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Abstract
E——

This paper presents experimental and theoretical analysis of bolts employed as shear connectors in circular concrete-filled steel tube columns
(CFTs). The theoretical results, obtained from ABNT NBR 16239:2013 formulations, were compared with the experimental results. A series of
push-out tests were carried out, where the diameter and length of the bolts, the number of connectors and the concrete strength were varied.
From the experimental results, it was observed that the equations from ABNT NBR 16239:2013 are conservative. Therefore, it is proposed an
adjustment to the formulations in order to consider the concrete confinement. It was also verified that increments in the diameter and the length
of the bolt increase the load capacity of the connector. However, the variation of the quantity of bolts and the concrete strength did not interfere
in the load capacity.

Keywords: concrete-filled tube columns, circular tubular section, shear connector, bolt.

Resumo

Este estudo apresenta analises experimentais e tedricas do uso de parafusos como conectores de cisalhamento em pilares mistos de ago em
secao tubular circular preenchidos com concreto (PMPCs). Os resultados obtidos experimentalmente sdo comparados com os resultados das
formulagdes propostas pela norma ABNT NBR 16239:2013. Os ensaios sédo de cisalhamento direto, variando parametros como didmetro e com-
primento dos parafusos, quantidade de conectores e resisténcia do concreto. A partir dos resultados experimentais observou-se que as equagdes
da ABNT NBR 16239:2013 estéo a favor da segurancga, e é proposta uma adequagao das formulagdes da norma para considerar o efeito do confi-
namento do concreto. Verificou-se também que o aumento do didmetro e comprimento do parafuso aumenta a capacidade de carga do conector,
porém a variagao da quantidade de parafusos e da resisténcia do concreto nao interferem na sua capacidade de carga.

Palavras-chave: pilar misto preenchido com concreto, secéo tubular circular, conector de cisalhamento, parafuso.
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Experimental analysis of bolts employed as shear connectors in circular concrete-filled tube columns

1. Introduction

EE

Concrete-filled steel tube columns (CFSTs) that are formed by a
circular, square or rectangular tubular profile filled with concrete,
are structural elements subjected to compression or combined
compression and bending (Figure 1).

A combination of the two materials, steel and concrete, is advanta-
geous compared to the usual columns that use only steel or rein-
forced concrete in their composition. When comparing the CFSTs
with those made up only of steel profiles, it can be stated that the
use of CFST considerably reduces steel consumption, helps to pro-
tect the element against fire, and increases the strength capacity of
the structural element, reducing the effects of local buckling and the
overall steel column. Compared to the conventional reinforced con-
crete columns, the CFSTs have the benefit of eliminating the form-
work and shoring during the concreting and curing process, which
facilitates construction and reduces time and labor costs [2], [3].
Furthermore, CFSTs have excellent performance in buildings sub-
ject to seismic shocks, since the interaction of steel with concrete
increases the strength and ductility of the composite column [3], [4].
Another important characteristic that assists in increasing the
strength of CFSTs is the confinement effect. According to [5], the
brittle behavior of the concrete is minimized by the action of the lat-
eral pressures that the steel tubular profile exerts on the concrete
within. This pressure provides strength to the concrete’s attempt
to expand when compressed because the steel tubular profile pro-
duces a confining effect on the concrete core.

The ABNT NBR 8800:2008 standard [6] determines some basic
hypotheses for the application of a simplified method for dimen-
sioning composite columns. Among the basic hypotheses, the
norm predicts that there should be complete interaction between
steel and concrete in the composite column, allowing the transfer
of shear stresses at the interface of the two materials.

Naturally, in the region of contact between steel and concrete, there
are three different stress transfer mechanisms: adhesion; mechani-
cal adherence and friction (Figure 2). These three mechanisms to-
gether form the natural adherence between steel and concrete [8].
First of all, according to Silva [8], adhesion is an elastic-brittle
mechanism that emerges at the moment of concreting, when the
fresh concrete comes into contact with the steel of CFST, being
negligible for the effects of strength from breaking in the initial stag-
es of displacement for small load levels.

Secondly, mechanical adherence is the result of the mechanical
interaction of the concrete core and the rough surface of the steel
tubular profile. With the increase of the applied load, the tendency
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Figure 1
Cross-section types of composite columns filled
with concrete

of sliding in the steel-concrete interface increases, but the separa-
tion of the materials is prevented due to the confinement effect,
which causes normal stresses that prevent the slip between steel
and concrete. For this reason, the mechanical adherence can be
considered to be a partial friction mechanism [8].

Thirdly, friction is @ mechanism of natural adherence that depends
on the normal force applied at the steel-concrete interface and the
friction coefficient of the surface. The friction coefficient, in turn,
depends on the degree of roughness of the internal surface of the
steel tubular profile and the conditions of the steel-concrete inter-
face; that is, if the internal surface of the steel has been lubricated
with oils, greases, etc. Thus, the friction coefficient can vary from
zero on lubricated surfaces to 0.6 on normal surfaces [8].

For low values of applied loads in CFSTs, longitudinal shearing is
transferred by the natural adherence that appears on the surfaces
between steel and concrete. However, with the increase of the re-
quired load, this adherence can be broken and cannot be restored
again. In this case, it is necessary to use load transfer devices
used to absorb and transmit the shear stresses at the steel-con-
crete interface, called shear connectors [9].

In the CFSTs, the importance of the shear connectors is evident to
transmit the efforts that are introduced into the column, so as not
to overload only the steel profile or the concrete core, allowing the
composite behavior of the structure [10].

ABNT NBR 8800:2008 [6] establishes that load introduction re-
gions on composite columns are locations where localized varia-
tions of the load forces arise as a consequence of beam-to-column
connections or when the longitudinal column reinforcement is
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a) Adhesion
Figure 2

b) Mechanical adherence

c) Friction

Stress transfer mechanisms in the steel-concrete interface. Source: [18] apud [7]
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interrupted (such as in column splicing regions or in column to
base connections). In the regions for load introduction, it can be
difficult to ensure that the distribution of the shear stresses of the
steel tubular profile to the concrete core occurs. In order to avoid
the relative slippage in the steel-concrete interface and to allow
the distribution of stresses between the materials in these regions,
the Brazilian standard determines the use of shear connectors [6].
The ABNT NBR 16239:2013 standard [1] indicates the use of two
types of devices used as shear connectors in CFSTs. These devices
may be similar to the bolt (common or high strength) or stud bolt.
This work presents the study of a bolt shear connector for a circular
tubular composite steel column filled with simple concrete. Accord-
ing to ABNT NBR 16239:2013 [1], the bolts used as shear connec-
tors must be installed in the steel tube with spacing between the
axes in any direction that is greater than or equal to six times the
bolt diameter, as shown in Figure 3.

