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Abstract

The distribution of bond stresses along the anchorage of a reinforcing bar in concrete plays a key role in controlling the load
transfer and inelastic deformation of a Reinforced Concrete (RC) member under load. The typical bond stress—slip relation-
ships specified in the model codes are given as average ‘local bond stress’ versus ‘local slip’ relationships which may be
taken as statistically acceptable to represent bond—slip behavior in RC specimens with short anchorage lengths. This paper
demonstrates the use of a viable analytical procedure for calibration of bond-slip relationships of the anchorage of deformed
bars in RC members subjected to bending. The analytical modelling of the bond—slip relationship is based on observations of
load-deflection behavior in laboratory experiments of full-scale RC specimens designed with relatively long end development
of anchored bars beyond a critical section. The calibrated bond—slip relationships for selected anchorage specimens have
been used to develop a modified model of peak local bond stress for splitting type bond failure. The model proposed in this
paper takes into account the effect of variations of anchorage length on the bond—slip behavior, in addition to the effects of
bar diameters, concrete cover and concrete strength that are typically taken into account in the model codes.

Keywords Anchorage - Anchorage length - Bond stress - Bond failure - Reinforced concrete

1 Introduction

The distribution of bond stress along the anchorage of rein-
forcing bars in concrete is of crucial importance since it
controls the load transfer and the inelastic deformation of a
Reinforced Concrete (RC) member under load. The typical
bond stress—slip relationships specified in the model codes
(e.g., in FIB Model Code 2010 [1]) are formulated based
on the assumption that under well-defined conditions, there
exists an average ‘local bond stress’ versus ‘local slip’ rela-
tionship that is statistically acceptable for short anchorage
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lengths. The specifications in different codes of practices
(e.g., in [2-5]) for determining the development length or
lapped splice length of anchored bars are also based on data
mostly obtained from small-scale RC “pull-out” test speci-
mens with relatively short embedment lengths of bars. Local
bond—slip models are mainly based on test data such as that
obtained from the RILEM pull-out test [6, 7] with a short
anchorage length typically five times the bar diameter and
with a relatively thick concrete cover equal to 4.5 times the
bar diameter [8, 9]. Although the FIB Model Code 2010 [1]
has extended its local bond—slip model to cover splitting
failure modes, bond—slip models for deformed bars have his-
torically been derived first for well-confined conditions in
which concrete cover of sufficient thickness ensures a pull-
out failure mode in which the bar pulls out of the concrete
leaving a smooth hole and without splitting the cover [9].
At the ultimate state of bond failure, the pull-out specimens
with short anchorage length typically develop nearly uni-
form bond stress distributions at the bar concrete interface.
Therefore, the scope of application of these bond—slip rela-
tionships for modelling typically longer anchorages of rein-
forcement in full-scale RC members is questionable [10].
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Bond-slip phenomenon significantly affects the structural
behavior and efficiency of different sub-elements in a RC
frame, including column, foundation, interior and exterior
beam—column joint [11]. It also affects the crack patterns
and failure modes in RC beams and slabs [11]. The vali-
dation of the existing analytical models of bond-slip were
mostly performed on small-size specimens, where only the
elementary features of the models were tested [12, 13]. In
many cases when RC structures are considered, one of the
most used approaches of modelling is to consider a no slip
relationship between steel and concrete, i.e., perfect bond
[12, 14]. Although the assumption of perfect bond between
the concrete and reinforcing bar is often a sufficient assump-
tion when modelling the ultimate behavior of a large RC
structure, it is not of course appropriate when modelling
bond or anchorage failure in RC members [15].

The bar—concrete interface along the anchorage is treated
as a continuum in the formulation of a typical analytical
bond—slip model. However, the random development of
cracks may affect the bond stresses [16, 17]. Existing mod-
els ignore such extreme variations or discontinuities in local
bond stresses and the local slips that may occur at or in the
vicinity of the flexural cracks. As the reinforcement—con-
crete bond directly influences the evolutions of cracks,
implementation of the no slip relation may produce imprac-
tical model outputs in numerical simulations of practical
situations of RC members under load (e.g., [12, 15, 18-20]).
Notwithstanding, the bond—slip models proposed by differ-
ent researchers vary widely depending on the particular
anchorage type being modeled (e.g., [1, 21-24]) or depend-
ing on the particular type and geometry of a structure and
its response under variable loading conditions (e.g., [25]).

