Seel and Composite Sructures, Vol. 6, No. 5 (2006) 387-400 387
DOI: http://dx.doi.org/10.12989/scs.2006.6.5.387

Bond mechanism effect on the flexural behavior of
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Abstract. This paper discusses the composite mechanism and its effect upon the behavior of a stedl
reinforced concrete (SRC) member subjected to a flexural load. The relationship between member strength
and deformation is established using the bond strength between the steel and reinforced concrete. An
analytical modd is proposed and used to incorporate the sectiona strains and bond strength at the elastic and
inelagtic stages for moment-curvature relationship derivation. The results from the flexura load tests are used
to vdidate the accuracy of the proposed model. Comparisons between the experimental information and the
analytical results demonstrate close moment-curvature relevance, which justifies the applicability of the
proposed method.
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1. Introduction

Sted reinforced concrete (SRC) members consisting of structural steel and reinforced concrete
possess high load-carrying performance and are effective structural forms for building and bridge
construction. Besides the high steel strength and effective stiffness due to reinforced concrete, an
effective bond mechanism between the structural steel and reinforced concrete significantly contributes
to the SRC performance (Ricles and Paboojian 1994, Weng et al. 2001, 2002). It has been observed in
the author’s previous experimental investigations (Hsu and Wang 2002) that the local buckling
tendency of steel within SRC composite members is significantly reduced and the flexural strength of
the composite member, because of the bond mechanism, is higher than the sum of the individual steel
and reinforced concrete strength.

Current information on SRC composite member design focuses primarily on member strength
calculations, e.g. the ACI-318 (2002) design equation for composite member strength. In this design
guide, afully composite mechanism and compatible sted-concrete strain digtribution, as shownin Fig. 1,
is assumed throughout the load-carrying path, both in the elastic and inelastic stages. This assumption
raises concerns about whether the calculated member strength could be over-estimated or the achievable
deformation associated with the calculated maximum strength biased because the bond conditions
might degrade, particularly during the eastic-plastic range, when member deformation increases
causing concrete cracks on the members. Fig. 1 describes the deformation condition of a partialy
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Fig. 1 Strain distribution of SRC section at various bond conditions

composite section. Accordingly, the evaluated structural responses and the subsequent implementation
in engineering practices, based on the fully composite mechanism might be inadequate for effective
structural designs. Therefore, analyticad model investigation to rationally define the relationship
between the bond mechanism and the member behavior, both in the elastic and inelastic stages, is
necessary to provide adequate design information (Kwak and Kim 2001).

In general, the effectiveness between the structural steel and concrete composite mechanism in SRC
members can be affected by many parameters. For example, the contact surface condition (Bryson and
Mathey 1962), magnitude of member curvature, ¢, asis defined in Fig. 1, and presence of cracks, etc.
These factors produce a complicated and highly non-linear problem when the composite mechanism
and member behavior are correlated. To make this investigation feasible, an experimental program,
described below, was conducted first to establish the response references for the subsequent analytical
study.

2. Experimental program

Six specimens, including three steel members with different cross sections: JS H200x100x5.5x8,
H194x150x6x9, H200x200x8x12; and three SRC members composed of steel sectionsidentical to the
previous steel members were fabricated for testing. These specimens were categorized as S-series and
SRC-series, respectively, and used to investigate the relationship between the member behavior and
the steel-concrete composite mechanism. The yield strength for the structural steel was 312 MPa.
Longitudinal bars and stirrups for the reinforced concrete for the SRC sections were composed of four
#6 deformed bars and #3 deformed bars at 100-mm spacing. The yield strengths for the #6 and #3 bars
were 529.2 MPaand 563.2 M Pa, respectively. The compressive strength of the concrete was 38.5 MPa.
The specimen details are listed in Table 1 and shown in Fig. 2.