According to ABNT NBR 16239: 2013 [1] it is possible to calculate
the resistance force from calculation of the least value found for
each bolt when applying Equations (1) and (2), as follows:

Viga = lydpocpa < 5dp20cRa M
d 2

Via = 0,4ni@ < 2,4dbt& )
4 yaZ yaZ

Where: |, is the liquid length of the connector bolt (discounting the
thickness of the tube wall); d, is the diameter of the connector bolt;
t is the wall thickness of the steel tube; f, is the specified ultimate
tensile strength from the steel of the tube; f  is the specified ulti-
mate tensile strength of the connector bolt; v, is the partial factor

of the structural steel strength at rupture; and o is:

 fa A
OcRd = chn\/A:l < fck (3)

Where: f, is the characteristic value of the compressive strength
of concrete; v, is the partial factor for behavior equal to 1.40; vy, is
the partial factor for concrete; A, is the loaded area, and A, is the
support area when A,/ A, is equal to 4, in accordance with the
ABNT NBR 16239:2013 [1].

Equations (1) and (2) are based on an analytical evaluation of the pos-
sible rupture modes that may occur in CFSTs using the bolt type con-
nector. Equation (1) verifies concrete crushing in the contact region
below the bolt type connector. This contact area between the concrete
and the bolt corresponds to the diameter of the bolt multiplied by its
length, limited to a maximum value equal to five times the diameter of
the bolt. Meanwhile, Equation (2) refers to the shear force of the bolt,
which is the shearing resistance force of the calculated bolt, limited by
the resistance force calculated for the crushing of the tube’s wall [11].
In order to be able to compare the the experimental and theo-
retical results found in the analytical formulations of ABNT NBR
16239:2013 [1], Equations (1) and (2) are used without the use of
partial factors. For this same reason, the value of f_ is used in
place of f, in Equation (3).

According to [1] and [11], by limiting the spacing between holes to
at least six times the bolt diameter, it is not necessary to consider
the overlapping stresses in Equation (1) and neither the cracking
between consecutive holes in Equation (2).

To verify the experimental analysis of the shear connector be-

havior, the European standard EN 1994-1-1:2004 [12] was used,
which determines the performance of the push-out test. The EN
1994-1-1:2004 standardizes the performance of the push-out test,
verifying the load and fatigue strength of the shear connectors
used in composite steel and concrete structures.

The experimental push-out test described in EN 1994-1-1:2004
was developed to determine the behavior of stud bolts used as
shear connectors in composite beams of steel and concrete to rep-
resent the behavior of composite beams. To simulate the behavior
of a concrete-filled steel tube columns, this type of test may un-
dergo some variations in order to fit it to the element analyzed [13].
Although ABNT NBR 16239:2013 references and presents formula-
tions for the calculation of the strength of the bolts used as shear
connectors, there is little research developed regarding the use of
this simple and inexpensive device used in CFSTs. However, there
are some researches that stand out, such as [13]-[19], where these
authors analyzed in an experimental and/or numerical way the use
of the bolt as a shear connector in CFSTs. The researches con-
ducted by [16], [17] and [18] indicate that the analytical expressions
of ABNT NBR 16239:2013 are excessively in favor of the security.
Regarding the research cited above, herein the main innovation
studied was the achievement of experimental results associated
with the development of a new test technique. The results allow the
evaluation of the confinement effect of the concrete when subject-
ed to axial compression load, considering the diametrical arrange-
ments of the connectors at different heights, varying bolt diameters
and concrete strengths.

The developed experimental program uses an experimental tech-
nique based on previous research by the authors and in push-out
tests. This allowed the verification of the influence of the physical
and geometric parameters of the bolt and the composite column on
the behavior of the connection.
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Figure 3

Configuration of the shear connector
type bolt installed in a CFST circular
and rectangular section. Source: [1]
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Experimental analysis of bolts employed as shear connectors in circular concrete-filled tube columns

Figure 4
Detail of 50 mm void left during concreting

With the experimental technique developed and the prototypes test-
ed, it is possible to analyze the behavior of the bolt when used as
a shear connector in a concrete-filled circular tube section column,
and to evaluate the applicability of the analytical expressions of ABNT
NBR 16239:2013. Some parameters like: the amount of bolts; the bolt
diameter; the length of the connectors; and the f, value of the con-
crete were varied in order to analyze their interference in the ability of
the bolt to transmit shear forces at the concrete steel interface.

2. Materials and experimental program
EE

The experimental program was carried out in the Laboratory of
Structures “Prof. Altamiro Tibirigd Dias” of the Civil Engineering
Department at the School of Mines of the Federal University of
Ouro Preto.

2.1 Experimental technique

The experimental technique used in this study was developed by
the authors and employed in previous studies [17], [19]. This tech-
nique is based on the recommendations of the EN 1994-1-1:2004
push-out test, but adapted to the structural element to be analyzed,
the CFST. Next, a step-by-step procedure will be described for the
manufacture of CFST prototypes and execution of the developed
experimental technique.

As the objective of the push-out test is to verify the load capacity
and the behavior of the bolt as a shear connector, prior to the con-
creting of the prototypes, the inner surface of the tubular profile was
lubricated with grease in order to eliminate the effects of the natural
adherence on the load transfer between steel and concrete. The
technique of lubricating the internal wall of the profile with grease
is the most adequate procedure, since in the research developed
by [17], other techniques were analyzed and the efficiency of this
mechanism of adherence isolation was proven.

The concreting was performed leaving a gap of approximately 50
mm at the lower end of the prototypes, as shown in Figure 4, to
enable relative displacement between the steel tube and the con-
crete core during the test run. To obtain this void, the pieces were
concreted in the inverted position to the test position.

The compression load was applied directly to the concrete core by
means of a scutum. In order for the load to be uniform distributed
on the concrete core, a steel plate sheet with a cross section ap-
proximately equal to the inner section of the steel tubular profile
was used. Figure 5 shows the configuration of the prototype after
concreting, already in the test position.

The test procedure was performed by displacement control, as de-

scribed below:

B Application of 5 preload cycles. In each cycle, the load was
applied to the concrete core with a load control of 10 kN/min,
where the prototype is discharged only after reaching 40%
of the theoretical load per connector, calculated according to
ABNT NBR 16239:2013 formulations;

B Upon finalizing the preload cycles, the models were loaded
continuously by displacement control of 0.0025 mm/s until the
end of the test.

