
RESEARCH PAPER

Evaluation of the Bond Stress Transfer Mechanism in CFSTs

Giuliana Somma1 • Michele Vit1

Received: 19 January 2022 / Revised: 3 September 2022 / Accepted: 10 September 2022
� The Author(s) 2022

Abstract
This paper studies the non-linear distribution of bond–slip behavior in the steel concrete interface of a Concrete Filled Steel

Tube (CFST). Specifically, it concerns the regions of geometric discontinuity occurring in composite beams of CFST

column-frame connection points. The study was conducted through an analytical model that represented the bond stress

transfer mechanism within these areas. The resulting deductions were drawn up on the basis of the elasticity theory and the

non-linear bond–slip relationship between the steel jacket and the confined concrete. This paper highlights how the model

proposed here was able to obtain, not only the closed-form analytical expression of the transferring length involved in the

bond stress transfer mechanism in CFSTs but also the expressions of concrete and steel jacket stresses and strains. In

addition, the procedure also obtained the bond stress and slip trend in the above-mentioned length for rectangular and

circular concrete filled steel tubes. The use of this model also resulted in an analytical expression for the calculation of the

ultimate load in CFSTs. In this paper, the ultimate load predictions were compared with the experimental results obtained

from 97 tests carried out on circular concrete filled tubes (CCFTs) and 35 tests on rectangular concrete filled tubes

(RCFTs). The predictions drawn up with this model have been found to be the most accurate and uniform in comparison

with those obtained from models proposed by other authors and Eurocode. With reference to the experimental-to-analytical

load value ratio, the AVG and COV values obtained from the model proposed here are 0.86 and 0.42, and 1.06 and 0.57 for

CCFT and RCFT analyses, respectively.
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1 Introduction

Circular Concrete Filled Tubes (CCFT) and Rectangular

Concrete Filled Tubes (RCFT) are composite columns

made with a circular or rectangular external steel jacket,

respectively. These types of columns are commonly used

for structural systems, combining the versatility of the

metallic structure during the provisional phase and the

performance characteristics of the composite structure

during its lifetime. Columns of this type can be connected

to beams in two different ways: (1) if the frame is metallic,

the column usually features lateral flanges or plates that are

connected to the steel beams by means of bolts and (2) if

the frame is made of concrete or a composite structure, the

column can be produced with openings in the jacket that

allow a reinforced concrete connection to be obtained.

Regions of geometric discontinuity, such as connection

points, are critical in CFST [1]: a transfer of longitudinal

shear (bond) stress between the concrete infill and the

surrounding tube is required to achieve the composite

action. Stress transfer takes place within a zone which, in

this paper, will be called transferring length and is

accompanied by a slippage between the concrete core and

the surrounding steel tube.

This article proposes an analytical method which can

estimate the evolution of bond stress between steel and

concrete near the connection frame, also providing a length

value within which this bond develops, thus incrementing

the ultimate load that causes the collapse of the column.

A common method to evaluate the CFST bond–slip

behavior is the push-out test (Fig. 1). In this test, the load
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applied on the concrete is transferred to the steel jacket by

means of tangential stress s, within the length of the steel–

concrete interface, l.

From this test the maximum value of the applied load,

Nu, is obtained, and consequently the ultimate average

bond strength su;avg is

su;avg ¼ Nu=pl ð1Þ

where p is the internal perimeter of the steel jacket.

Push-out tests have been used over the years with the

main purpose of examining which parameter influences the

ultimate bond strength in CFST. The first research on bond

strength in CCFT was conducted in Ref. [2], where

experimental push-out tests were performed and the dis-

persion of test results was relatively large: the trend of the

interfacial bond strength was not clear with regard to the

variation in the diameter-to-thickness ratios of the tubes.

Moreover, the core concrete strength did not clearly

influence the bond strength of CCFT. Some authors [3, 4]

highlight that CCFT manifest higher bond strength com-

pared to RCFT and that the bond strength decreases as

concrete strength increases due to the negative effect of

shrinkage. Moreover, Ref. [5] states that the more effective

confinement pressure exerted by the steel jacket on the

concrete core in CCFT, compared to RCFT, is the cause of

an enhancement in bond strength. An important contribu-

tion to understanding the bond transfer mechanism

between the steel tube and the concrete infill is given in

Ref. [1], which considers the radial displacement of the

concrete infill and indicates that it can be divided into two

components: a first component, due to Poisson effect and

proportional to the d=t2, and a second component, due to

shrinkage and proportional to d, where t is the tube

thickness and d is the external dimension. The algebraic

sum of these two components with opposite signs greatly

influences the bond transfer mechanism, to the extent that,

for the first time, an empirical formula has been proposed

with the aim of evaluating the bond strength in function of

d/t, definitely making it clear that bond strength decreases

when d/t increases.

It is also important to underline that parameters such as

interface roughness [6], concrete compaction [2, 7] and

concrete age [2, 7, 8] affect bond strength in CFST, but

these will not be considered in this study. In technical lit-

erature, different experimental formulas of su;avg as a

function of the d=t or t=d2 parameter for CCFTs and h=t or

t=h2 for RCFT (where h is the rectangular external

dimension), have been proposed over the years, with the

purpose of considering the Poisson effect and shrinkage, as

suggested by Ref. [1]. This paper refers to experimental

formulas presented in Refs. [9] and [10] for CCFT and

Refs. [9] and [11] for RCFT. In addition to studies of

ultimate bond strength, the mechanisms contributing to it

have also been assessed by push-out tests. For both CCFT

Refs. [2, 10] and RCFT [5, 10–13], three distinct compo-

nents that contribute to bond strength have been identified,

i.e., chemical adhesion, microlocking and macrolocking.

With reference to the experimental study conducted in

Refs. [8] and [14], the stress–slip curve can take on three

different shapes: it may display a maximum branch fol-

lowed by a falling one, a maximum branch followed by a

falling one rising again at a high slip, or no maximum

branch at all. A typical curve of the first type is reported in

Fig. 2 in which three zones related to three different

mechanisms of resistance can be distinguished.

Chemical adhesion and microlocking govern the

ascending branch of the curve and mainly contribute to

obtaining the maximum bond stress, whereas macrolocking

Fig. 1 Push-out test setup

Fig. 2 Push-out qualitative curve [12]
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determines the residual bond stress that remains at the later

stages of the bond stress slip curve. This paper presents a

stress–slip curve with a non-linear elastic first branch,

representing the adhesion and microlocking mechanism,

and a perfectly plastic second branch representing the

macrolocking mechanism. While over the years great effort

has been made to examine the CFST bond–slip behavior

using push-out bond stress, less attention has been paid to

the distribution of bond stress within the so-called trans-

ferring length. In fact, it is important to note that, at the

steel–concrete interface, the bond stress varies along the

direction of load transfer before an overall steel–concrete

slip occurs [14–16]. This gap is reflected in the most recent

Code Standards, such as Refs. [17] and [18] in which an

average constant bond stress, su;avg, is adopted within a

transferring length. Furthermore, in these standards, with

the exception of the cross-sectional shape, no other factor

affecting average bond strength is considered (su;avg ¼ 0:55

MPa for CCFT and su;avg ¼ 0:40 MPa for RCFT) and the

transferring length has been taken as a fixed value, equal to

twice the diameter of the tube for CCFTs or the larger

dimension for RCFT.