In each loading test, the specimen bottom was rigidly clamped by apair of stiffened platform, and the
member tip was attached to a servo-controlled hydraulic actuator for load transmission. Each specimen
was subjected to an increasing flexural load by the prescribed increasing displacement, until the
member reached the indlastic stage. Thetest setup isshown in Fig. 3(a). Strain gauges were mounted on
the sted sections and the longitudinal bars of reinforced concrete to evaluate the strains, sectional
curvatures and the corresponding member resistance at various load stages. Strain gauge arrangements
are shown in Fig. 3(b). The load deformation relationship was established by integrating the stress
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Table 1 Specimen labels and dimensions

. Stedl section Sted ratio
Test group Specimen No. dx by xt, %t (mm) Rebar s (%)
S100 H200x100x5.5x8 N.A. N.A.
Stedl S150 H194x150x6x9 N.A. N.A.
S200 H200x200x8x12 N.A. N.A.
SRC100 H200x100x5.5%8 #6 19
SRC SRC150 H194x150x6x9 #6 2.8
SRC200 H200x200x8x12 #6 4.6
W) bf
o)
0
O
g 5
N ™)
Units:mm

Fig. 2 Sectional details of the test specimens

blocks and the sectional curvatures, as discussed in subsequent sections, through the loading process.

Asindicated in Fig. 1, a compatible strain distribution within the section must be maintained when
the section is fully composite. In this case, identical curvature will be exhibited by the steel section and
the reinforced concrete. However, when the member is subjected to larger deformation, the fully
composite mechanism will begin to degrade and the strains on the steel section and reinforced concrete
will deviate and redistribute, although the curvatures of these two parts will remain the same. Fig. 4
shows the curvatures of the tested members at various deformation magnitudes. The information
presented in this figure complied with the above-mentioned phenomena.

In order to distinguish between the composite mechanism effect and the member behavior, the
curvatures of the steel members and the steel section of the corresponding SRC members are further
compared in Fig. 5. The figure shows that the steel curvature in the SRC members remained at the
equivaent levd of the steel member, both in the fully and partially composite stages. However, the SRC
members sectiond neutral axes deviated causing parale shifting in the steel strains. This phenomenon
indicated that a particular bond mechanism, i.e., the longitudinal bond force resultant, caused axia
strain in the SRC composite member. Variations in the magnitude of the bond strength at different
composite states affect the sectiona strain distribution, calculated strength, and accordingly, the member
deformation. Therefore, an adequate analytica model investigation to take the bond mechanism into
account and effectively define the load deformation relationship is essential.
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Fig. 3 Experimental program: (a) test setup, (b) strain gage arrangements

3. Analytical model

As mentioned above, the ACI-specified procedures for composite member strength calculations
require full composite mechanism and compatible strain distribution between the steel and concrete
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Fig. 4 Strain distributions of the steel and RC portions in the SRC section: (a) fully composite; (b) partialy

composite

throughout the load carrying process (Park and Paulay 1975, El-Tawil and Deierlein 1999, Yacin and
Saatcioglu 2000). This requires a highly iterative and cumbersome analytical process. To dleviate the
calculation difficulty and acquire important load deformation information, not available in the current
ACI process, asimple and effective approach that accounts for the bond strength between the steel and
concrete at various load stages is adopted in this study.

3.1. Bond requirements

The dtrain disgtributions of the stedl, reinforced concrete, and fully composite SRC sections are
considered and shown in Fig. 6. The associated neutral axes of these sections, (N.A.)g, (N.A.)gc, and
(N.A)sre, Will differ due to various sectional compositions. Because the neutral axis of the fully
composite section deviates from its center of gravity, (C.G), the magnitudes of the compressive and
tensile strains on the steel section will be unequal. Thisis different from the strain responses of a steel-
only section. Similarly, the compressive concrete strain on the fully composite section is also different
from the strain va ue of the reinforced concrete section alone. The variationsin strain distribution on the
composite section and its components indicate that the bond strength between the sted and concrete
effectively mobilizes steel and concrete deformation.
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Fig. 5 Strain didributions of sted sections a various drift: (a) fully composite (drift=0.5%); (b) partialy composite
(drift=1.5%)

For astructural steel section subjected to bending, the compressive and the tensile forces induced on
the section, Cq and Tqg,, as shown in Fig. 6(a), must be the same in magnitude and acting at the same
distance measured from the center of gravity. That is.