2.2 Configuration of the prototypes

Thirty-six experimental push-out tests were carried out on 500 mm
high prototypes using two sections of circular tubular steel profiles
with a diameter (D) of 219 mm and thicknesses (t) of 8.2 mm and
9.5 mm. The variation of the tubular profile thickness occurred due
to the availability of material for the manufacture of the prototypes,
being the difference between the thicknesses of 1.3 mm, which
does not make it a significant variable for the analyses.

The interference of the number of bolts installed (4 or 8, using one
or two lines of bolts) was analyzed for the diameter of the bolts,
d,, 1/2” (12.7 mm), 5/8” (16 mm), e 3/4” (19 mm); the length of
the connector bolt, |, using the lengths of 2" (50.8 mm) and 4"
(101.6 mm); and the value of f, for the concrete having 20 MPa
and 30 MPa.

Scutum
Steel
plate :--_
.'AA: "_q.

Prototype f, © © i

s Region of
- .

A void

| | | |

Figure 5

Schematic representation of the prototype
for the push-out fest according to the
experimental technique

Krom
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Table 1
Nomenclature and characteristics of the prototypes, P series
Number Bolt diameter Bolt length f
;\Il(c;merr‘\ﬂslt:fri EJ; et ?rfn 1:\9) of t:‘olts (in%r:es) (incltmes) (Mcl;‘q)

P1(j)-8.2-4P-1/2"-2"-19.7 219x8.2 4 2 19.7
P2())-8.2-4P-1/2"-4"-19.7 219x8.2 4 4 19.7

P3(j)-8.-4P-1/2"-2"-28.7 219x8.2 4 1/2° 2" 28.7
P4())-9.5-4P-1/2"-4"-28,7 219x9.5 4 4 28.7
P5())-9.5-8P-1/2"-2"-19.7 219x9.5 8 2" 19.7
P6(j)-9.5-8P-1/2"-4"-19.7 219x9.5 8 4 19.7

P7(j)-8.-4P-5/8"-2"-19.7 219x8.2 4 2" 19.7

P8(j)-8.-4P-5/8"-4"-19.7 219x8.2 4 4 19.7
P9(j)-8.2-4P-5/8"-2"-28.7 219x8.2 4 5/8" 2" 28.7
P10(j)-8.2-4P-5/8"-4"-28.7 219x8.2 4 4 28.7
P11(j)-9.5-8P-5/8"-2"-19,7 219x9.5 8 2" 19.7
P12(j)-9.5-8P-5/8"-4"-19.7 219x9.5 8 4 19.7
P13(j)-8.2-4P-3/4"-2"-19.7 219x8.2 4 2" 19.7
P14(j)-9.5-4P-3/4"-4"-19.7 219x9.5 4 4 19.7
P15(j)-9.5-4P-3/4"-2"-28.7 219x9.5 4 a/4° 2 28.7
P16(j)-9.5-4P-3/4"-4"-28.7 219x9.5 4 4" 28.7
P17(j)-9.5-8P-3/4"-2"-19.7 219x9.5 8 2 19.7
P18(j)-9.5-8P-3/4"-4"-19.7 219x9.5 8 4 19.7

For each prototype typology, two identical pieces were fabricated,
differentiated in their nomenclature by (1) and (2). Thus, due to the
repetition of pairs of prototypes of the same typology, eighteen dif-
ferent configurations of CFST prototypes with bolt type connectors
were analyzed.

Table 1 shows the nomenclature of the eighteen prototype con-
figurations, where “j” has a value of 1 or 2 to differentiate the pro-
totypes with identical typologies. It is observed that the values of
the average strength to compression (f_ ) are the same for all the
prototypes that are within the same concrete strength class, C20
or C30. This is because in the determination of the concrete’s com-
pressive strength at 28 days of age, the specimens reached f_ at
19.7 MPa and 28.7 MPa. These values were used in Equation (1)
to verify the failure mode of the concrete crushing.

In the prototypes with a row of connectors, the 4 bolts were posi-
tioned at half the height of the steel tubular profile and arranged
symmetrically, as shown in Figure 6. In the prototypes with two
lines of connectors, 8 bolts, the minimum distance between the
bolts was equal to six times the bolt diameter, as established by

[ |
9 | |/ STEEL TUBE
T |
(=
A2 1 © P4
of ] —T
o | | SECTION A-A
| |
Figure 6

Representation of 4-bolt prototype

ABNT NBR 16239:2013. In these prototypes the bolts were also
arranged symmetrically from half the height of the tube, according
to the following connector diameters: 1/2 “ (Figure 7-a); 5/8 “(Fig-
ure 7-b); and 3/4” (Figure 7-c).

2.3 Concreting

The concreting of the prototypes was performed according to the
recommendations described in the experimental technique consid-
ering two values of concrete for f | (19.7 MPa and 28.7 MPa), us-
ing ready-mixed concrete. Prior to the concretings, the tubular pro-
files were cleaned and internally lubricated with a layer of grease.

2.4 Steel characterization

The structural tubular profiles are ASTM A 501 grade B steel [6]
with nominal values equal to f, 2 350 MPa and f, 2 485 MPa, whose
experimental results of the mechanical characterization are pre-
sented in Table 2.

] ] ]
1 e HI = I
d L3 oA I3 il g
GRS I - R I S § S BN AT
I © I 1 ° 4 i ©° Fa
. ]
a0 (" R I
| I —
(a) (b) ()
Figure 7

Representation of 8-bolt prototypes with bolt
diameters of (a) 1/2"; (b) 5/8"; and (c) 3/4"
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Experimental analysis of bolts employed as shear connectors in circular concrete-filled tube columns

Table 2
Mechanical properties of the steel tubes
D x t of f f Elongation
the tube ! 5 (L)
(mm) (MPa) (MPa) )
219 x 8.2 385 582 33
219x9.5 398 570 40
Table 3
Mechnical properties of the steel bolts
d, of the bolt fo
(inches) (MPa)
1/2 660
5/8 650
3/4" 665

The bolts used were SAE J429 steel (f =2 414 MPa, ASME B18.2.1 di-
mensional standard), equivalent to ASTM A307 steel. The results of the
mechanical characterization tests of the bolts are presented in Table 3.

2.5 Instrumentation

All prototypes were instrumented with a linear variable displace-
ment transducer (LVDT) positioned on the top of the column, aim-
ing at measuring the relative displacement between the steel tube
and the concrete core. In order to enable measurement of the rela-
tive displacement between the steel tube and the concrete core,
the LVDT rod was positioned in a rigid plate. This rigid plate being
located between the steel plate for the concrete core and the scu-
tum of load application, as shown in Figure 8.