Therefore, a reasonable representation of the highly non-
linear bond stress—slip relationships usually observed in
laboratory experiments is required to obtain reliable out-
puts especially when modelling the behavior of full-scale
RC specimens under overload. Based on observations of
laboratory test results of the two types of anchorage length
RC specimens reported elsewhere by Gilbert et al. [16, 26]
and Mazumder et al. [27-30], it was evident that the average
ultimate bond stresses along an anchored bar varied signifi-
cantly depending on the variations of the anchorage lengths
and the bar diameters in the specimens. In practical cases of
longer anchorage lengths provided in RC members, average
bond strength generally decreases with increasing anchor-
age length [8, 16, 31]. One of the possible reasons for the
variations was ascribed to the presence of flexural cracks
along the anchorage zone of full-scale RC specimens [10,
16, 17]. Therefore, it is reasonable to consider that the local
bond-slip relationships to be used for analytical or numeri-
cal modelling in RC specimens should not only depend on
the bar diameters but also on the anchorage lengths provided
in the specimens.
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This paper discusses the test results from a few selected
anchorage length RC slab specimens that were tested by the
authors under three-point bending action. The load-deflec-
tion behavior of the RC test specimens was observed dur-
ing the experiment up to the point of anchorage failure. A
simple but viable analytical model of bond—slip proposed by
Yankelevsky [32] was used and a systematic procedure of
calibration of bond—slip models was performed using the test
results [31]. The efficacy and validation of the recalibrated
analytical model of bond-slip relationships [31] for finite
element (FE) modelling of full-scale RC anchorage length
specimens has been reported by Mazumder and Gilbert [15].
This paper aims at presenting the detailed mathematical for-
mulations and solutions of the analytical model of the local
bond-slip relationships and also discusses the detailed pro-
cedure for verifying a local bond-slip relationship that is
consistent with the experimental test data. The application
of calibrated bond-slip relationships for the specimens is
extended further to develop a modified model of peak local
bond stress for splitting type bond failure.

2 Experimental program

A series of tests on 18 full-scale anchorage length RC slab
specimens had been fabricated and tested under static,
cyclic and sustained loads and the test results have been
reported elsewhere [16, 17, 26-30]. The discussion in this
paper concerns the test results of seven selected anchorage
length RC slab specimens that were tested under monotonic
static loads. The RC slab specimens were of equal dimen-
sions each being 2000 mm long, 600 mm wide and 200 mm
deep. The two supports of the slab were at 1200 mm distance
and the specimens overhung at one end by 700 mm. The
location of the applied line load P was at a distance 600
mm past Support 1, as shown in Fig. 1a. Among the four
reinforcement bars at the top of the specimen, the external
two bars were discontinued with a 180° cog past Support
1. For the two middle bars resisting bending action in the
cantilever, the bond between the bars and the concrete was
discontinued at a distance /4 (anchorage length) past Support
1 by encasing each middle bar in a plastic sleeve through to
the other end of the specimen. For testing with a conveni-
ent experimental set-up, the specimen was inverted to keep
the anchored bars located at the bottom of the specimen
(see Fig. 1c). A monotonically increasing static load was
applied on the specimen by maintaining a suitably slow rate
of deformation of the specimen until failure initiated in all
specimens by bond failure within the region of anchorage
length. The maximum load (P,,,,) reached at the state of
bond failure in the specimen was recorded while deflec-
tion of the specimen was measured during the test utilizing
LVDTs. The variables considered were the bar diameter d,=
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Fig. 1 Dimensions and loading arrangements of anchorage length slab specimens

12 or 16 mm; the anchorage length [, = 104y, 154, and 20d;
and the bottom concrete cover ¢ =25 or 40 mm.

3 Overview of the provisions of the FIB
bond-slip model

The discussion of the analytical modelling for the
bond-slip behavior is made using the FIB bond—slip mod-
els [1] as a reference model as it is one of the commonly
used bond-slip models for analytical and finite element
(FE) modelling of RC members. The FIB model code [1]
specifies local bond stress versus local slip relationships
as statistical mean curves for a broad range of cases of
confined and unconfined concrete. The bond stress—slip

relationships applicable for two different bond failure
types are defined by Egs. (1)—(5), with constituent parame-
ters and parametric values shown in Fig. 2; Table 1 respec-
tively. However, these relationships are valid for short
anchorage lengths only under well-defined conditions and
it is recommended [1] that a designer should proceed with
caution while using the FIB bond-slip models to develop
design bond-slip relationships for a particular bond and
anchorage problem.