Here below is a simplified analytical model that allows

estimation of the domain within which bond transfer and

slips develop (herein defined as the transferring length L)

as well as the distribution of bond stress s, slip s, steel and

concrete stresses rc and rs and strains ec and es within this

length, and also the ultimate load applied to CFST. It is

important to highlight that the analytical model presents a

closed-form solution.

2 Proposed Bond–Slip Relationship

The calculation method proposed here is based on a non-

linear elastic perfectly plastic bond–slip relationship

between confined concrete and steel jacket:

s xð Þ ¼ su
s xð Þ
s

� �a

fors xð Þ� s ð2Þ

s xð Þ ¼ sus xð Þ[ s ð3Þ

8<
:

where a is a coefficient, proposed here as equal to 0.5, as

suggested in [19].

su is the maximum local bond strength and s is the slip

value at which there is the transit from the non-linear

elastic branch governed by the adhesion and microlocking

mechanisms (1), to the perfectly plastic branch governed

by the macrolocking mechanism [Eq. (2)].

The first branch relationship, [Eq. (2)], is proposed in

Ref. [20] for ribbed steel bars embedded in concrete and is

also adopted in Ref. [21] to develop a cracking analytical

model on concrete tie reinforced with both ribbed and

smooth bars, based on the bond–slip relationship.

The maximum local bond strength, su, has been

expressed with two different equations, one for CCFT and

another for RCFT:

su ¼ 1:5 � 211:64 � 25:4 � t

d2

� �h i
for CCFT ð4Þ

su ¼ 1:5 �
1:9 þ 10000 � 25:4 � t

h2

� �� 	
145:05

for RCFT ð5Þ

where t [mm], d [mm], h [mm], su;avg [MPa].

Equations (4) and (5) are obtained from the equations

proposed by Refs. [9] and [11], respectively:

su;avg ¼ 211:64 � 25:4 � t

d2

� �
for CCFT ð6Þ

su;avg ¼
1:9 þ 10000 � 25:4 � t

h2

� �� 	
145:05

for RCFT ð7Þ

where t [mm], d [mm], h [mm], su;avg [MPa].

Equations (6) and (7) represent the average ultimate

bond stress in push-out tests, su;avg. As in Eqs. (2) and (3),

the maximum local bond strength, su, is presented; Eqs. (6)

and (7) have been amplified here by coefficient 1.5,

because, as observed by Ref. [15], the maximum local bond

stress in push-out tests has a greater value than the corre-

sponding average ultimate bond stress.

In analogy to what is proposed in Ref. [22], slip value s

(Eqs. (2) and (3)) is proposed with the following equation:

s ¼ C

104
su ð8Þ

where C [mm] is the external perimeter of the CFST, su is

expressed in [MPa] and s in [mm].

3 Formulation of the Problem

Consider a composite beam to CFST column connection of

type 2 as stated in the introduction; the sum of beam shear

forces at the column interface leads to an increment of

axial load (here named N) applied only on the concrete

section and then gradually transferred to the steel jacket

within transferring length L through the development of

relative slip sðxÞ and longitudinal bond stress sðxÞ between

steel and concrete. Summing up, based on the connection

typology considered, the incremental load N directly acts

on the concrete and, considering the problem in terms of
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incremental forces, the steel jacket is unloaded at the

application load point. Note that the following equations

are developed on the basis of connection type 2, but they

can be easily applied to the case of connection type 1, as

stated in the introduction, by considering the concrete load

section unloaded. If reference axis x presents an opposite

positive direction compared to the load transfer direction,

then equations of force equilibrium on an infinitesimal

CFST element within the transferring length (Fig. 3) are

obtained:

RFc ¼ Acrc xþ dxð Þ � Acrc xð Þ � pdxs xð Þ ¼ 0 ð9Þ
RFs ¼ Asrs xþ dxð Þ � Asrs xð Þ þ pdxs xð Þ ¼ 0 ð10Þ

where Ac and As are the concrete core and steel jacket cross

areas, respectively.

Dividing by dx ! 0 and denoting with r0c xð Þ and r0s xð Þ
the first derivate of concrete and steel jacket stresses,

respectively, the following equations are obtained:

r0c xð Þ ¼ p

Ac

s xð Þ ð11Þ

r0s xð Þ ¼ � p

As

s xð Þ ð12Þ

Considering an elastic behavior for both steel and con-

crete (i.e., rc ¼ Ecec and rs ¼ Eses), being Ec and Es the

elastic concrete and steel moduli of elasticity, respectively,

the following differential equations are obtained:

e0c xð Þ ¼ p

EcAc

s xð Þ ð13Þ

e0s xð Þ ¼ � p

EsAs

s xð Þ ð14Þ

where e0c xð Þ and e0s xð Þ are the first strain derivatives of

concrete and steel, respectively. The slip between concrete

core and steel jacket is defined as

s xð Þ ¼ uc xð Þ � us xð Þ ð15Þ

where uc and us are the concrete and steel displacements,

respectively.

Then, by deriving Eq. (15) and considering strain defi-

nitions ecðxÞ ¼ u0c xð Þ and esðxÞ ¼ u0s xð Þ:
s0 xð Þ ¼ es xð Þ � ec xð Þ ð16Þ

Deriving once again Eq. (16) and considering Eqs. (13)

and (14), the following second-order differential equation,

governing the slip phenomenon within transferring length

L, is obtained:

s00 xð Þ ¼ p

EsAs

þ p

EcAc

� �
s xð Þ ð17Þ

It must be noted that in deriving Eq. (17), Poisson’s

ratio effect would lead to a triaxial loading on concrete,

and, for this reason, it was discarded. However, its influ-

ence is taken into account by defining bond strength su in

function of the d/t parameter [Eqs. (4–7)]. This simplifi-

cation leads to a closed-form solution of the problem,

making the proposed analytical model suitable for practical

design.