During the first test, rotation of the bolts was observed on the outer
face of the tubular profile. In order to verify the beginning of the rota-

Figure 8
Representation of LVDT fixed for relative displacement
measurement during test performance

Figure 9

Representation of LVDT's perpendicular to the
bolt head for the prototypes: (o) with 4 bolts;
and (b) with 8 bolts

tion and its possible interference on the behavior or the strength of the
bolts, two more LVDTs were positioned perpendicular to the head of
the bolts. In the prototypes with four bolts, the LVDT'’s were positioned
symmetrically, as shown in Figure 9-a. For prototypes with eight bolts,
the LVDTs were positioned on the same side (see Figure 9-b).

In order to measure the strain in the wall of the tubular profiles dur-
ing the tests, 90° biaxial rosette electric resistance strain gauges
(EER), model KFG-2-D16-11 of the KYOWA brand were used. The
strain gauges and position of the rosettes in the prototypes was the
same for all the instrumented pieces, as represented in Figure 10-a.

\] STRAIN GAUGES

9 | |
E EER4 |
8

= _|EER3 |

ge—€ © 3

EER2
9 | |
S |EER1 |
= | |
(a)
Figure 10

Representation of prototypes instrumented with
strain gauges: (a) Positioning of the rosettes in the
prototypes; (b) overall scheme of the instfrumentation
of the prototypes
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Figure 11

Load curve for the connector versus relative
displacement of the P1(1) and P1(2) prototypes

Four prototypes were instrumented with strain gauges, being the
prototypes P1 (2), P2 (2), P13 (2) and P14 (2). Figure 10-b shows
the position of the strain gauges in the steel tube and the general
instrumentation of the prototypes.

2.6 Experimental procedure

To perform the tests, a servo-hydraulic press with a capacity of
2,000 kN and an accuracy of +/- 0.5% of load was used. The test
procedure adopted for the prototypes is described in the experi-
mental technique.

The loading values and relative displacements between the con-
crete core and the steel tubular profile were measured by the data
acquisition system of the test press (Partner 8.4a software). The val-
ues of the displacements measured by the LVDT'’s positioned on the
bolts and the strain measured by the strain gauges were measured
by the Spider 8 data acquisition system controlled by HBM’s Catman
4.5 software (Hottinger Baldwin Messtechnic, 2003).
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0
0 5 10 15 20 25 30 35
Relative displacement (mm)
(a)

Figure 12

3. Results and discussions

EE

Due to problems occurring during the execution of the P5 (2)
prototype test, the results of this analysis were discarded.
Comparing the results of two prototypes of identical models,
differentiated from each other in the nomenclature by numbers
(1) and (2), it was noticed that there is little variability between
the curves of load per connector versus relative displacement.
Figure 11 shows the curves of the prototypes P1 (1) and P1
(2), to exemplify the little variability between the results of two
identical models.

The value of the load capacity per bolt (V) is equal to the
maximum load (P,) resisted by the connector during the test.
The values of P refer to the load capacity of a single bolt, ie
the load applied on the concrete core was divided by the num-
ber of connectors in the prototype.

Figure 12-a shows the load versus relative displacement
curves for three prototypes varying the bolt diameters, 1/2”,
5/8” and 3/4”. The other parameters remained constant, be-
ing the bolt length (2" for Figure 12-a, and 4” for Figure 12-
b), number of connectors (4 screws) and concrete strength
(f,, = 19.7 MPa).

Analyzing Figure 12, it is observed that there is an increase in
the load capacity of the bolt with the variation of its diameter
from 1/2” to 5/8”. This result is in agreement with Equations (1)
and (2), where the larger the diameter, the greater the load ca-
pacity of the bolt. However, when increasing from 5/8” to 3/4”,
there is virtually no change in load capacity. This indicates,
possibly, that the failure mode in these prototypes is the crush-
ing of the concrete in the region of contact with the bolt be-
cause according to Equations (1) and (2), the diameter of the
connector has greater interference in the shearing compared
to concrete crushing. An abrupt load variation is observed for
4” and 5/8” and 3/4” diameter bolts which is justified by the
crushing of the concrete caused by the stiffness of these bolts.

160
140
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100 |

80
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Curves for load versus relative displacement - influence of bolt diamenter on strength capacity of the
profotypes: (a) P1(1), P7(1) and P13(1); (b) P2(1). P8(1) and P14(1)
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Figure 13 shows the load versus relative displacement curves as
a function of the variation of the length and the diameter of the
bolt. Figure 13-a shows the comparison of the load capacity for
the 1/2” diameter bolt and different lengths, in Figure 13-b the 5/8”
diameter bolt is compared, and finally the 3/4” diameter bolt has its
experimental behavior shown in Figure 13-c. It can be seen from
the three graphs that the load capacity of the bolt with a length of
2” is smaller than that obtained with a length of 4”. In Table 4 we
have the comparison of the values of the prototypes tested in this
research according to the length of the bolt.

When analyzing the results of Table 4, it is seen that the ratio of the
increased load capacity is higher for 3/4” diameter bolts, followed
by 5/8” bolts, and finally 1/2” bolts. The results presented in Figure
13 and in Table 4 indicate that in the prototypes with 5/8” and 3/4”
diameter bolts, the failure mode of concrete crushing in the region
of contact with the bolt occurs, since according to Equation (1), this
is the only mode of failure associated with the length of the connec-
tor; however, it can not be said that this is the first mode to occur.
For 1/2” diameter bolts, there is an increase in load capacity with
increasing bolt length in one case, while in other cases there is a
decrease in load capacity. It can be stated, therefore, that the as-

sociation of the largest length, 4” with the smallest diameter, 1/2”,
leads to greater screw flexibility which reduces the efficiency of
the connector.

Figure 14 shows the comparison of the bolt load capacities for the
prototypes with 4 and 8 connectors for the same bolt diameter. An-
alyzing the results of Figure 14, it is verified that the use of two con-
nector lines (prototypes with 8 bolts installed) does not significantly
interfere in the load capacity in each connector. This result con-
firms that the minimum distance between connectors determined
by ABNT NBR 16239:2013 is safe and does not cause stress con-
centration on the concrete between the two lines of bolts. It is also
observed that in the prototypes with 8 bolts, there is a reduction of
the relative displacements when compared with 4 bolts. The reduc-
tion observed is a function of increasing the stiffness of the connec-
tion by adding one more row of connectors.