For monotonic loading, the local bond stress (z) between
the concrete and reinforcing bar for pull-out and splitting
bond failure can be determined as a function of the relative
displacement or slip (s) according to Eqgs. (1)-(4) as speci-
fied by the FIB model code [1] (notations for the equations
are illustrated in Fig. 2).

@ Springer
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Fig.2 Analytical bond stress—slip relationship for monotonic loading
(adopted from [1])
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The values in Table 1 (column 2 and 3) for the pull-out type
bond failure are valid for bond in well confined concrete (i.e.,
with ¢4 > 5d,, clear spacing between bars > 10d,). A maxi-
mum of four bond zones (Zone I-1V, as shown in Fig. 2) exist
in the bond—slip relationship for the pull-out type bond failure.
Two types of bond—slip relationships can be defined for the
splitting type bond failure in a specific bond condition, one is

for unconfined anchorage conditions in concrete (K, = 0) and
the other is for confined anchorage conditions with stirrups.
With s, =s,, and 7;=0 for the unconfined anchorage condition,
there are two bond zones (Zone I and 111, as shown in Fig. 2) in
the bond-slip relationship; whereas three bond zones exist in
the bond-slip relationship for the confined anchorage condi-
tion (with s, =s,, and 7;=0.47,). The expression for values of
peak local bond stress, 7, for the splitting type bond failures
is given by Eq. (5).

Tysplit 12) =1 * 6.54 - (fc’/20)0'25(20/db)0'20

5

()" ()™ +8 K, ©
where 7, =1.0 for good bond conditions and 0.7 for all other
cases; f', is the characteristic (cylinder) compressive strength
of concrete, c,,,, and ¢4 are the maximum and minimum
available concrete cover for a bar to its nearest concrete
surface, and K|, is a factor that accounts for the effects of
passive confinement (stirrups or transverse reinforcement).
The subscript 1 at 7, is to denote the expression of 7,
for the splitting type bond failure in unconfined concrete (K|,
= 0) and the bond—slip relationship for unconfined anchor-
age condition has two bond zones as shown in Fig. 2, while
the subscript 2 at 7y, is for the expression of z, for the
splitting bond failure in confined concrete (with a value for
K,.) and the bond—slip relationship for confined anchorage
condition has three bond zones as shown in Fig. 2. The val-
ues of z, for the splitting type bond failure, given in Table 1
(column 4-7), are valid for d,, < 20 mm, c,,,,/ ¢4 = 2.0, ¢4
= dy, and Ktr=2% in the case of stirrups. The factor K| is
defined in the model code [1] according to Eq. (6).

Ktr =m 'ASV/(n'db'sv)’ (6)

where 7, is the number of legs of confining reinforcement
at a section, A, is the cross-sectional area of one leg of

Table 1 Parameters for defining mean local bond—slip relationship of deformed bars (according to [1])

Parameters (1) Pull-out Splitting

&< &y &< Esy

Good bond condition (2) All other bond Good bond condition All other bond condition

condition (3) ; ;
Unconfined (4) Stirrups (5) Unconfined (6) Stirrups (7)

T, 2.54/7. 1.254/f. 7.0 (f, 20)°% 8.0 (f, 120)*% 5.0 (f, 20)°% 5.5 (f /20)°%
5, 1.0 mm 1.8 mm s('r},) s('ry) s('ry) s(ry)
Sy 2.0 mm 3.6 mm K K] K K
S3 ¢ clearﬂ< C clear * 1'251 0'5Cclear’l< 1'2‘5'1 O'Scclear>|<
o 0.4 0.4 04 04 0.4 0.4
75 0.40z, 0.40z, 0 0.40z, 0 0.40z,
*Cgear (OF 13,) 15 the clear distance between ribs
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confining bar (mm?), s, 1s the longitudinal spacing of confin-
ing reinforcement (mm), 7 is the number of anchored bars or
pairs of lapped bars, and d,, is the diameter of the anchored
bar or of the smaller of the diameters of a pair of lapped
bars.