As s xð Þ can be differently expressed by Eqs. (2) or (3),

depending on the slip value, then Eq. (17), as well as its

solution, depend on s. In fact, if the axial load applied on

concrete is very low, that is, s xð Þ always remains lower

than s, Eq. (3) holds and Eq. (14) becomes

s00 xð Þ ¼ su

sa
p

EsAs

þ p

EcAc

� �
s xð Þa x 2 0; L½ � ð18Þ

On the contrary, for a sufficiently high axial load on

concrete, domain L of the problem is divided into a first

zone of amplitude L1 in which s xð Þ� s, and a second zone

of amplitude L2 in which s xð Þ[ s, and Eq. (17) is

expressed by means of Eqs. (2) and (3), by the following

system of equations:

s00 xð Þ ¼ su

�sa
p

EsAs

þ p

EcAc

� �
s xð Þa

x 2 0; L1½ � where s xð Þ\�s ð19Þ

s00 xð Þ ¼ p

EsAs

þ p

EcAc

� �
su

x 2 L1; L½ � where s xð Þ� �s ð20Þ

:

8>>>>>>><
>>>>>>>:

Fig. 3 Equilibrium of the infinitesimal column portion
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where L = L1 ? L2. In both cases, the problem presents a

closed-form solution:

3.1 Case A: s(xÞ£ �s V x 2 0; L½ �

This is the case introduced above, in which the axial load

on concrete is so low that s xð Þ\s and the differential

equation governing the slip phenomenon within transfer-

ring length L is given by Eq. (18), that can be solved by

introducing two boundary conditions. The x axis originates

in the section, where perfect adherence between steel and

concrete is restored, so the differential problem becomes

s00 xð Þ ¼ su

sa
p

EsAs

þ p

EcAc

� �
s xð Þax 2 0; L½ � ð21Þ

s 0ð Þ ¼ 0 ð22Þ
s0 0ð Þ ¼ 0 ð23Þ

8>><
>>:

The solution is supplied in closed-form by

s xð Þ ¼ C1x
C2 x 2 0; L½ � ð24Þ

where constants C1 and C2 are expressed as

C1 ¼ C3 1 � að Þ2

2 1 þ að Þ

" #1=1 � a

ð25Þ

C2 ¼ 2

1 � a
ð26Þ

in which C3 is given by

C3 ¼ su

sa
p

EsAs

þ p

EcAc

� �
ð27Þ

and L indicates the unknown transferring length.

By substituting Eq. (24) in Eq. (2), the bond stress trend

in function of x is obtained:

s xð Þ ¼ suC
a
1x

aC2

sa
x 2 0; L½ � ð28Þ

Furthermore, the expressions of concrete and steel

stresses, rcðxÞ and rsðxÞ, are obtained by integrating

Eqs. (11) and (12) and also considering Eq. (28):

rc xð Þ ¼ rc0 þ
psu

Ac aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1x 2 0; L½ � ð29Þ

rs xð Þ ¼ rs0 �
psu

As aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1x 2 0; L½ � ð30Þ

where rc0 and rs0 are the values of concrete and steel

stresses in x = 0, and they are known, because in this

section, perfect adherence is restored and the hypothesis of

a plain section is valid:

rc0 ¼ N

nAs þ Ac

ð31Þ

rs0 ¼ nrc0 ð32Þ

being n ¼ Es=Ec, and N the axial force applied on concrete

in x = L.

Finally, the expressions of concrete and steel strains,

ecðxÞ and esðxÞ, are obtained considering the hypothesis of

elastic behavior for both concrete and steel materials

(ecðxÞ ¼ rc xð Þ=Ec and esðxÞ ¼ rs xð Þ=Es):

ec xð Þ ¼ rc0 þ
psu

Ac aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1


 ��
Ecx 2 0; L½ �

ð33Þ

es xð Þ ¼ rs0 �
psu

As aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1


 ��
Esx 2 0; L½ �

ð34Þ

3.2 Case B: s(xÞ£ �s for x 2 0; L1½ �;
s(xÞ> �s for x 2 L1; L½ �

This is the case in which the axial load on concrete is high

enough to obtain a transferring length L that is divided in a

first zone of amplitude L1, in which s xð Þ\s (as in case A),

and a second zone of amplitude L2 = L – L1, in which

s xð Þ[ s.

The differential problem in the first zone (x 2 0; L1½ �) is

formally analogous to that analysed in case A:

s00 xð Þ ¼ su

sa
p

EsAs

þ p

EcAc

� �
s xð Þax 2 0; L1½ � ð35Þ

s 0ð Þ ¼ 0 ð36Þ
s0 0ð Þ ¼ 0 ð37Þ

8>><
>>:

and its solution is also analogous to that expressed by

Eq. (24):

s xð Þ ¼ C1x
C2x 2 0; L1½ � ð38Þ

The values of slip and its derivates, calculated in x = L1,

become the boundary conditions to solve the second-order

differential problem in the second zone (x 2 L1; L½ �):

s00 xð Þ ¼ p

EsAs

þ p

EcAc

� �
sux 2 L1; L½ � ð39Þ

s L1ð Þ ¼ s ð40Þ
s0 L1ð Þ ¼ s0L1 ð41Þ

8>><
>>:

where s0L1 is the value of slip derivate obtained in x = L1

from the solution of the problem in the first zone. The

solution of the system of equations is easily obtained by

double integration:
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s xð Þ ¼ C3s
a

2
x2 þ s0L1 � C3s

aL1

� �
xþ sL1 þ

C3s
aL2

1

2
� L1s

0
L1x

2 L1; L½ �
ð42Þ

where L ¼ L1 þ L2 indicates the unknown transferring

length.

The analogy in terms of slip solution between case A

and the first zone of case B implies that the expressions of

bond stress s, concrete and steel stresses, rc and rs; and

strains ec and es, within transmission length domain [0;L1]

are

s xð Þ ¼ suC
a
1x

aC2

sa
x 2 0; L1½ � ð43Þ

rc xð Þ ¼ rc0 þ
psu

Ac aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1 x 2 0; L1½ �

ð44Þ

rs xð Þ ¼ rs0 �
psu

As aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1 x 2 0; L1½ �

ð45Þ

ec xð Þ ¼ ½rc0 þ
psu

Ac aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1 =Ecx 2� ½0; L1�

ð46Þ

es xð Þ ¼ ½rs0 �
psu

As aC2 þ 1ð Þ
C1

s

� �a

xaC2þ1 =Esx 2� ½0; L1�

ð47Þ

Furthermore, the expressions of concrete and steel

stresses are obtainable in the second zone (x 2 L1; L½ �) by

integration of Eqs. (8) and (9) considering that s ¼ su

holds:

rc xð Þ ¼ rc L1ð Þ þ psu

Ac

x� L1ð Þ x 2 L1; L½ � ð48Þ

rs xð Þ ¼ rs L1ð Þ � psu

As

x� L1ð Þ x 2 L1; L½ � ð49Þ

where rc L1ð Þ and rs L1ð Þ are the values of concrete and

steel stresses in x = L1 obtained from Eqs. (44) and (45)

calculated for x = L1.