It was also verified the interference of the average strength of
the concrete, f_, in the load capacity of the bolts. Concrete with
two medium strengths of 19.7 MPa and 28.7 MPa was used. In
the graph of Figure 15, the load-per-connector versus relative
displacement curves of the prototypes P14 (2) and P16 (2) were
superimposed for different values of average concrete strength.
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(c)

Load versus relative displacement curves - influence of the bolt length in prototypes:
(@) P1(1) and P2(1); (b) P7(1) e P8(1); (c) P13(1) and P14(1)
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Table 4

Comparison of the V, _  values for bolt lenghts of 2" and 4", considering different bolt diameters

Bolt length (l,,) of 2"

Bolt length (l,) of 4"

Average Average Comparison
V. V. average of Vi,
Prototype R.exp Vi ex Prototype R.exp Vi ex
typ (kN P typ (kNY (s (%)
P1(1)-8.2-4P-1/2"-2"-19.7 102 102 P2(1)-8.2-4P-1/2"-4"-19.7 113 100 74
P1(2)-8.2-4P-1/2"-2"-19.7 101 P2(2)-8.2-4P-1/2"-4"-19.7 105 '
P3(1)-8.2-4P-1/2"-2"-28.7 122 100 P4(1)-9.5-4P-1/2"-4"-28.7 107 105 37
P3(2)-8.2-4P-1/2"-2"-28.7 95 P4(2)-8.2-4P-1/2"-4"-28.7 102 '
P5(1)-9.5-8P-1/2"-2"-19.7 98 08 P6(1)-9.5-8P-1/2"-4"-19.7 94 04 46
P5(2)-9.5-8P-1/2"-2"-19.7 - P6(2)-9.5-8P-1/2"-4"-19.7 93 '
P7(1)-8.2-4P-5/8"-2"-19.7 126 124 P8(1)-8.2-4P-5/8"-4"-19.7 149 133 73
P7(2)-8.2-4P-5/8"-2"-19.7 122 P8(2)-8.2-4P-5/8"-4"-19.7 17 '
P9(1)-8.2-4P-5/8"-2"-28.7 122 17 P10(1)-8.2-4P-5/8"-4"-28.7 119 119 13
P9(2)-8.2-4P-5/8"-2"-28.7 112 P10(2)-8.2-4P-5/8"-4"-28.7 118 ‘
P11(1)-9.5-8P-5/8"-2"-19.7 129 197 P12(1)-9.5-8P-5/8"-4"-19.7 138 137 79
P11(2)-9.5-8P-5/8"-2"-19.7 125 P12(2)-9.5-8P-5/8"-4"-19.7 136 '
P13(1)-8.2-4P-3/4"-2"-19.7 121 119 P14(1)-9.5-4P-3/4"-4"-19.7 147 146 232
P13(2)-8.2-4P-3/4"-2"-19.7 116 P14(2)-9.5-4P-3/4"-4"-19.7 145 ’
P15(1)-9.5-4P-3/4"-2"-28.7 154 147 P16(1)-9.5-4P-3/4"-4"-28.7 154 153 37
P15(2)-9.5-4P-3/4"-2"-28.7 140 P16(2)-9.5-4P-3/4"-4"-28.7 151 '
P17(1)-9.5-8P-3/4"-2"-19.7 121 129 P18(1)-9.5-8P-3/4"-4"-19.7 136 139 78
P17(2)-9.5-8P-3/4"-2"-19.7 136 P18(2)-9.5-8P-3/4"-4"-19.,7 141 ‘
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Figure 14

Load per connector versus relative displacement curves - influence of the number of bolts for prototypes:
(@) P1(1) and P5(1); (b) P7(1) and P11(1); (c) P13(1) and P17(1)
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From this graph, it was found that the load per connector is similar,
and, therefore, the variation of the average strength of the concrete
does not interfere in the load capacity of the bolt

Due to the rotation of the bolts during the test, two LVDTs were
placed perpendicular to the head of the connectors, as shown in
Figure 9. From the values of measured displacements, their graph
represents the values of the load per connector versus displace-
ment of the bolt (Figures 16-a and 16-c).

By comparing, in one prototype, the load curves per connector versus
bolt displacement (Figure 16-a) with the load-versus-displacement
curves (Figure 16-b), it is observed that the behavior of the two curves
during the realization of the test is similar. This aspect evidences the
effectiveness of the bolt in conveying the efforts of the concrete core
to the steel tubular profile. The same behavior is verified in the proto-
types with 8 bolts, as shown in Figure 16-c and Figure 16-d.

When comparing the graphs of Figure 16-a and Figure 16-c, it is
observed that the behavior of the load curves per connector versus
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displacement of the LVDT’s L1 and L2 bolts is the same, indicating
that these connectors were similarly ordered throughout the test.
This finding evidences the uniformity of the distribution of the load
in the concrete core and consequently in the connectors, indepen-
dently of the existence of one or two lines of connectors.

The results obtained from the strain gauges in the prototypes P1
(2), P2 (2), P13 (2) and P14 (2) are presented in Figure 17. Ana-
lyzing the graphs of these figures, it can be seen that vertical and
horizontal strains are larger in the EER2 rosettes, located 50 mm
below the bolts; while the smallest readings were verified in the ex-
tensometers EER1 and EER4, located 150 mm above and below
the bolt. Thus, it can be concluded that the restriction caused by
the bolt directly influences the strain of the wall of the tubular pro-
file in the region near the connector. The results of EER2 indicate
the occurrence yield of the steel in the region below the connector
for all instrumented prototypes, since the vertical and horizontal
strains in this region exceed 2000 pg, corresponding to the strain
yielding limit of the steel tube.

Table 5 presents the experimental and theoretical results of all the
prototypes tested. From the results presented in Table 5, it can be
stated that the dominant failure mechanism, according to the ABNT
NBR 16239:2013 formulations, is the crushing of the concrete in
the region of contact with the bolt (values highlighted in the table).
Comparing the experimental results with the theoretical ones, it is
observed that the experimental values vary from 3.00 to 9.99 times
higher than the theoretical ones. This indicates that the analytical
formulations proposed by ABNT NBR 16239:2013 are in favor of
the security and lead to conservative results when compared to the
experimental results.

The experimental analysis suggests the occurrence of an increase
in the strength capacity of the bolt, which indicates that the con-
crete contained in the core of the CFST is confined by the walls of
the steel tube. The effect of this confinement increases the strength
of the concrete and consequently the load capacity of the bolt.
The EN 1994-1-1:2004 determines the use of Equation (4) to cal-
culate the local design strength of concrete confined locally in the

region of contact with the bolt (s . ) [12].
t f, ,A Af,
Oc.Rd =fcd (1+7]5L5f_};> A_isil—lcdgfyd (4)
C

where f_, is the design value of the cylinder compressive strength
of concrete; n, is the factor related to the confinement of concrete
equal to 3.5 for square sections and 4.9 for circular ones; D is
the diameter of the tube or width of a square section; A_is the
cross sectional area of concrete section of the column; A, is the
loaded area under the bolt shank, fyd is the design value of the yield
strength of structural steel; j—i should be < 20.