4 Analytical modelling for bond-slip
behavior

An example of the analytical modelling procedure that
was used to calibrate bond—slip models for the anchorage
of deformed bars in RC members subjected to bending is
presented here. The nonlinear bond—slip relationships of
the FIB model code [1] are idealized by piecewise lin-
ear curves, and are calibrated using the test results of the
selected anchorage length slab specimens (denoted here
as DL-1 to DL-7). The calibration [31] was done using a
computationally viable analytical modelling and solution
procedure that was originally proposed by Yankelevsky
[32].
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Fig.3 Linear approximation of a typical bond-slip relationship

4.1 Mathematical formulations of analytical
modelling

With minor changes in the mathematical formulations of
local bond stress, 7 (x) and slip, s(x) for the bond-slip rela-
tionship in bond zone III, the analytical model [32] used for
modelling bond-slip behavior is outline below. The non-
linear bond stress—slip relationships are idealized by linear
relationships in up to four possible bond zones (Fig. 3) and
second-order linear differential equations for the different
bond zones are defined. The boundary conditions are the
strains in the reinforcing bar e((x) at the two ends of the
anchorage length (/,):

at x = 0: g,(x) =0at x =1[;: g (x) = g,

where ¢ is the strain calculated from the bar stress, o (at
P,..x), based on the analysis of the cracked section at x=1.

Depending on the given boundary conditions and satisfy-
ing conditions of compatibility at the interface of the bond
zones, the differential equations can be solved for any appro-
priate bond-slip relationship to find the unknown lengths of
the bond zones within the anchorage length (e.g., Fig. 4) of
an anchorage specimen. A detail description of mathemati-
cal formulations and solutions of the analytical model is
outline below.

The formulation of typical analytical and numerical mod-
els for bond-slip in reinforced concrete is based upon the
assumption that the influence of concrete deformation on
slip is negligible especially when bond failure occurs with
the strain in the reinforcing bar below the yield strain [32].
Hence, the strain in the bar is related to the slip by:

ds(x)
dx

@)

es(x) =

Equilibrium of an infinitesimal bar element at distance x,
yields the relationship between the bond stress 7(x) and the
axial force T(x) in the steel bar:

1 d7(x)
7(x) = ”_db & ®)

Assuming linear-elastic behavior of the steel bar:

Fig. 4 Idealization of bond

zones within the anchorage (for A A =0

typical pull-out bond failure concrete g

ypieatp ) g Bond zone 11T Bond zone II N <
Bond zone IV ’gBond zone |

reinforcement

la

critical section, at x= /4
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EA, de (x)

T(x) = o )

ﬂ'-db
in which E, and A are the Young’s modulus of elasticity and
the cross-sectional area of the reinforcing bar, respectively.
Substituting Eqs. (7) into (9), when a circular cross-section
of the bar is assumed, we get:

_ Egd, ds(x)

4 dx? (10

T(x)

The solutions of the differential equation yields the expres-
sions for slip, strain and bond stress variations within a par-
ticular bond zone and the mathematical expressions for the
solutions are presented below.

(a) Zone I: 0 < s(x) < 5

The variation of bond stress with slip is:

7(x) = Kys(x) (11)

where Ky =1, /s;. Substituting Eqgs. (11) into (10) yields:

d%s(x 4K
dx(z) - ﬁs(x) =0 (12)
s“b

and solving gives:

s(x) = Cie"" + Cye™ 0" (13)

where a; = /4K, / E.d, and C; and C, are constants to be

determined from the known boundary conditions.
The expression for strain variation becomes:

_ ds(x)

£,(x) P

= a, [Cie"* — Cye™™] (14)

(b) Zone II: s; < s(x) < 5,
The expression for bond stress in this zone is:

) =7, (15)

Substituting Egs. (15) into (10) yields:

d2 4t
s _ Ty (16)
dx? Ed,
and solving gives:
27,
s(x) = ¥ +Cyx+ C, an
sdb

where C; and C, are constants to be determined from the
known boundary conditions.