Cso = Teo (1)

Similarly, the resultant compressive and tensile forces induced on areinforced concrete section dueto
external load, denoted Creo and Treo, Will also be in equilibrium:

Creo = Treo @

These equilibriums are altered when the structural stedl is encased and fully bonded to the reinforced

concrete forming acomposite member. In this case, the sectional responses must be correlated using the
following force equilibrium, as shown in Fig. 6(c), and expressed as:

CrctCs = Tre+Ts )

in which Crc and Cs are the resultant compressive forces acting on the composite section’s reinforced
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Fig. 6 Strain and interna force distributions for various sections: (a) stedl only; (b) reinforced concrete; (¢) SRC

concrete and stedl portions; respectively. Similarly, Trc and Ts are the tensile resultant forces acting on
the composite section’s reinforced concrete and sted portions. The parameters in Eq. (3) can be
obtained by evaluating the strains, and subsequently, the stress blocks, as shown in Fig. 6(c). This can
be found in the figure by comparing the strains at the center of gravity of the SRC sections where the
bond strength induced increment and decrement of the tensile strains on the SRC section steel and
concrete, denoted &g and &reg, respectively, than those on the individual steel-only or reinforced
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Fig. 7 Bond force distribution: (a) internal force; (b) three-dimensional sketch

concrete sections. To make the deformation compatible, the relationship between these values and the
strain at the center of gravity of the reinforced concrete section, &, can be related and expressed as
follows:

Es0t Erco = &0 4

As shown in Fig. 7, the neutral axis of a composite section is located at a distance away from the
section’s center of gravity toward the section’s compressive zone. Therefore, the resultant compressive
force on the steel portion of the SRC section, Cs, is smaller than the tensile force, Ts. To balance the
force acting on the SRC's stedl section, an additive force, which is the bond force between the steel and
reinforced concrete, must develop. This force is related to the bond stress exhibited on the contact
surface between the steel and concrete. Because the structural sted is doubly-symmetric, the bond
mechanism can be expressed using a resultant bond force, Fys, longitudinally acting on the steel center
of gravity. Therefore, the following equilibrium can be established:

Cs+Fys = Ts (5)

A similar phenomenon can be observed in the reinforced concrete portion of the SRC section. As
shown in Fig. 6(b), the neutral axis of the composite section is shifted and becomes closer than the
neutral axis of a reinforced concrete member toward the section’s center of gravity. This means that a
larger compressive areais achieved in the SRC section than that in a RC section only. The tensile force
acting on the reinforced concrete portion of the SRC section, Trc, is thus smaller than the compressive
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force, Crc. Therefore, an internal tensile force, Fyrc, must be induced to achieve the equilibrium. This
mechanism results in the following expression:

Crc = Tre *+ Fure (6)

Since the bond force between the steel and reinforced concreteis an internal force and must be in self-
equilibrium, they can be equated and expressed using a single parameter Fy,:

Fus = Furc = Fur (7)

This value indicates the bond requirement for a fully-composite section.
Asindicated above, the tensile strain increment on the steel of acomposite sectionis gg,. Thisvalueis
due to inter-facia force application, Fy,, and can be expressed as.

— Fbr
€sp = EAs (8)

in which Es and Ag are the Young's modulus and cross-sectional area of the stedl.
Similarly, the compressive strain increment on the reinforced concrete of the composite section, grco,
can be expressed as:
£ - I:br
R0 (EA)Re

where, (EA)rc is the equivaent axia rigidity of the reinforced concrete, and can be evaluated using:

)

(EA)rc = EcAcc + EpA, (10)

Inwhich Ec, E, are the moduli of elagticity of the concrete and longitudinal bars, and Acc and A, are
the concrete area under compression and the total cross-sectional area of the longitudinal bars,
respectively.

The bond requirement, Fy,, for the composite mechanism at various deformation stages thus can be
established by equating Egs. (8), (9), and (4), and expressed as follows:

e - (EAREAS
br

= & 11
(EA)rc + Edhg™? (1

3.2. Bond strength

In order to evaluate the bond effectiveness during the loading process, the bond strength between the
steel and concrete, Fy,s, must be compared with the bond requirement, Fy,. According to the study by
Roeder (1999), the bond strength per unit area, f, (MPa), isafunction of the ratio between the steel and
composite section areas, ps, and can be expressed as follows:

f, = 1.256 —9.554p (12)

This bond strength is assumed uniformly distributed around the steel contour to an effective length,
Lub, When the members were subjected to an applied load. The vaue for Ly, can be expressed as follows:
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Ly, = (3.22-24.519p4)d (13)

in which d is the depth of the structural steel. Therefore, the resultant bond strength between the steel
and concrete, Fps, can be evaluated using the following expression:

Fos = foLublss (14)

In which L is the length of the contact surface between the steel and concrete. As long as the bond
strength, Fy, is greater than the bond requirement, Fy,, a fully composite section is maintained.