In accordance with [18], A, can be defined as that presented in
Equation (5):

A, =070-1,-d, <0,70-5 - d,, (5)

From the recommendations of EN 1994-1-1:2004, it was decided
to perform an analytical analysis with the equations of ABNT NBR
16239:2013, but using the values of c_, found in the calculation
of Equation (4).

Table 6 presents the results of this analysis using Equations (1)
and (2). Analyzing the results of Table 6, it is noticed that when

the confinement of the concrete in the region of contact with the
bolt is considered, the value of the theoretical resistant force of
the concrete increases, and, therefore, the dominant failure mode
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(9). (c), (e) and (9) Load versus horizontal strain
curves; and (b), (d), (f) and (h) load versus

vertical strain curves
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becomes the shear of the bolt. Comparing the experimental results
with the theoretical ones, it is observed that the experimental val-
ues vary from 1.53 to 3.65 times higher than theoretical ones and
are in favor of the security.

As for the verification of the concrete, when comparing Tables 4
and 5, it can be affirmed that there is an increase in the load capac-
ity of the bolt when considering the effect of concrete confinement.
Figure 18 shows the overlapping of the load versus relative dis-
placement curves obtained in the experimental tests of the pro-
totypes, P1 (1) and P14 (2). It is noted that the bolt with a larger
diameter (3/4”) and a longer length (4”) has a higher load capacity

Table 5
Comparison between theoretical and experimental bolt strength fo shear
i Crushing
Concrete qy | offheiube .
Prototype . (Igﬁ()) (k“ﬁ; Viexo ! Viieo
ldfon 521, 0,4,1% 2.4d, 1,
P1(1)-8.2-4P-1/2"-2"-19.7 11 16 33 145 11 102 9.57
P1(2)-8.2-4P-1/2"-2"-19.7 11 16 33 145 11 101 9.48
P2(1)-8.2-4P-1/2"-4"-19.7 23 16 33 145 16 113 7.11
P2(2)-8.2-4P-1/2"-4"-19.7 23 16 33 145 16 105 6.61
P3(1)-8.2-4P-1/2"-2"-28.7 16 23 33 145 16 122 7.86
P3(2)-8.2-4P-1/2"-2"-28.7 16 23 33 145 16 95 6.12
P4(1)-9.5-4P-1/2"-4"-28.7 34 23 33 165 23 107 4.62
P4(2)-8.2-4P-1/2"-4"-28.7 34 23 33 145 23 102 4.41
P5(1)-9.5-8P-1/2"-2"-19.7 10 16 33 165 10 98 9.48
P5(2)-9.5-8P-1/2"-2"-.9.7 10 16 33 165 10 - -
P6(1)-9.5-8P-1/2"-4"-19.7 23 16 33 165 16 94 5.92
P6(2)-9.5-8P-1/2"-4"-19.7 23 16 33 165 16 93 5.85
P7(1)-8.2-4P-5/8"-2"-19.7 13 25 51 182 13 126 9.46
P7(2)-8.2-4P-5/8"-2"-19.7 13 25 51 182 13 122 9.16
P8(1)-8.2-4P-5/8"-4"-19.7 29 25 51 182 25 149 6.00
P8(2)-8.2-4P-5/8"-4"-19.7 29 25 51 182 25 117 4.71
P9(1)-8.2-4P-5/8"-2"-28.7 19 36 51 182 19 122 6.29
P9(2)-8.2-4P-5/8"-2"-28.7 19 36 51 182 19 112 5.77
P10(1)-8.2-4P-5/8"-4"-28.7 43 36 51 182 36 119 3.29
P10(2)-8.2-4P-5/8"-4"-28.7 43 36 51 182 36 118 3.26
P11(1)-9.5-8P-5/8"-2"-19.7 13 25 51 206 13 129 9.99
P11(2)-9.5-8P-5/8"-2"-19.7 13 25 51 206 13 125 9.68
P12(1)9.5-8P-5/8"-4"-19.7 29 25 51 206 25 138 5.56
P12(2)-9.5-8P-5/8"-4"-19.7 29 25 51 206 25 136 5.48
P13(1)-8.2-4P-3/4"-2"-19.7 16 36 76 218 16 121 7.57
P13(2)-8.2-4P-3/4"-2"-19.7 16 36 76 218 16 116 7.26
P14(1)-9.5-4P-3/4"-4"-19.7 35 36 76 248 35 147 4.25
P14(2)-9.5-4P-3/4"-4"-19.7 35 36 76 248 35 145 4.20
P15(1)-9.5-4P-3/4"-2"-28.7 23 52 76 248 23 154 6.82
P15(2)-9.5-4P-3/4"-2"-28.7 23 52 76 248 23 140 6.20
P16(1)-9.5-4P-3/4"-4"-28.7 50 52 76 248 50 154 3.06
P16(2)-9.5-4P-3/4"-4"-28.7 50 52 76 248 50 151 3.00
P17(1)9.5-8P-3/4"-2"-19.7 15 36 76 248 15 121 7.81
P17(2)-9.5-8P-3/4"-2"-19.7 15 36 76 248 15 136 8.77
P18(1)-9.5-8P-3/4"-4"-19.7 35 36 76 248 35 136 3.93
P18(2)-9.5-8P-3/4"-4"-19.7 85 36 76 248 35 141 4.08
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than the bolt of smaller diameter (1/2”) and shorter length (27).

Figure 19 shows the concrete rupture mechanism after the tests, in
the region between connectors and under a bolt. Figure 19-a has
a small crack in the concrete core between the connectors in test
P1 (1). Looking at the deformed configuration of the connector in
Figure 19-b, it turns out that the 1/2” bolt exhibits a large deforma-
tion, but the concrete around the connector is not ruptured. For the
prototype P14 (2), see Figure 19-c, it is observed that there is a
concrete rupture in the region between bolts. As for the deforma-
tion of the 3/4” connector (Figure 19-d), it is noted that there was

Table 6

a bolt rotation and crushing the tube wall. Analyzing Figure 19, it
can be said that the 1/2” diameter with 2” length (prototype P1 (1))
bolt has a flexible behavior, whereas the 3/4” diameter bolt with 4”
length (prototype P14 (2)) behaves rigidly. It is also observed that
in the prototype P14 (2), the modes of bolt shear failure occurred
with concrete crushing in the contact region below the bolt and the
steel tube yielding.