@ Springer

The expression for strain variation is:

e = B0 _ 4
YT dx T EJ,

S

x+C, (18)

(c) Zone III: s, < 5(x) < 55
The expression for bond stress in this zone is:

7(x) = 7y — Ky [s(x) — 5,] (19)
in which:
T, — T¢
K==
2= 5 s, (20)

Substituting Eqgs. (19) into (10) yields:

Esx) 4K, 4, 4Kps)
+ =— 4+ —
e TEa,"Y " E4 T Ed, @D
and solving gives:
. Ty
s(x) = Cssin(a,x) + Cg cos(ayx) + A + 55 (22)

2

where a, = 1/4K,/E.d, and Cs and C, are constants to
be determined from the known boundary conditions. The
expression for strain variation in the steel bar becomes:

_ ds(x) _

() = —-

@, [Cs cos(ayx) — Cq sin(ayx)] (23)
(d) Zone IV: 55 < s(x).
In this zone there exists a constant bond stress

T(x) = 74 24

Similarly to Zone II, where the bond stress is also uni-
form, the expressions for slip and strain are:

2z,
s(x) = x4+ Cix + Gy (25)
sdb
4Tf
gx) = Esdbx +C; (26)

With four distinct bond zones (Fig. 4) along the length
of an anchored bar for the pull-out type bond failure, a
maximum of 11 unknowns (eight constants C; to Cg and
three values for x (i.e. x;, x,, x3) exist in the formulation
and are required for the solution. These unknowns may be
determined by an analytical solution procedure or using
optimization algorithm for solution [31] with input values
satisfying the boundary conditions and the conditions of
compatibility as follows:
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e At each of the three common boundaries between the
four zones, the conditions of compatibility (equality)
between bond stresses, slip and strain.

e Atx=I, and at x=0, the strain in the bar is known.

4.2 Calibration of bond-slip models for selected
anchorage length specimens

An example of the procedure followed for calibrating
bond-slip models using the test results of the selected
anchorage length RC slab specimens (denoted as DL-1 to
DL-7) is presented here. The anchored bars within each
specimen were unconfined and splitting type bond failure
was observed in all the specimens under overload. There-
fore, according to the FIB model code [1], it is reasonable
to assume that bond—slip relationship with two bond zones
(bond zone I and III) controlled the bond—slip behavior in
the selected specimens. Referring to Fig. 3, when bond fail-
ure occurs under the maximum applied load, at one loca-
tion within the anchorage of the specimen the bond stress ©
reaches 7, with a local slip s,. In this case, with no zone II
(s; =s$,) existing in the bond—slip relationship, compatibil-
ity of strains, slips and bond stresses must exist at the point
of transition between the two bond zones I and III. Bond
zone III continues up to the point where 7;=0 and s=s5. In
this case, with no s,, zone IV also does not exist. Figure 5
shows the idealization of the bond zones as assumed within
the anchorage length of each selected specimen.

The boundary values of strains at the two ends of the
anchorage length (/) are calculated by cracked section
analysis from the experimental test results. Using the input
boundary values and compatibility conditions in the ana-
lytical solution, a total of four unknowns exist (unknown
bond zone I length x;, as well as constants C,, Cs and Cy)
and these can be solved in a trial and error method using
a bond-slip relationship appropriate for a specimen. The
mathematical formulations and solution procedure out-
lined in Sect. 4.1 is used to determine the value of the
unknowns (length of bond zone I, x;; value of constants
Cy, C5 and Cg). The known boundary and compatibility
conditions used for the solutions are:

At x=1,, e(x) = g, (¢, determined from P, by
cracked section analysis),

At x=0, e(x)=0,

Bond stress, strain and slip are equal at the transi-
tion between the two bond zones, 7;(x;) = 7y (x))= 7,
s1(xp) = sy(xp) = 51= 5,

According to the solution procedure, Egs. (27)—(30) pro-
vides solutions for each of the unknowns C,, Cs, Cg and x;
for the two bond zone conditions (Zone I and III) existing in
the bond-slip models for the selected specimens:

51

C,=C=—"—

: 2 2cosh(a;x;) @7
C. = £ + 0, Cq sin(ayly) -

> a, cos(a,ly) (28)
C = a,Cs cos(ayx;) — 2a, C, sinh(er; x,)

6~ a, sin(a,x;) (29)

< - ;—;—Cs cos(ayx;) )

X = sin‘l—CS (30)

a

The system of equations can be solved by manual cal-
culations or using optimization algorithm for solution [31]
with given input values of respective material parameters,
boundary conditions of strains, constituent parameters of
the bond-slip relationship, length of the anchorage (/) and
assumed initial values of unknowns. The bond-slip rela-
tionships as specified according to the FIB model code [1]
for splitting bond failure were first used to check the solu-
tions of the unknown length of bond zones for the selected
specimens. Table 2 shows the bond—slip relationships for the
specimens, as specified according to the FIB model code.
The structural and material parameters of the specimens are
also shown in the table. With the bond—slip relationships of
the FIB model code, i.e. with the values of s, s; and Ty given
in Table 2, no practical solutions of the unknown bond zone
lengths (x; <Ij) could be found for the selected specimens