3.3. Behavior at inelastic stage

Asindicated in Eq. (11), the bond requirement increases when the sectional strain and the curvature
increase. Because the bond strength is limited, a bond degradation state will develop when the bond
requirement becomes higher due to alarger deformation that exceeds the bond strength. To adequately
illustrate the relationship between member deformation and the corresponding load, a modified model
that describes the bond mechanism and evaluates the member strength must be adopted. It has been
demonstrated that residual bond strength after the initiation of bond degradation, f, , can be represented
using a fraction of the origina strength, shown in Fig. 8, as follows:

fy = fp—a’(e—g,) (15

In which a* is a strain-dependant bond strength reduction factor, and &, is the strain associated with
the initiation of bond strength degradation. The value g, can be determined using the following
expression:

_ Fbs
& = AcEs (16)

Therefore, the bond strength at the inelastic stage, F,, can be evaluated by replacing f, in Eq. (14)
with f,' to obtain the following expression:

Fps = fy'Luplss (17)

-
o~

&y g
Fig. 8 Relationship between bond strength and sectional strain
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4. Validation of proposed model

The member strength at the elagtic and inelastic stages, M. and M;, respectively, can be evaluated
using the couple action from the resultant tensile and compressive force, as shown in Fig. 9, and
expressed by the following:

Elastic stage

M = ZCgre - d; (18)
Indastic stage
Mie = ZCéc - o (19)

in which 2 Cqc and X Cac are the resultant compressive force at the dastic and inelastic stages,
respectively, and d; and d; are the distance between the resistance centers of the resultant compressive
and tensile forces at the corresponding loading stages. Based on the theorem of equilibrium, the
resultant compressive and tensile forces are equal and opposite in direction, both in elastic and inelastic
stages, and can be evaluated by the following expressions:
Elastic stage
2Csre = 2Tgre = Cre *+ Cs (20)

Indastic stage
3Cgqre = ZTgre = Cpe +Cg (21)

The difference between Eqgs. (20) and (21) is that the values Cre, Cs, and Cre, Cs are calculated with
respect to the effective sections in the elastic and inelastic stages, respectively.

Fig. 10 shows the procedures for establishing the load deformation relationships. Table 2 lists the
corresponding moment strengths at typical curvature points obtained from the tests and the analytica
procedures. The comparisons between the experimental and analytical results in the moment-curvature
relationships for the composite SRC members are also shown in Fig. 11. The figure shows that significant
relevance was achieved, which justifies the applicability of the proposed method in SRC member
behavior analyses.

(a) (b)
Fig. 9 Member strength calculations: (a) elastic stage; (b) indlastic stage
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Table 2 Analytic moment strength compare with experimental result
Corresponding moment (kN-m)
Curvature
(1/m) SRC100 SRC150 SRC200
Analytic  Experimental Analytic Experimental  Analytic ~ Experimental
0.005 85.174 84.3724 91.279 92.315 129.636 131.208
0.010 156.526 153.752 172.872 179.714 217.610 220.232
0.015 168.460 160.181 209.894 207.037 270.960 273.051
0.020 171.413 166.369 215.801 214.631 279.135 280.166
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Fig. 11 Comparisons of analytical and experimental results

5. Conclusions

0.03

This study investigated the composite mechanism and its effect upon the behavior of an SRC member
subjected to aflexural load. Specimens with various sectional compositions were fabricated and tested
under flexural loads to obtain the member responses. The relationship between the member strength
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and deformation was established by considering the bond mechanism between the steel and reinforced
concrete. An analytical model that incorporated the sectional strains and the elastic and inelastic bond
mechanism was proposed for moment-curvature relationship derivation. The results from the flexural
load tests were used to validate the accuracy of the proposed model. Comparisons between the
experimental information and the analytical results demonstrate that close relevance was achieved,
which justifies the applicability of the proposed method.
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