Finally, considering the hypothesis of elastic behavior

for both concrete and steel materials, the expressions of

concrete and steel strains in the second zone (x 2 L1; L½ �)
are the following:

ec xð Þ ¼ rc L1ð Þ þ psu

Ac

x� L1ð Þ

 ��

Ec x 2 L1; L½ � ð50Þ

es xð Þ ¼ rs L1ð Þ � psu

As

x� L1ð Þ

 ��

Es x 2 L1; L½ � ð51Þ

It must be pointed out that the expressions of s, rc, rs; ec

and es, are directly derived through analytical considera-

tions, and depend in both cases on the slip, s, within the

transferring length, L.

4 Identification of the Transferring Length

To solve the differential problem introduced above, first of

all it is necessary to establish whether sðxÞ is always

smaller than limit slip s within the entire transferring length

(case A), or if sðxÞ is greater than s in a portion L2 of the

transferring length. Considering the type 2 connection

stated in the introduction, incremental load N is entirely

applied on concrete in x ¼ L; then in this section, the steel

jacked is unloaded:

rs Lð Þ ¼ 0 ð52Þ

Considering that the abscissa, x, originates in the sec-

tion, where perfect adherence between steel and concrete is

restored (consistently with what was done in the previous

paragraph), the transferring length L value is easily cal-

culated both in the case in which s is not reached within the

transferring length (i.e., s Lð Þ� s), by means of Eqs. (30)

and (52), and in the case in which s is reached within the

transferring length (i.e., s Lð Þ[ s), by means of Eqs. (45)

and (52), as follows: first L is defined as the length for

which slip s is reached, that is

s L
� �

¼ s ð53Þ

and by means of Eq. (24):

L ¼ s

C1

� � 1
C2

ð54Þ

Second, on the basis of the first assumption in case A:

the transferring length value LA is calculated with Eq. (52)

by considering Eq. (30):

LA ¼ rs0

Ass
a aC2 þ 1ð Þ
psuC1


 � 1
C2þ1

ð55Þ

Therefore, by observing that sðxÞ [Eq. (24)] is mono-

tonically increasing, the following considerations are

reached: (a) If LA\L, it results that s LAð Þ\s in case A,

and then the transferring length solution L is equal to LA;

(b) If LA [ L, it is case B, and then the transferring length

solution L is equal to LB calculated with Eq. (52) by con-

sidering Eq. (45):

LB ¼ p

As

suL1 þ rs L1ð Þ
� �

As

psu

ð56Þ
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where given the L definition, it is clear that L1= L.
It should be noted that the calculation of the transferring

length can be easily performed without any computational

skills or instrumentation.

5 Model Accuracy

To check the accuracy of the analytical model proposed,

extended research in the literature of experimental data

regarding CFST push-out tests was performed. On the

whole, 97 CCFTs and 35 RCFTs have been separately

considered, as different expressions of su and have been

taken into account here (Eqs. (4) and (5)). Comparison was

performed between the ultimate load experimental and

analytical values. The mechanical and geometrical prop-

erties of the specimens considered are reported in Tables 3

and 4 (see Appendix) for CCFT and RCFT, respectively.

To check the accuracy of the model proposed here, ulti-

mate load value Nu has been defined as the load that causes

the achievement of local bond strength su in the applied

load section, that is the load for which transferring length

value LA [Eq. (55)] equals length L [Eq. (54)] for which

slip s is reached in the applied load section:

Nu ¼
s
C1

� �aC2þ1

C2 psuC
a
1

nAss
a aC2 þ 1ð Þ nAs þ Acð Þ ð57Þ

where Eqs. (31) and (32) are used to specify Nu and su they

refer to Eq. (4) or (5) for CCFT or RCFT, respectively. The

Nu values obtained with Eq. (57) and Nu values obtained

with the empirical expression proposed by other authors

(Tables 1 and 2 for CCFT and RCFT, respectively) have

been compared with the experimental ultimate load, Nu;exp,

values obtained with Eq. (1) from the test data here con-

sidered Tables 3 and 4 in Appendix).

The Nu values obtained have been compared with the

experimental Nu;exp results for CCFTs and RCFTs.

In Tables 3 and 4 the average, AVG, and the coefficient

of variation, COV, values of the ratio between the theo-

retical, Nu, and experimental, Nu;exp, ultimate load values

have also been considered. The accuracy in the prediction

is given by the AVG value: the closer to one, the more

accurate the evaluation. The measure of the prediction

uniformity is given by the COV value: the lower the value,

the greater the uniformity. From the AVG and COV values

reported in Tables 3 and 4, it is evident that the model

proposed here leads not only to the highest accuracy but

also to the most uniform predictions of the ultimate load

both for CCFTs and RCFTs.

The above considerations are evident also when

observing Fig. 4, where the Nu values calculated by means

of Eqs. (57), (58), (59) and (60) are plotted vs. the exper-

imental values obtained from 97 CCFT tests considered. In

addition, in Fig. 5, the theoretical values obtained with

Eqs. (63), (61), (62) and (63) are plotted vs. the experi-

mental values for the 35 RCFT tests. In Figs. 4 and 5, in

fact, the dots relative to the proposed model are concen-

trated along the entire bisector line, representing the perfect

equality between theoretical and experimental values.

To further evaluate the accuracy of the analytical model,

prominent evaluation parameters [23] such as R2 (coeffi-

cient of determination), MSE (Mean Square Error), RMSE

(Root-Mean-Square Error), MAE (Mean Absolute Error)

and MAPE (Mean Absolute Percentage Error) have been

calculated by means of Eqs. (64)–(68):

R2 ¼ 1 �
Pn

i¼1 Ai � Fið Þ2

Pn
i¼1ðAi � AÞ2

ð64Þ

MSE ¼ 1

n

Xn
i¼1

Ai � Fið Þ2 ð65Þ

MRMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

Ai � Fið Þ2

s
ð66Þ

MAE ¼ 1

n

Xn
i¼1

Ai � Fij j ð67Þ

MAPE ¼ 1

n

Pn
i¼1 Ai � Fij jPn

i¼1 Aij j


 �
� 100 ð68Þ

where Ai indicates the analysed value (Nu;exp), Fi repre-

sents the estimated value (Nu), n is the number of the

considered data and A the mean analysed values.

Table 1 Existing CCFT models: Nu [N], t [mm], d [mm], p [mm], l
[mm]

References Model and details

Zhang et al. (2012) [9] Nu ¼ 211; 64 25; 4 t
d2

� �
pl (58)

Tao et al. (2016) [10] Nu ¼ 2; 417 d
100

� ��1:625
pl (59)

Eurocode 4 (1994) [17] Nu ¼ 0; 55 2dpð Þ (60)

Table 2 Existing RCFT models: Nu [N], t [mm], h [mm], p [mm], l
[mm], d [mm]

References Model and details

Zhang et al. (2012) [9] Nu ¼ 42949; 6 h
t

� ��3:44
pl (61)

Parsley et al. (2000) [11]
Nu ¼ ½1;9þ10000 25;4 t

h2

� �
�

145;05
pl

(62)

Eurocode 4 (1994) [17] Nu ¼ 0; 40 2dpð Þ (63)
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Note that MSE, RMSE and MAE parameters are scale-

dependent, whereas R2 and MAPE are not and for this

reason are much easier to interpret.