Fig.5 Idealization of bond A B
zones within the anchorage of % YA
the selected specimens concrete _ AR =0
7 (1)= T (x1)= 7y ; e
=3 St (xl)= St (Xl)= S1= 525
& Bond zone IIT g
L% o = (67 Bond zone I ﬁ:
- w
E reinforcement S
I
= =
© ]
l¢= 10/ 15/ 20dh
unknowns x1, C1, Cs and Cs B
A
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Table 2 Parameters of bond-slip relationships for the selected speci-
mens (specified according to the FIB Model Code 2010 [1])

Parameters Splitting type bond failure
(good bond condition and unconfined anchorage
condition)
£,<&y
DL-1,2 DL-3to5 DL-6, 7
7, (MPa) 10.19 11.86 11.23
s, (mm) 0.35 0.51 0.47
s, (mm) 0.35 0.51 0.47
53 (mm) 0.42 0.61 0.56
o 0.4 0.4 0.4
T 0 0 0
Structural and dy= 16 mm, dy=12 mm, dy= 16 mm,
material param- c4= 25 mm, 4= 25 mm, cg=40 mm,
eters Cmax= 60 mm, ¢, =60mm, ¢ ,=60mm,
f=385MPa, f.=385MPa, f.=36.9MPa,
fy=546 MPa  f =561 MPa f =546 MPa

except for the specimen DL-1. However, real solutions of the
unknown bond zone lengths for the seven selected anchor-
age length specimens could be determined using a revised
bond-slip relationship with constituent parameters reason-
ably estimated from measurements made in the experimen-
tal program. The experimentally measured end-slip of the
debonded bars at P, was used to decide reasonable initial
values of the parameter s,/s,, and the post-peak end slip of
the bars at 0.4P_,, gave an indication of the spread of the
tail end of the bond slip relationship (s3).

Fig.6 Bond zone length and
local bond stresses determined

Since more than one set of real solutions of unknowns for
a specimen could be determined for different sets of param-
eters for the bond-slip relationships, further analyses were
performed to calculate the local bond stresses at locations
of the ribs of the reinforcement within the anchorage length
of each specimen. The average of the calculated local bond
Stresses (T,y, ) along the anchored bar of a specimen was
compared for consistency with the experimentally deter-
mined average bond Stress (7, oxp at Pry,y) for that speci-
men. In a trial and error procedure, the bond-slip relation-
ship was adjusted and the analytical solution procedure was
repeated until the 7,,, ., and 7, .., agreed well. Trial and
error calculations of the analytical solutions for local bond
stresses and subsequently for checking consistency between
Tav,cal AN Tyye o CaN be done using a simple and convenient
programming routine (e.g., [31]).

In this way, the constituent parameters of the calibrated
bond-slip relationships determined for two of the test speci-
mens are shown in Figs. 6 and 7 respectively for DL-1 and
DL-2, from which the real solutions of the unknown length
of the bond zones (x;) could be determined (as shown in
the figures) while the 7,,, ., also agreed reasonably well
with measured 7,, ., for each specimen. The calibrated
bond-slip relationships for the seven selected specimens as
determined according to this procedure is shown in Table 3.

The limitation of the typical analytical modelling pro-
cedure is that the effect of concrete deformation on bond
stresses is neglected, as is commonly assumed when &, <, ,.
If in fact there was no influence of concrete deformation on
bond stress, the average bond stresses would be the same for

for y= 8.8 MPa, s1= s2= 0.25 mm, s3= 3 mm, o= 0.4, 7+= 0

A - B

by calibrated bond-slip relation- H V- A 5

ship for DL-1 : concrete x1=119.7 mm Bond zone | e
Pmax=30.5kN,  iBond zone IlI ; '
Os= 308 MPa 864 868 872} 88 846 814 786 691 682 675 670 1=6.69MPa ‘f
atx=lq X Y : 1 r— r— = r— = = = &
g=0.00147 H =
Toga=7.72MPa § W W W W W W W ) L
Togey=7.69MPa li= 10db= 160 mm 5