Aiming for the understanding of the dominant failure mecha-
nism, associated with the results obtained by the ABNT NBR
16239:2013 equations, a new analysis was performed using

Comparison between the theoretical and experimental bolt strength to shear, considering concrete

confinement according to [11]

conf(i:nrgéhcl:r;?\g:ettge(kN) Shec(|rk§f) bolt o(f:;rl::rr:ge
Profotype (1] - wall (kN) Xgﬁ‘)’ \(/k“ﬁ"S’ Vioxo ! Vieseo
lhdo o, 50, 0,4,1% 2.4d, 1,

P1(1)-8.2-4P-1/2"-2"-19.7 238 355 33 145 33 102 3.05
P1(2)-8.2-4P-1/2"-2"-19.7 238 355 33 145 33 101 3.02
P2(1)-8.2-4P-1/2"-4"-19.7 192 286 33 145 33 113 3.38
P2(2)-8.2-4P-1/2"-4"-19.7 192 286 33 145 33 105 3.14
P3(1)-8.2-4P-1/2"-2"-28.7 262 391 33 145 33 122 3.65
P3(2)-8.2-4P-1/2"-2"-28.7 262 391 33 145 33 95 2.84
P4(1)-9.5-4P-1/2"-4"-28.7 239 357 33 165 33 107 3.20
P4(2)-8.2-4P-1/2"-4"-28.7 211 315 33 145 33 102 3.05
P5(1)-9.5-8P-1/2"-2"-19.7 193 288 33 165 33 98 2.93
P5(2)-9.5-8P-1/2"-2"19.7 193 288 33 165 33 - -

P6(1)-9.5-8P-1/2"-4"-19.7 156 232 33 165 33 94 2.81
P6(2)-9.5-8P-1/2"-4"-19.7 156 232 33 165 33 Q3 2.78
P7(1)-8.2-4P-5/8"-2"-19.7 213 318 51 182 51 126 2.45
P7(2)-8.2-4P-5/8"-2"-19.7 213 318 51 182 51 122 2.37
P8(1)-8.2-4P-5/8"-4"-19.7 154 229 51 182 51 149 2.90
P8(2)-8.2-4P-5/8"-4"-19.7 154 229 51 182 51 117 2.27
P9(1)-8.2-4P-5/8"-2"-28.7 234 349 51 182 51 122 2.37
P9(2)-8.2-4P-5/8"-2"-28.7 234 349 51 182 51 112 2.18
P10(1)-8.2-4P-5/8"-4"-28.7 169 252 51 182 51 119 2.31
P10(2)-8.2-4P-5/8"-4"-28.7 169 252 51 182 51 118 2.29
P11(1)-9.5-8P-5/8"-2"-19.7 173 258 51 206 51 129 2.51
P11(2)-9.5-8P-5/8"-2"-19.7 173 258 51 206 51 125 243
P12(1)-9.5-8P-5/8"-4"-19.7 125 186 51 206 51 138 2.68
P12(2)-9.-8P-5/8"-4"-19.7 125 186 51 206 51 136 2.64
P13(1)-8.2-4P-3/4"-2"-19.7 195 290 76 218 76 121 1.60
P13(2)-8.2-4P-3/4"-2"-19.7 195 290 76 218 76 116 1.53
P14(1)-9.5-4P-3/4"-4"-19.7 147 219 76 248 76 147 1.94
P14(2)-9.5-4P-3/4"-4"-19.7 147 219 76 248 76 145 1.91
P15(1)-9.5-4P-3/4"-2"-28.7 242 361 76 248 76 154 2.03
P15(2)-9.5-4P-3/4"-2"-28.7 242 361 76 248 76 140 1.85
P16(1)-9.5-4P-3/4"-4"-28.7 160 238 76 248 76 154 2.03
P16(2)-9.5-4P-3/4"-4"-28.7 160 238 76 248 76 151 1.99
P17(1)-9.5-8P-3/4"-2"-19.7 158 235 76 248 76 121 1.60
P17(2)-9.5-8P-3/4"-2"-19.7 158 235 76 248 76 136 1.79
P18(1)-9.5-8P-3/4"-4"-19.7 104 155 76 248 76 136 1.79
P18(2)-9.5-8P-3/4"-4"-19.7 104 155 76 248 76 141 1.86
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these analytical formulations. It was observed that the factor of
0.4, which multiplies the components of Equation (2), to verify
the failure mode by shearing of the bolt, must be equal to 0.5
as predicted in ABNT NBR 8800:2008 for shearing in the shank
region of the bolt. Considering this, it was decided to carry out a
new analysis considering the confinement effect of the concrete
and verifying the failure mode of the bolt shear. Table 7 presents
the results of this new analysis. It is observed that the dominant
failure mode continues to be the shearing of the bolt, but the ex-
perimental results show a variation of 1.22 to 2.92 in relation to
the theoretical results. Analyzing Figures 19-a and b (prototype
P1 (1)) the deformation of the bolt is verified after the test. Thus,
bolt shearing is the most likely failure mode to occur in this situa-
tion, as indicated in Table 7. Perceive that the failure mode shown

in Table 7 for the prototype P14 (2) is also the shearing of the bolt.
Figure 19-d shows three failure modes: bolt shearing, concrete
crushing and steel tube yielding in contact with the bolt; but it is
impossible to determine after the test which one occurred first.
From the results of Table 7, it can be assumed that initially the
shearing of the bolt occurred, and, consequently the crushing of
the concrete and the yielding of the steel tube due to the rigidity
of the bolts of greater diameter and length.

4. Conclusions

EE

Regarding the parametric analysis of CFST prototypes with bolt
type connectors, it is concluded that:

B The load capacity of the bolt is increased when the connector

Figure 19

Opening of the wall of the tubular profile after the test for prototypes: (a) P1(1)-8,2-4P-1/2"-2"-19,7
and (¢) P14(2)-9.5-4P-3/4"-4"-19,7; and final configuration of the bolt for prototypes (b) P1(1)-8,2-

4P-1/2"-2"-19,7 and (d) P14(2)-9,5-4P-3/4"-4"-19,7
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diameter is increased from 1/2” to 5/8”, but when increasing the
diameter from 5/8” to 3/4”, the final load capacity of the connec-
tor does not change significantly;

There is an increase in the load capacity of the bolt for the
longer connector length. This increase is mainly observed in

are used. There was also an increase in the stiffness of the
connection when adding one more row of connectors;

The increase in average concrete strength from 19.7 MPa to
28.7 MPa does not significantly interfere with the load bearing
capacity of the bolt.