The results achieved are presented in Tables 5 and 6 for

CCFTs and RCFTs, respectively. Here, a comparison with

the existing models has also been developed.

As shown in Tables 5 and 6, R2 of the analytical

model for both CCFTs and RCFTs is higher than that of

the existing models. In particular, an R2 value of 0.30

obtained with the analytical model, vs. - 0.25, - 0.28

and - 1.82 values obtained by other authors for CCFTs

and an R2 value of 0.12 vs. - 0.62, 0.01 and 0.03 from

others for RCFTs, demonstrate that the proposed model

replicates the experimental values better. Note that with

the coefficient of determination used, in Eq. (64), R2

varies in range [- !,1]: when it is 1 the model per-

fectly represents the data, and a negative value (that is

the case of existing analysed models) implies that the

mean of experimental result data provides a better fit

than the model itself. Results in terms of the MAPE

parameter are good in CCFTs, where the 0.37% value

obtained with the analytical model proposed are less than

0.41%, 0.45%, and 0.74% obtained from the existing

models. As to RCFTs, the MAPE parameter obtained

with the analytical model is equal to 1.44, while the

existing models provide values of 1.59, 1.42 and 1.15. In

the authors’ opinion, a better mean absolute percentage

error for RCFTs could have been obtained on the basis

of a greater number of experimental results; this aspect

is confirmed by the R2 analysis, according to which the

proposed model better replicates the experimental values

also for RCFTs, not in agreement with the MAPE

results.

Fig. 4 Theoretical vs. experimental ultimate load for CCFT push-out test
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6 Application of the Proposed Calculation
Method

In this paragraph, the analytical method proposed studies a

numerical example of bond stress transfer in a CCFT. Both

case A and case B introduced in paragraph 3 of this paper

will be taken into account through a detailed explanation of

the solution procedure. The following aims to underline

how the method proposed is immediately applicable in

both cases and is also useful in professional engineering

practice.

For the numerical example, a CCFT with external jacket

diameter d = 300 mm and jacket thickness t = 10 mm,

axially loaded on concrete with a force of N = 200 kN and

900 kN was considered as an application of the proposed

calculation method. The calculation of the transferring

length and the study of slip, bond stress, steel and concrete

stress trend within this domain, were carried out following

the calculation model proposed here. For the concrete and

steel moduli of elasticity, the values Ec = 30 GPa and

Es = 210 GPa were used. The bond stress–slip relation-

ships (Eqs. (2) and (3)), by means of Eq. (4) appear as

follows:

s xð Þ ¼ 0:896
s xð Þ

0:084

� �0:5

fors xð Þ� s ð69Þ
s xð Þ ¼ 0:896fors xð Þ[ s ð70Þ

8<
:

First, the length was calculated so as to reach slip s

[Eq. (54)]: L ¼ 1099mm. Thus, assuming that in case A,

the transferring length, LA, would be [Eq. (55)]: LA;200 ¼
777mm for N = 200 kN, and LA;900 ¼ 1282mm for

N = 900 kN, it depends, in fact, on N by means of rs0
(Eqs. (31) and (32)). The comparison between LA and L

shows that: for N = 200 kN, LA,200 \ L, hence s Lð Þ\s in

case A, and for N = 900 kN, LA,900[ L, hence s Lð Þ[ s (in

case B), for which the transferring length must be calcu-

lated by means of Eq. (56). Furthermore, for N = 200 kN

the transferring length is L200 ¼ LA;200 ¼ 777mm, while for

Fig. 5 Theoretical vs. experimental ultimate load for RCFT push-out test
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Fig. 6 Slip, bond stress, steel and concrete stresses and strains for N = 200 kN—case A: s Lð Þ\s

Fig. 7 Slip, bond stress, steel and concrete stress and strain for N = 900 kN—case B: s Lð Þ[ s
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N = 900 KN, the transferring length is

L900 ¼ LB;900 ¼ 1314mm.

The graphs of slip, bond stress, steel and concrete

stresses and strains are reported in Figs. 6 and 7,

respectively, for N = 200 kN and N = 900 kN. In par-

ticular, in observing the graphs regarding the application

of load N = 900 kN (Fig. 7), it is important to emphasize

that slip s has been reached. In fact, there is a part of the

transferring length near the applied load section (L

� x� LB,900), where bond stress is constant and equal to

su. The abscissa point corresponding to the achievement

of su (i.e., the starting point of the constant bond stress

part), corresponds to the point at which s ¼ s, that is

x ¼ L ¼ 1086 mm, as calculated above. Consistently

with Eqs. (48), (49), (50) and (51), it can be observed

that from this point up to the applied load section, in

which rs ¼ 0, the trend of steel and concrete stresses

and strains are linear rather than polynomial.

This paragraph aims to highlight the usefulness of the

method in professional engineering practice. In addition,

diagrams of the principal quantities (Figs. 6 and 7),

involving the bond stress transfer problem within the

transferring length, are plotted using the proposed ana-

lytical method which allows readers to notice the sub-

stantial difference, in terms of trends, between case A

and case B: in case B slip s exceeds limit slip s with

x[ L and from this point it is clear that:

– The bond–slip relationship plasticizes and value s stops

growing, thus remaining constant

– Steel stress and strain decreases linearly

– Concrete stress and strain increase linearly.

7 Conclusions

This paper presents a theoretical model for understanding

the bond–slip behavior of the steel–concrete interface in

CFSTs. The conclusions were based on the elasticity

theory and on a nonlinear elastic-perfectly plastic steel–

concrete bond–slip relationship. The peculiarity and

highlight of the model proposed here are the following:

• The model refers to a general case of load applied on

concrete and gradually transferred onto a steel jacket,

but it is not difficult to adapt to the case of load

applied on steel and gradually transferred onto

concrete.

• The analytical formulation of the transferring length,

that is the length within which the bond stress

transfer develops, was obtained in a closed-form

expression.

• The analytical formulation of quantities involved in the

problem: bond stress, slip on steel–concrete interface,

concrete and steel stresses and strains, were also

obtained in a closed-form expression.

• To validate the model accuracy, the aforesaid

formulas were used for the calculation of the ultimate

load in CCFT and RCFT push-out samples, and the

same ultimate loads were calculated also using

empirical expressions of average uniform bond

strength proposed in literature. Comparison with the

analytical model proposed have led us to conclude

that the results of the analytical model are more

uniform and accurate. This conclusion indicates that

the model is also valid for calculating the other

mechanical quantities involved in the bond transfer-

ring mechanism between the concrete and steel in the

concrete filled steel tubes.

Appendix

See Appendix Tables 3, 4, 5 and 6.
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Table 3 Comparison between analytical model and average bond strength ultimate load with push-out test results for CCFT

References Specimen

label

Lc

[mm]

de

[mm]

t [mm] Ec

[Mpa]

Es

[Mpa]

Nu,exp

[kN]

Analytical

model

Zhang et al.

