Failure Mechanism and Ultimate Strength of Headed Bar
Anchored in Deep Beam Using Truss Models
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1. Introduction
Hooks are generally used to provide anchorage when there is insufficient length available to develop a bar.
For last decade use of headed bar shown in Fig. 1 has
provided viable option for hooks.! DeVries, et al2
investigated additional anchorage strength provided by
available bonded length of headed bars in case of
side-blowout capacity of deeply embedded headed bars.
At failure the bonded length carried approximately 33%
of the total load based on experimental observation. ACI
352-02 specifies that the development length of a headed
bar should be taken as 3/4 of the value of a hooked bar.
The applicability of the design formulas in the provision
of ACI 352-02 statically derived from the test data is
usually restricted to the prediction of behavior with the
same test condition from which formulas were derived.

Fig. 1 Headed bars and hooked bars
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This paper presents strut-and-tie models for a headed bar
development with consideration of bonded lengths of bars
depending on surrounding structural configuration. Force
transfer by headed bars develops disturbed stress regions
adjacent to bar and therefore, strut-and-tie model may be
one of promising design tools for detailing of headed bar

in concrete members.
2. Truss model for headed bar

2.1 |dealized deep beam and assumptions

A deep beam shown in Fig. 2 is considered as an
idealized structure to study the anchorage capacity and
failure mechanism of a headed bar development in
C-C-T node. The plastic idealization of the material
propertiecs of concrete and reinforcing ensures a rigorous
analysis within the theory of plasticity.3

It is assumed first that a strut-and-tie model for the
headed bar consists of uniform diagonal compression
fields (S77) with bi-axially compressed nodal zones at
head and supports and fan-shaped stress fields (S72)
transferring the bond stress along the bonded length to
the supports as shown in Fig. 3. Possible failure modes
for the deep beam with headed bar involve the yielding
of headed bar, the crushing of struts, and the crushing
failure combined with the bond failure of headed bar.

2.2 Force equilibrium

Half of the structure is necessary
discussion because of its symmetry with respect to the
vertical center line. Fig. 3 shows the free-body diagram
for the right half of the deep beam. The stresses of the
biaxial compression node OHI are assumed to be equal

in the following

Fig. 2 Truss model of headed bar in CCT node
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Fig. 3 Free-body diagram for half of the truss
model excluding vertical bar

to effective compressive strength of concrete (0,'=a,’=f.) to simulate stress concentrations in front of the
head: The value of a net head area A4, divided by a thickness of the beam ¢ is defined as an equivalent
effective width of a head 2b, and then the width of node OHI is b. From the force equilibrium of node
OHI and the strut ST/, the stress of the strut ST/ should be equal to an effective compressive strength of

concrete (0n=f~) and the width of ST/ should be uniform.

Region HGFD is assumed to be uniaxially stressed with a principal compressive stress . 7, and s, denote
the size of the bearing and anchor plates, respectively. In the following it is assumed that minimum size
bearing and anchor plates are used which results in bearing stresses and, hence, principal stresses in the
biaxially compressed nodal zone equal to the effective compressive strength of the concrete (p=g=fu.).
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The failure modes of the system are divided into two ¢

kinds depending on the stress states of the 12 )

m ion field ST2. If the shear stress 7, alon b
compression fie shear stress 7 g LN
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the vertical headed bar reaches its ultimate strength 1b1_ o
U/(2f) in Segment DH, bond failure occurs. The H
other failure is concrete diagonal crushing failure
when the principal stress oz of the compression field
ST2 reaches the effective compressive strength of |
concrete fo, before the bond stress along the vertical

headed bar does not reach its yield strength. B
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2.3 Bond failure with the yielding of the horizontal
bar
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In the bond failure, the bond stress resultant U along
the vertical headed bar reaches its ultimate bond Fig. 4 Geometry of half of the structure
strength U, in Segment DH while the concrete of the
compression field ST2 does not crush. For the failure of the system, another structural component of the
truss model needs to be in an ultimate stress state, so the tensile force of the reinforcing bar is assumed to
reach its yielding strength.

From yield conditions, equilibrium conditions for infinitesimal elements XX'W and XXR'JR, boundary
conditions of nodes and fan-shaped stress ficld S72, and material properties, the governing equations are

determined as

f(s)=—%s+lb—-;2y-b )
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where o=(li2)/,, [=bll., y=Up/(fat), aF(A,,ﬁ)/(f,.,tIg), An=area of horizontal remforcmg bar, f=cffective yield
strength of reinforcing bar, K.=(1-o)(a-f), Kope="1+ vI=7) /4, and K, =1 - yT=7) /4

The effective bond length /, is determined form the slope K, which can be expressed with the geometry of
the line DF in Fig. 4 (Eq. (3). s, can be expressed in terms of @, f, ) o, and K. Substituting K=K, and
5=5,, in Eq. (2) yields an equation which involves an unknown slope K, as Eq. (4).

— B/K,— L,
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Solving Eq. (4) for K, and substituting K, into Eq. (3) yield the effective bond length /,. The ultimate load
P, can be obtained from Eq. (5).
P, = U]l,+2tbf., =2stf, 5)
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2.4 Concrete diagonal crushing failure &
While the bond stress resultant along the vertical :
headed bar and the tensile force of the headed bar
are less than their yield strengths, the principal stress

0y of the compression field ST2 reaches the effective
compressive strength of concrete f. and the tensile
force of the reinforcing bar reaches its yielding

Ll

strength in the concrete diagonal crushing failure.

The governing equations are obtained from yield 35
conditions, equilibrium conditions for infinitesimal T, = = = = _-"—'_4,—1:0
elements XX'W and XX'R'IR, boundary conditions of £ fﬁTﬂ‘f§ >s
nodes and fan-shaped stress field S72, and material y : k4
. s
properties, { °
1 1 b 12 vr
£(s) =— (K:, + 7(—)5, r(s) =— 7S5t wl, Fig. 5 Truss model and ultimate stress state for
o [

concrete diaonal crushing failure mode
Q) :
The slope K is constant as K, for all s. The size of bearing plate s, is determined from Eq. (6) by sctting
r=0 and s=so,. The ultimate load can be determined from the equilibrium condition in the x-direction.

_ 2w(1—w)ltf,,

P, =2f st = e @)

3. Conclusion

1. The presented truss model for headed bar development in C-C-T nodes explains two type of load
transfers of headed bars from the headed bar to the supports. One is a uniform strut S77 formed from the
front of the head by bearing and the other is a fan-shaped compression field ST2 along bar/concrete
interfaces by bond.

2. The stress state of the compression field ST2 determines the controlling failure mode of deep beam with
a headed bar. If the shear stress at the headed bar/concrete interfaces reaches its yield strength, bond
Jailure occurs. When the principal stress of the compressive field S72 reaches an effective compressive
strength of concrete, concrete diagonal crushing failure occurs.

3. The failure mode and the ultimate load for a headed bar in C-C-T nodes are dependent on the head
size, material strengths, and the surrounding structural configuration including geometry and reinforcement

details.
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