity and
enhanced ductility, that come together with economic and construction efficiency benefits
due to the use of the steel tube as permanent formwork. Motivated by these attractive
features, a large amount of experimental, analytical, and numerical studies about CFST
columns under axial load have been performed in the last decades, but a probabilistic
capacity model has not been proposed yet. Furthermore, there is still a lack of researches
about the quantification of the effects due to load eccentricity and debonding. Hence, the
present study is meant at filling this gap and, to this end, proposed a comprehensive prob-
abilistic model for the axial capacity of CFST columns. Probabilistic models have been
also proposed for the reduction factors that reflects the influence of the eccentricity of the
applied axial load and that of the debonding phenomenon on the axial capacity of the
CFST columns. The probabilistic models for the axial capacity and the reductions factors
are derived by means of a Bayesian approach taking into rational account, both, model
parsimony and model accuracy. The predictive performance of the proposed probabilis-
tic capacity models are discussed within a comparative assessment that involves existing
formulations collected from some available technical standards and previous researches.
To foster the use of the proposed formulation for design purposes, the paper also pro-
vides uncertainty factors calibrated to meet the reliability levels required by three different
technical standards.

The novelty of the paper and the advantages of the proposed models are i) the moderate
improvement of the accuracy level, ii) the probabilistic derivation that makes possible their
easy implementation into fully probabilistic analyses, and iii) the possibility to update
the models. Similarly to other capacity models calibrated on tests, the validity of the
proposed models is restricted by the range of available experimental data. In this sense,
the proposed probabilistic approach offers a significant advantage as compared to previous

studies, because it enables the efficient models updating as new experimental data are
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Appendix A. Existing models for the axial capacity of CFST columns

This appendix details the formulations used for the comparative assessment of the
proposed probabilistic axial capacity models for CFST columns. Such formulations are
divided between those retrieved from technical standards and those collected from the

literature.

Appendiz A.1. Formulations from technical standards

The axial capacity equation for CFST columns provided by EC4 [79] is one of the most

detailed among the existing technical standards. It reads

Iy

t
Nu :nafyA5+ 1+770_ ACfC7 (A]‘)
ny

where
Na = 0.25(3 + 2X\)
Ne =4.9 — 185X — 17A2 > 0
(A.2)

N\ = AsfytAcfe
T #2(EslIs+0.6Eclc)
L2

E, = 22000 (%)0'3

The predictions obtained with this formulation are valid for 20MPa < f. < 60 MPa,

f, < 460 MPa, and D/t < 0.15E,/f,.
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The capacity equations reported into AISC [77] and ACI [93] are comparatively simpler

than the one in EC4. Specifically, the capacity equation for N, adopted by AISC is the

following:

Ny = Asfy +0.95A,f., (A.3)

and its use is limited to 21 MPa < f. < 70 MPa, f, < 525 MPa, A, > 0.014, (where A,

is the gross area of the cross-section), and D/t < \/8L/ f,.

The capacity equation reported by ACI reads

N, = A, f, + 0.85A,f.. (A.4)

Lastly, the capacity equation given by GB50923-2013 is the following:

Ny = ¢p¢eks(1.14 + 1.026)(1 + pe) feAe (A.5)

where k3 is the conversion coefficient of design axial compressive strength defined in [49],

and p. = As/A. is the steel ratio of CFST column cross-section. The two coefficients ¢, and

¢ are the reduction factor for the load eccentricity and the stability coefficient, respectively.

They depend on the load eccentricity e, the cross-sectional radius of the concrete core 7.,

and the relative slenderness ratio A, as follows:

with

e

1 e
+1855  7c < 1.5

7 (A.6)
ss=, = > 1.55
0.658, A\, <15
¢ ) (A7)
L A\ > 1.5
_ & fyAs+chc+Ac\/ pcfyfc (A 8)

An

™

ESAS + ECAC

where \g = 4L /D, which is the nominal slenderness ratio. The predictions obtained with

this formulation are valid for 20.1 MPa < f. < 38.5 MPa, 235 MPa < f, < 390 MPa,

35(235/f,) < D/t < 100(235/f,), 0.04 < p. < 0.20, and ¢ > 0.60.
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Appendiz A.2. Formulations from literature

The formulations used for the comparative assessment collected from the literature are
presented in chronological order. The capacity equation by Goode and Narayanan [78] is
the following:

6t

The formulation proposed by Giakoumelis and Lam [47] reads
Ny = Asfy +1.3A f. (A.10)

Ho and Le [94] used different methods to estimate the axial capacity of CFST columns.
Among the final formulations, the one carried out via support vector machine has been

considered in the present study. Such a capacity equation can be written in matrix form

3 3
(I+—2X>
w

where « is the difference between two Lagrange multipliers of the support vectors, I is

as follows:

N,=« +b (A.11)

the identity matrix, 8 is the support vector matrix, X is the standardized input vector
matrix, w is the kernel scale parameter, b is a scalar bias parameter. The interested reader

is referred to [94] for more details.
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