(2012) [9]

Tao et al.

(2016) [10]

Eurocode 4

(1994) [17]]

Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu

Roeder et al.

[1]

II1 810 274.5 13.46 35,043 200,000 487.04 0.67 0.80 1.64 2.06

II2 810 274.5 13.46 34,909 200,000 495.23 0.68 0.81 1.67 2.10

II3 810 274.5 13.46 34,909 200,000 488.30 0.67 0.80 1.64 2.07

II4 1495 274.5 13.46 34,290 200,000 370.96 0.52 0.32 0.67 1.57

II5 1064 355.6 7.11 35,066 200,000 321.81 0.58 0.92 0.91 0.76

II6 1064 355.6 7.11 35,066 200,000 405.12 0.72 1.16 1.14 0.96

II7 1775 355.6 7.11 34,290 200,000 333.16 0.61 0.57 0.56 0.78

II8 1775 355.6 7.11 34,290 200,000 356.00 0.65 0.61 0.60 0.84

II9 1927 609.6 5.59 34,522 200,000 525.28 0.86 1.80 1.12 0.41

II10 1927 609.6 5.59 35,043 200,000 637.58 1.03 2.19 1.36 0.50

II11 1927 609.6 5.59 34,819 200,000 336.90 0.56 1.14 0.72 0.26

II12 1927 609.6 5.59 34,819 200,000 336.90 0.56 1.14 0.72 0.26

Tao et al.

[10]

CC120N1 600 120.0 3.60 35,308 181,500 393.35 1.55 1.37 1.02 8.42

CC400N1 1200 400.0 8.00 36,076 209,160 868.59 1.36 2.24 2.37 1.63

CC400N2 1200 400.0 8.00 34,406 209,160 57.91 0.10 0.14 0.15 0.10

Tao et al. [8] C1-0a 582 194 5.50 29,500 198,000 567.00 1.72 2.17 2.07 4.63

C1-0b 582 194 5.50 29,500 198,000 634.50 1.92 2.42 2.31 5.18

C2-0 582 194 5.50 38,900 198,000 372.30 0.91 1.41 1.34 3.02

C4-0a 1131 377 8.10 29,500 187,000 612.30 1.11 1.55 1.69 1.29

C4-0b 1131 377 8.10 29,500 187,000 549.70 1.00 1.39 1.52 1.16

Virdi and

Dowling

[2]

SZ50 463.55 168.55 9.68 33,202 200,000 525.78 1.10 1.31 2.35 6.06

SZ51 463.55 169.52 9.73 33,202 200,000 391.17 0.83 0.97 1.74 4.46

SZ52 463.55 168.53 9.63 33,202 200,000 517.36 1.09 1.30 2.31 5.96

SZ53 463.55 169.44 6.53 33,202 200,000 250.51 0.67 0.89 1.06 2.73

SZ54 463.55 169.39 6.55 33,202 200,000 293.61 0.79 1.04 1.25 3.20

SZ55 463.55 170.05 6.63 33,202 200,000 230.61 0.62 0.81 0.98 2.49

SZ56 463.55 170.33 5.72 33,202 200,000 340.14 0.97 1.38 1.44 3.63

SZ57 463.55 169.21 5.69 33,202 200,000 287.31 0.83 1.16 1.21 3.10

SZ58 463.55 170 5.61 33,202 200,000 335.28 0.97 1.38 1.41 3.58

SZ59 463.55 219.99 6.50 33,202 200,000 572.73 1.36 2.64 2.85 3.63

SZ60 463.55 220.93 6.63 33,202 200,000 586.71 1.39 2.67 2.92 3.69

SZ61 463.55 220.24 6.81 33,202 200,000 529.58 1.23 2.34 2.64 3.36

SZ62 463.55 246.25 7.34 33,202 200,000 212.46 0.46 0.96 1.12 1.07

SZ63 463.55 245.95 7.34 33,202 200,000 175.13 0.38 0.79 0.92 0.88

SZ64 463.55 246.33 7.19 33,202 200,000 195.92 0.43 0.90 1.03 0.98

SZ65 463.55 324.92 9.55 33,202 200,000 895.18 1.45 4.14 5.65 2.60

SZ66 463.55 324.51 9.58 33,202 200,000 884.91 1.43 4.08 5.59 2.57

SZ67 463.55 325.04 9.53 33,202 200,000 891.19 1.44 4.13 5.63 2.58

CS14 342.9 168.4 6.40 27,871 200,000 318.48 0.97 1.58 1.82 3.51

CS21 342.9 167.7 6.40 27,871 200,000 317.05 0.97 1.54 1.81 3.52

CS28 342.9 168 6.40 27,871 200,000 217.35 0.67 1.06 1.24 2.40

CS19 342.9 167.9 6.40 29,735 200,000 367.58 1.07 1.81 2.12 4.09

CS22 342.9 168.1 6.40 29,735 200,000 234.22 0.68 1.14 1.34 2.59

CS25 342.9 168.9 6.40 29,735 200,000 353.13 1.03 1.75 2.05 3.87

CS13 342.9 168.9 6.40 29,994 200,000 235.42 0.68 1.15 1.35 2.57
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Table 3 continued

References Specimen

label

Lc

[mm]

de

[mm]

t [mm] Ec

[Mpa]

Es

[Mpa]

Nu,exp

[kN]

Analytical

model

Zhang et al.

(2012) [9]

Tao et al.

(2016) [10]

Eurocode 4

(1994) [17]]

Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu

CS24 342.9 168.6 6.40 29,994 200,000 268.54 0.78 1.31 1.54 2.95

CS27 342.9 169.2 6.40 29,994 200,000 320.12 0.92 1.59 1.84 3.49

CS12 342.9 169.3 6.40 30,619 200,000 303.46 0.86 1.49 1.74 3.30

CS18 342.9 167.9 6.40 30,619 200,000 317.46 0.91 1.55 1.81 3.52

CS26 342.9 169 6.40 30,619 200,000 269.23 0.77 1.32 1.54 2.94

CS11 342.9 168.8 6.40 32,469 200,000 319.30 0.87 1.56 1.83 3.50

CS16 342.9 168.4 6.40 32,469 200,000 318.48 0.87 1.56 1.82 3.51

CS20 342.9 168.9 6.40 32,469 200,000 353.13 0.96 1.75 2.05 3.87

CS15 342.9 168.2 6.40 33,765 200,000 385.03 1.02 1.90 2.23 4.27

CS17 342.9 169.2 6.40 33,765 200,000 252.72 0.68 1.24 1.45 2.75

CS23 342.9 169.1 6.40 33,765 200,000 252.56 0.68 1.24 1.45 2.76

Shakir-Khalil

[5]