4 B

Fig.7 Bond zone length and for zy= 6.2 MPa, s1= s2= 0.8 mm, s3= 10 mm, o= 0.4, 7= 0 B

local bond stresses determined A4 VA A

by calibrated bond—slip relation- H concrete ixi= 145.1 mm x=0

i _ : : O

ship for DL-2 gmix;;?l.\irl’(N, i Bond zone III e Bond zone | -

a;lx: I a {600 602 604 605 606 614 6200 616 600 602 565 r=564MPal I
H ~ o —+ b — 1 - =1 = - —1 D = -— W
&= 0.00228 S
Ta\fg.cal=5.98MPa E |>\<
Togep=5.98MPa 1 — — = = = = = = ¥ = 5
: l4=20db= 320 mm
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Table 3 Calibrated parameters of the bond-slip relationships for selected anchorage length specimens and results of analytical modelling

Specimens Constitutive parameters of the bond—slip relationships Bond zone I Average bond stress within Structural and
(bond-slip (unconfined, good bond condition)e, < Ey length (x;) anchorager,,, (MPa) material param-
relationships) (mm) eters

T y(MPa) sy (mm) s, (mm) s3(mm) o 7 {(MPa)

DL-1, l;= 8.80 0.25 0.25 3 04 0 119.7 Tavg.exp = 1-09Tave cal = 7.72 dy=16 mm, c=25
10d,, =160 mm, ¢p,=
mm (cali- 60 mm, f' .=
brated) 38.5 MPa, fsyz

DL-2, [;= 6.20 0.8 0.8 10(*~c,) 0.4 0 145.1 Togexp= 39870 cal =5.98 546 MPa
20d, =320
mm (cali-
brated)

DL-1, 2 (FIB 10.19 0.35 0.35 0.42 04 0 107.2(DL-1) Tavg.exp = 1-09Tayg cat = 7.51(DL-
bond-slip D
model)

DL-3, [;= 12.80 0.40 0.40 4 04 0 80.9 Tavg.exp = 1 1.927,y0 o= 11.90 dy= 12 mm, c=25
10d, =120 mm, ¢, =
mm (cali- 60 mm, f .=
brated) 38.5 MPa, fsy=

DL-4, [;= 1040 0.6 0.6 6 04 0 1323 Tovgexp =941 Ty a1 =9.35 561 MPa
15d,=180
mm (cali-
brated)

DL-5, l;= 9.00 0.7 0.7 T(*~c) 04 0 234.8 Tavg.exp = 0-T2Tay cal =6.72
20d, =240
mm (cali-
brated)

DL-3to5 (FIB 11.86 0.51 0.51 0.61 04 0 No real solution —
bond-slip
model)

DL-6, [;= 10.00 0.25 0.25 3 04 0 159.1 Tavgexp = -3 1 Tayg cat = 742 dy= 16 mm, c=40
10d, =160 mm, Cp,,=
mm (cali- 60 mm, f' .=
brated) 36.9 MPa, f =

DL-7, [;= 7.00 080 080  10(*~c) 04 0 2523 Tovgexp = 0-027 5 a1 =6.03 546 MPa
20d, =320
mm (cali-
brated)

DL-6, 7 (FIB 11.23 0.47 0.47 0.56 04 0 No real solution —
bond-slip
model)

*c, (or rp) is the rib spacing

identical specimens (where the same materials are used in
the same structural geometry) regardless of the variation of
anchorage lengths. The bond-slip relationships according to
the FIB design model for the identical anchorage length speci-
mens (e.g. DL-1, DL-2) are, in fact, the same regardless of the
variations of the anchorage lengths. However, Table 3 shows
that the constituent parameters of the recalibrated bond—slip
relationships are, in fact, different for variations of anchor-
age lengths in otherwise identical specimens. Therefore,
the changes of the constitutive parameters of the calibrated
bond—slip relationships for each specimen indirectly accounts
for the effect of concrete deformation on bond stresses.
Table 3 also shows that the constituent parameters of some of

the calibrated bond—slip relationships are significantly differ-
ent when compared to the FIB bond-slip relationships for the
respective specimens (e.g. for DL-2, DL-5, DL-6 and DL-7),
both in terms of peak local bond stress, 7y and constituent
local slip values in different bond zones.

4.3 Modified model for peak local bond stress
of the bond-slip model

The analyses presented in this section are aimed at develop-
ing a modified general model of the peak local bond stress
(Ty(spiivy) for splitting type bond failure, that is applicable for
both the unconfined and confined anchorage conditions in

@ Springer
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RC members in bending. The modified model for 7y ;, of
the bond—slip relationship is developed for best consistency
with the respective calibrated values of 7y ca for all the
seven selected specimens.