From the results of the instrumentation with the LVDTs, used to
verify the rotation of the bolts, it was verified that the displacement
of the connector increases with the increase of load during the test,
evidencing the efficiency of the bolt in conveying the forces of the
concrete core to the tubular steel profile.

CFST prototypes with larger diameter connectors (5/8” and
3/4”), because in this case the bolts are less flexible;

B The use of one or two lines of connectors does not interfere
with the bolt load capacity, provided that the minimum distanc-
es between connectors established by ABNT NBR 16239:2013

Table 7
Comparison between the theoretical and experimental bolt strength to shear, without considering
the shear bond factor in the shearing equation for the bolt

Crushing of the Crushin
confined co?\crete (kN) Shecz:’(ﬁf) bolt of the 1uge
Prototype (1] - wall (kN) }’,g,g) \('k“N§ Veexs ! Viseo
lhdyo,, 5070, o.m% 2.4d, 1,

P1(1)-8.2-4P-1/2"-2"-19.7 238 355 42 145 42 102 2.44
P1(2)-8.2-4P-1/2"-2"-19.7 238 355 42 145 42 101 242
P2(1)-8.2-4P-1/2"-4"-19.7 192 286 42 145 42 113 2.70
P2(2)-8.2-4P-1/2"-4"-19.7 192 286 42 145 42 105 2.51
P3(1)-8.2-4P-1/2"-2"-28.7 262 391 42 145 42 122 2.92
P3(2)-8.2-4P-1/2"-2"-28.7 262 391 42 145 42 95 2.27
P4(1)-9.5-4P-1/2"-4"-28.7 239 357 42 165 42 107 2.56
P4(2)-8.2-4P-1/2"-4"-28.7 211 315 42 145 42 102 2.44
P5(1)-9.5-8P-1/2"-2"-19.7 193 288 42 165 42 98 2.34
P5(2)-9.5-8P-1/2"-2"-19.7 193 288 42 165 42 - -

P6(1)-9.5-8P-1/2"-4"-19.7 156 232 42 165 42 94 2.25
P6(2)-9.5-8P-1/2"-4"-19.7 156 232 42 165 42 93 2.22
P7(1)-8.2-4P-5/8"-2"-19.7 213 318 64 182 64 126 1.96
P7(2)-8.2-4P-5/8"-2"-19.7 213 318 64 182 64 122 1.90
P8(1)-8.2-4P-5/8"-4"-19.7 154 229 64 182 64 149 2.32
P8(2)-8.2-4P-5/8"-4"-19.7 154 229 64 182 64 117 1.82
P9(1)-8.2-4P-5/8"-2"-28.7 234 349 64 182 64 122 1.90
P9(2)-8.2-4P-5/8"-2"-28.7 234 349 64 182 64 112 1.74
P10(1)-8.2-4P-5/8"-4"-28.7 169 252 64 182 64 119 1.85
P10(2)-8.2-4P-5/8"-4"-28.7 169 252 64 182 64 118 1.83
P11(1)-9.5-8P-5/8"-2"-19.7 173 258 64 206 64 129 2.01
P11(2)-9.5-8P-5/8"-2"-19.7 173 258 64 206 64 125 1.94
P12(1)-9.5-8P-5/8"-4"-19.7 125 186 64 206 64 138 2.15
P12(2)-9.5-8P-5/8"-4"-19.7 125 186 64 206 64 136 211
P13(1)-8.2-4P-3/4"-2"-19.7 195 290 95 218 95 121 1.28
P13(2)-8.2-4P-3/4"-2"-19.7 195 290 95 218 95 116 1.22
P14(1)-9.5-4P-3/4"-4"-19.7 147 219 95 248 95 147 1.55
P14(2)-9.5-4P-3/4"-4"-19.7 147 219 95 248 95 145 1.53
P15(1)-9.5-4P-3/4"-2"-28.7 242 361 95 248 95 154 1.62
P15(2)-9.5-4P-3/4"-2"-28.7 242 361 95 248 95 140 1.48
P16(1)-9.5-4P-3/4"-4"-28.7 160 238 95 248 95 154 1.62
P16(2)-9.5-4P-3/4"-4"-28.7 160 238 95 248 95 151 1.59
P17(1)-9.5-8P-3/4"-2"-19.7 158 235 95 248 95 121 1.28
P17(2)-9.5-8P-3/4"-2"-19.7 158 235 95 248 95 136 1.44
P18(1)-9.5-8P-3/4"-4"-19.7 104 155 95 248 95 136 1.44
P18(2)-9.5-8P-3/4"-4"-19.7 104 155 95 248 95 141 1.49
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The effectiveness of the bolt in transferring the load from the con-
crete to the steel was also verified in the strain gauges measure-
ments of the strain. From the results, it was noticed that greater
deformations are located below the connector, verified by the steel
yielding in that region.

As for the connector load capacities, it was observed that the
dominant failure mode was the crushing of the concrete in the re-
gion of contact with the bolt. It was also verified that the results
obtained experimentally show a load capacity well above the re-
sults obtained using the theoretical formulations of ABNT NBR
16239:2013.

ABNT NBR 16239:2013 does not consider the confinement effect
of concrete, o, in its formulations. Thus, new analyses were car-
ried out using the calculated value o,  according to the determina-
tions of EN 1994-1-1:2004. Consideration of the confinement in the
formulations of ABNT NBR 16239:2013 increases the theoretical
load capacity of the connector, and the failure mode becomes the
bolt shearing.

A new analysis was performed using the ABNT NBR 16239:2013
analytical formulations, but considering the factor of 0.5 in the bolt
shear failure mode equation. This analysis led to closer theoretical
values of the experimental results and mechanisms of bolt shearing
failure. However, after the experimental tests, it was verified that for
the connectors of greater diameter and length, there also occurs the
failure modes of concrete crushing below the connector and yield-
ing of the steel tube. From this visual evaluation, it is presumed that
bolt shearing initially occurred, and, due to the rigidity of these bolts,
concrete crushing and steel yielding consequently occur.

It should be noted that the confinement efficiency is associated
with the region below the bolt shank and up until the concrete rup-
ture, which can be observed for experimental displacements of the
order of 10 mm.

Considering that the bolt function in the CFST is to be able to trans-
mit the shear efforts at the steel-concrete interface, it can be said
that the connector of greater length and diameter is the more re-
sistant. However, the excess stiffness of this connector leads to
failure mode of concrete crushing below the bolt, which interferes
with the transmission of loads between steel and concrete, and
hence the composite behavior of the structure. Bolt ductility is a de-
sirable behavior for a shear connector in a CFST, since the ductile
connectors are deformed enough to permit redistribution of forces
between the materials.
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