Y4a 202 168.3 5.00 35,396 200,000 88.40 0.28 0.92 0.84 0.95

Y4b 203 168.3 5.00 35,396 200,000 93.89 0.29 0.97 0.89 1.01

Y5a 399 168.3 5.00 35,396 200,000 156.76 0.47 0.82 0.75 1.69

Y5b 400 168.3 5.00 35,396 200,000 159.14 0.48 0.83 0.76 1.72

Y6a 600 168.3 5.00 35,396 200,000 214.84 0.64 0.75 0.68 2.32

Y6b 599 168.3 5.00 35,396 200,000 193.63 0.58 0.67 0.62 2.09

Starossek and

Falah [24]

C1–S1 750 168.3 5.00 34,774 200,000 372.99 1.10 1.04 0.95 4.06

C1–S2 750 168.3 5.00 34,774 200,000 358.07 1.05 1.00 0.92 3.88

C1–RS1 750 168.3 5.00 34,774 200,000 369.26 1.09 1.03 0.94 4.02

C1–RS2 750 168.3 5.00 34,774 200,000 234.98 0.72 0.65 0.60 2.54

C1–90–S1 750 168.3 5.00 34,774 200,000 331.96 0.98 0.93 0.85 3.60

C1–90–S2 750 168.3 5.00 34,774 200,000 473.69 1.39 1.33 1.21 5.16

C1–120–

S1

750 168.3 5.00 34,774 200,000 313.31 0.92 0.88 0.80 3.39

C1–120–

S2

750 168.3 5.00 34,774 200,000 279.74 0.85 0.78 0.71 3.03

C2–S1 750 244.5 7.10 31,187 200,000 515.50 1.14 1.48 1.67 2.64

C2–S2 750 244.5 7.10 31,187 200,000 564.34 1.26 1.62 1.83 2.89

C3–S1 750 114.3 5.00 31,187 200,000 265.41 0.99 0.51 0.55 6.45

C3–S2 750 114.3 5.00 31,187 200,000 294.90 1.10 0.57 0.61 7.17

C1–LS1 750 168.3 5.00 34,774 200,000 320.77 0.94 0.90 0.82 3.47

C1–LS2 750 168.3 5.00 34,774 200,000 205.14 0.63 0.57 0.52 2.22

C1–75H–

S1

750 168.3 5.00 40,266 200,000 234.98 0.63 0.65 0.60 2.54

C1–60H–

S1

750 168.3 5.00 37,659 200,000 552.02 1.52 1.55 1.42 6.01

C1–60K–

S2

750 168.3 5.00 37,659 200,000 410.28 1.12 1.15 1.05 4.47

C1–75H–

S2

750 168.3 5.00 40,266 200,000 246.17 0.66 0.69 0.63 2.66

C1–M–S1 1200 168.3 5.00 34,313 200,000 519.20 1.54 0.91 0.83 5.65

C1–M–S2 1200 168.3 5.00 34,313 200,000 483.39 1.43 0.84 0.77 5.26

C1–M–S3 1200 168.3 5.00 34,313 200,000 537.10 1.59 0.94 0.86 5.84
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Table 3 continued

References Specimen

label

Lc

[mm]

de

[mm]

t [mm] Ec

[Mpa]

Es

[Mpa]

Nu,exp

[kN]

Analytical

model

Zhang et al.

(2012) [9]

Tao et al.

(2016) [10]

Eurocode 4

(1994) [17]]

Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu

Khodaie

[25]

N3-1 300 88.7 3.2 34,932 200,000 72.14 0.37 0.42 0.31 2.85

N3-2 300 88.7 3.2 34,932 200,000 75.24 0.39 0.43 0.32 2.97

N3-4 300 88.7 3.2 34,932 200,000 76.79 0.39 0.44 0.33 3.03

S3-1 300 88.7 3.2 38,774 200,000 86.10 0.41 0.50 0.37 3.40

S3-2 300 88.7 3.2 38,774 200,000 85.32 0.40 0.49 0.36 3.37

S3-4 300 88.7 3.2 38,774 200,000 96.18 0.45 0.56 0.41 3.80

N4-1 300 114.9 4.5 34,932 200,000 152.71 0.57 0.83 0.78 3.62

N4-2 300 114.9 4.5 34,932 200,000 150.71 0.57 0.81 0.77 3.57

N4-4 300 114.9 4.5 34,932 200,000 138.73 0.52 0.75 0.71 3.29

N4-7 300 114.9 4.5 34,932 200,000 130.75 0.50 0.70 0.67 3.10

S4-1 300 114.9 5.5 38,774 200,000 190.95 0.59 0.86 1.00 4.64

S4-2 300 114.9 5.5 38,774 200,000 206.62 0.64 0.93 1.08 5.02

S4-4 300 114.9 5.5 38,774 200,000 190.95 0.59 0.86 1.00 4.64

S4-7 300 114.9 5.5 38,774 200,000 181.16 0.56 0.82 0.95 4.40

AVG 0.86 1.22 1.35 3.11

COV 0.42 0.60 0.73 0.51

Table 4 Comparison between the analytical model and the average bond strength ultimate load with push-out test results for RCFT

References Test Lc

[mm]

b [mm] h[ b [mm] t [mm] Ec

[Mpa]

Es

[Mpa]

Nu,exp

[kN]

Analytical

model

Zhang

et al.

(2012)

[9]

Parsley

et al.

(2000)

[11]

Eurocode

4 (1994)

[17]

Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu

Qu et al.

[26]

TCB-1 600 100 150 4.07 26,690 212,300 61.70 0.90 1.24 0.66 1.09

TCB-2 700 100 150 4.07 29,380 212,300 74.93 1.01 1.29 0.68 1.33

TCB-3 800 100 150 4.07 38,070 212,300 170.90 1.87 2.59 1.38 3.06

TCB-4 600 150 200 4.43 38,070 216,800 177.44 1.40 5.11 2.16 1.66

TCB-5 700 150 200 4.43 26,690 216,800 80.01 0.85 1.96 0.82 0.74

TCB-6 800 150 200 4.43 29,120 216,800 170.13 1.65 3.65 1.53 1.59

TCB-7 700 200 300 5.73 29,120 216,400 156.29 1.25 4.47 1.90 0.67

TCB-8 800 200 300 5.73 38,070 216,400 289.30 1.81 7.24 3.06 1.25

TCB-9 900 200 300 5.73 26,690 216,400 132.25 1.12 2.93 1.22 0.57

Tao et al.