The bond—slip model of the FIB model code [1] for split-
ting type bond failure considers the effects of variations
of the bar diameter, the concrete strength and the concrete
cover on the mean local bond stresses of the bond-slip
model. The FIB model Eq. (1) is specified according to
Eq. (31) to determine peak local bond stress Ty(split (either
Ty(splino.1 OF Ty(spiino.2) for the splitting type bond failure.

T | znk f; 0.25 E ky C_d ky M 0A1+8K
y(split 1,2) 271 20 db db ¢, tr

€1V
where k; =6.54, k,=0.20, k,=0.33 [as also shown in Eq.
)1
The modified model will also include the effect of the
anchorage length on the magnitude of 7, ;,. It addition-
ally includes a factor (20d,/l4) with exponent k; which is
newly introduced to account for the effect of the variation
of anchorage lengths on peak local bond stress 7, (either
Ty(splin.1 OF Ty(splino.2) for the splitting type bond failure. The
modified model for z; 1 ») NoW becomes

7\ 025 k1904 \ %
Ty(split 12) = Maky <%> <?> <l—b>
b d
|‘<Cd>k4<cmax>o'l ]
— — ] +8K,
d, ¢,

An optimization function was solved to determine
unknown values of coefficients of Eq. (32) [31]. The opti-
mization routine gave outputs of best combination of the
values of the coefficients k|, k,, k3 and k, in Eq. (32) that
optimally minimized differences between f{DL) and respec-
yesplinyeal(DL), where f(DL) represents set of values of
Ty(spliy fOT the selected specimens determined according to
Eq. (32) and 7yipyca(DL) represents the calibrated values
of 7y(piiy) for the specimens as shown in Table 3. Hence, the
optimized values of the factors are determined as k; =3.3,
k,=0.9, k3=0.5 and k, =0.4. The modified model of 7,
for splitting type bond failure is written in Eq. (33). The
average difference between the calculated values of 7,
(according to Eq. 33) and that of the calibrated bond-slip
relationship for the selected specimens is 0.9%.

7\ 025 0.9 05
. 204,
Ty(split 1.2) = 3-3371 & 20 —
yspt S 20 d, I

0.4 0.1
)" ()" g
l(dh> < Caq > tr]

(32)

tive 7

(33)

@ Springer

The modified model (Eq. 33) for estimating peak local
bond stress 7y, Was successfully verified [31] in cali-
brating bonds—slip models for several full-scale RC beam
specimens tested in bending where lapped splices of rein-
forcement were provided in the specimens under different
confinement conditions (with specified K,,).

5 Conclusions

The procedure for recalibration of bond-slip relationships
for the anchorage of deformed bars as presented in this
paper is based on observations of load—deflection behavior
in laboratory experiments of a few selected full-scale RC
anchorage specimens subjected to bending. The RC speci-
mens were designed with relatively long end development
of anchorage bars beyond a critical section. The specimens
were tested under the application of monotonic static load
which showed typical splitting type bond failure within the
anchorage zone. The major finding of the experimental study
was that the concrete deformation had a significant effect
on bond stresses, especially when longer anchorages were
provided in full-size RC specimens.

A simple but computationally viable analytical model-
ling procedure is used for calibrating bond-slip models for
the anchorage of deformed bars in the RC members under
bending. The constituent parameters of the bond—slip mod-
els recalibrated based on the test results of the RC anchorage
length slab specimens show significant variations of mean
local bond stresses and of local slip values when compared
with the FIB model specifications of bond—slip relationships
for the respective specimens. The variations of the calibrated
bond—slip models depending on the variations of anchorage
lengths in otherwise identical specimens indirectly account
for the influences of concrete deformation on bond stresses.

A modified model for estimating peak local bond stress
of the bond-slip model is also presented in this paper. The
modified model proposed in the paper takes into account the
effect of variations of anchorage length on the peak local
bond stress, in addition to the effects of bar diameters, con-
crete cover and concrete strength that are typically accounted
for in the model codes or specifications. However, the
application of the bond-slip models presented in this paper
should be limited for modelling short but practical anchor-
age lengths (/; < 20d, with d, < 20 mm) where splitting type
bond failure is expected to occur within the anchorage length
of RC members under bending.
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