[10]

5 600 120 120 3.60 35,308 202,300 281.55 2.38 4.21 2.32 6.51

6 850 200 200 5.70 33,445 179,100 147.49 0.78 1.10 0.86 1.21

Shakir-

Khalil

[5]

X1a 394 80 120 5.00 34,172 200,000 109.22 1.28 0.99 1.23 3.17

X1b 396 80 120 5.00 34,172 200,000 128.30 1.48 1.16 1.44 3.72

Y1a 204 150 150 5.00 34,172 200,000 67.40 0.46 1.65 1.46 0.99

Y1b 204 150 150 5.00 34,172 200,000 66.26 0.44 1.62 1.43 0.98

Y2a 398 150 150 5.00 34,172 200,000 75.78 0.50 0.94 0.84 1.12

Y2b 397 150 150 5.00 34,172 200,000 73.37 0.49 0.92 0.80 1.08

Y3a 600 150 150 5.00 34,172 200,000 124.32 0.82 1.03 0.90 1.84

Y3b 600 150 150 5.00 34,172 200,000 147.84 0.98 1.23 1.08 2.19
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holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

Table 4 continued

References Test Lc

[mm]

b [mm] h[ b [mm] t [mm] Ec

[Mpa]

Es

[Mpa]

Nu,exp

[kN]

Analytical

model

Zhang

et al.

(2012)

[9]

Parsley

et al.

(2000)

[11]

Eurocode

4 (1994)

[17]

Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu Nu,exp/Nu

Qu et al.

[12]

CP1 800 200 300 5.67 29,380 224,400 232.93 1.83 6.04 2.49 1.01

CP2 800 200 300 5.67 29,380 224,400 206.97 1.63 5.37 2.22 0.89

CP3 800 200 300 5.67 29,380 224,400 215.37 1.69 5.59 2.30 0.93

CP4 800 200 300 5.67 29,380 224,400 197.80 1.56 5.13 2.11 0.85

CP6 900 200 300 5.67 38,070 224,400 274.08 1.74 6.32 2.61 1.19

Starossek

and

Falah

[24]

S1–S1 750 150 150 6.30 31,187 200,000 280.30 1.69 0.85 1.34 4.26

S1–S2 750 150 150 6.30 31,187 200,000 284.42 1.72 0.86 1.36 4.32

Wang

et al.

[14]

CFST1 400 150 150 5.00 31,100 206,000 22.09 0.18 0.27 0.23 0.32

CFST2 400 150 150 4.00 33,100 204,000 30.15 0.25 0.79 0.40 0.43

CFST3 400 150 150 3.00 34,800 191,000 37.23 0.33 2.62 0.63 0.53

CFST4 600 150 150 5.00 33,100 206,000 54.10 0.37 0.44 0.39 0.80

CFST5 600 150 150 4.00 34,800 204,000 43.45 0.33 0.76 0.38 0.63

CFST6 600 150 150 3.00 31,100 191,000 58.13 0.54 2.72 0.66 0.83

CFST7 800 150 150 5.00 34,800 206,000 77.01 0.51 0.47 0.42 1.14

CFST8 800 150 150 4.00 31,100 204,000 69.84 0.57 0.92 0.45 1.01

CFST9 800 150 150 3.00 33,100 191,000 53.73 0.48 1.89 0.45 0.77

AVG 1.06 2.47 1.26 1.56

COV 0.57 0.81 0.60 0.87

Table 5 Evaluation of errors and performance of the CCFT models

References R2 MSE

[kN2]

RMSE

[kN]

MAE

[kN]

MAPE

(%)

Analyticalmodel 0.30 23,659.96 153.82 123.87 0.37

Zhang et al.

(2012) [9]

- 0.25 42,288.30 205.64 136.41 0.41

Tao et al. (2016)

[10]

- 0.28 43,305.79 208.10 150.99 0.45

Eurocode 4

(1994) [17]

- 1.82 95,150.36 308.46 245.18 0.74

Table 6 Evaluation of errors and performance of the RCFT models

References R2 MSE

[kN2]

RMSE

[kN]

MAE

[kN]

MAPE

(%)

Analyticalmodel 0.12 5969.70 77.26 67.33 1.44

Zhang et al.

(2012) [9]

- 0.62 10,918.99 104.49 74.28 1.59

Parsley et al.

(2000) [11]

0.01 6707.39 81.90 66.13 1.42

Eurocode 4

(1994) [17]

0.03 6548.79 80.92 53.74 1.15
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16. Somma G, Pieretto A, Dassiè A (2016) Steel to concrete bond

transferring in CFST columns connected to beams through the

concrete. Appl Mech Mater 847:513–520

17. UNI EN 1994 - Eurocode 4 ‘‘Design of composite steel and

concrete structures’’, European

18. NTC–Ministerial Decree January 17, 2018, ‘‘Norme tecniche per

le costruzioni, 2018’’

19. The International Federation for Structural Concrete. ‘‘fib Model

Code for Concrete Structures 2010’’, Ernst & Sohn, Berlin, 2013;

434 pages, ISBN: 978-3-433-03061-5

20. Eligehausen R, Bertero VV, Popov E.P Local bond stress-slip

relationships of deformed bars under generalized excitations:

experimental results and analytical model. Report Earthquake

Engineering Research Center 1973, 1983

21. Somma G, Vit M, Frappa G, Pauletta M, Pitacco I, Russo G

(2021) A new cracking model for concrete ties reinforced with

bars having different diameters and bond laws. Eng Struct 235

22. Hajjar JF, Schiller PH, Molodan A (1998) A distributed plasticity

model for concrete-filled steel tube beam-columns with interlayer

slip. Eng Struct 20(8):663–676

23. Farhangi V, Jahangir H, Eidgahee DR, Karimipour A, Nedaei-

Javan S, Hasani H, Fasihihour N, Karakouzian M (2021)

Behavior investigation of SMA-equipped bar hysteretic dampers

using machine learning techniques. Appl Sci 11(21):10057

24. Starossek U, Falah N (2008) The interaction of steel tube and

concrete core in concrete-filled steel tube columns. In: Tubular

Structures XII-Shen, Chen & Zhao, London, Taylor & Francis

Group

25. Khodaie N (2013) Effect of the concrete strength on the concrete-

steel bond in concrete filled steel tubes. J Persian Gulf (Mar Sci)

4(11)

26. Qu X, Chen Z, Nethercot DA, Gardner L, Theofanous M (2015)

Push-out tests and bond strength of rectangular CFST columns.

Steel Compos Struct 19(1):21–41

International Journal of Civil Engineering

123


	Evaluation of the Bond Stress Transfer Mechanism in CFSTs
	Abstract
	Introduction
	Proposed Bond--Slip Relationship
	Formulation of the Problem
	Case A: s\left\lpar x \right) \le \bar s\;\ {\rm{V}}\;\ x \in \left[ {0,L} \right]
	Case B: s\left\lpar x \right) \le \bar s\ \ \ {\rm{for}}\ \ x \in \left[ {0,{L_1}} \right];\ \ s\left\lpar x \right) \gt \bar s\ \ \ {\rm{for}}\ \ x \in \left[ {{L_1},L} \right]

	Identification of the Transferring Length
	Model Accuracy
	Application of the Proposed Calculation Method
	Conclusions
	Appendix
	Author Contributions
	Open Access
	References




