Design for Bond in Reinforced Concrete

o

7.1 Introduction

Inthe previous chapters, we made an assumption that there exists a perfect bond between the steeland =
the surrounding concrete in order to have strain compatibility. In this chapter, we will elaborate this assumption
along with the concept of development length. We will look into the fact that why anchoring of tensile bars are 4
essential, how tor/deformed bars are better than plain bars, when the question of bond arises? We will understand i
what does ‘bond stress’ means along with the concept of ‘bond strength’. '

7.2 Bond in Reinforced Concrete

- ‘Bond’ in reinforced conc_:rete.is the adhesion (adhesive fofce) between the reinforcing steel bar and the
surrounding concrete. Due to this bond only itis possible to transfer the axial force from the reinforcing steel to
the surrounding concrete thus thereby intrdduqing strain compatibility, composite/combined action of steel and

concrete which avoids slippage of reinforcing bars from within the concrete: The basic assumption of flexural

theory that plane sections remain plane before and after the bending is valid only if bond between the concrete
and the steel is effective. . ‘ :

inforcing barin'concreté isjust like a string only wherein the stress
points on the string,: =« . s :

Itis because of the bond only that the axial stress (tensile, compressive) in the reinforcing bar vary along

its length from point to point. This is essential to accommodate the variation in bending moment along the length
of flexural member. : '

7.3 Mechanism of Force Transfer Through Bond
Transfer of force due to bond in reinforced concrete is achieved by the following mechanisms:

1. Chemical adhesion due to sticky glue like properties of certain products of hydration of cement in
concrete.

2. Frictional resistance due to surface roughness of reinforcement and the grip exerted by the surrounding
concrete.

. .
e(;han'ca terlocki g due to surface p otrusiol 5/ bs on deforr \ed reinforcir g bars which is in fact
3 M

not available for plain reinforcing bars.

7.4 Bond Stress

resistance Is ac eved by develop ent of tanger tial (S eal ) stress alo g the interface (CO tac
dre

o e. The stress developed at the interface of steel and

tace) between the reinforcing bars and the concret
rfa
?c‘)ncrete is called as bond stress.

7.5 Various Types of Bond in Reinforced Concrete

Tt are two major iypes of bol g S:
ere il nd acco ding to the types of lOadlng a! ,
F‘exural bond: It comes into play in flexural members on account of shear or variation ir bendir g

i i inforcing bar.

' t Thig in turn causes a variation in the axial tension along the length of reinforcing
moment. : elong e le
Flexural boq‘?;is critical at locations where shear (V= dM/dx) ?s signific e iorabaroratine
A horageldevelopment bond: It arises over the length of anchorage provi
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‘Fig.7.1 Different types of bondin reinforced concrete

7.6 Flexural Bond I . A
° i i i oment is due to
The variation in tension along the length of reinforcing bar owing t<') :/arylr?g k;e:dxgcmh o

flexural bond. Consider two sections on a beam distant ‘dx’ apart as shown in the Fig.7.1,

by a differential moment ‘dM'. If ‘Z is the lever arm then,




At section A, M=Cz=Tz
and at section B, M+ dM = (C+ dC)z = (T+dT)z
am

From above two equations, dT = -
Therefore, force ‘dT which is the unbalanced force in the bar actu;al'ly‘ gets transferred to the surroun

the interface of reinforcing bar and the surrounding concrete. '

Let, o = Total perimeter of all the reinforcing bars at the beam section under consideration
dx = Elementary length of the beam under consideration
u; = Flexural bond stress

Thus, u(Zo)dx = dT

From equations (i) and (ii),

(i)

e amiz- v s
7 (Zo)dx (Z0)z Lo -l
e M
where, V= Transverse shear force at the section = ——

dx

Thus flexural bond siress vis high at locétiqns of high shear force (V) and the term (20) in the denominator
indicates that flexural bond stress can be reduced by using small diameter of large number of bars.
7.6.1 Factors Affecting The Flexural Bond Stress o

The actual flexural bond stress gets affected by the following factors:

1. Appearance of flexural cracking.

2. Localslip of reihforcihg bars in concrete.

3. Splitting of concrete and other secondary effects. -

Do How Flexural Cracking in Reinforced Concrete Affects The‘ Flexural Bond Stress?

You ? ‘From equation (iii) gbove, it is evident that flexural bond stress (up ‘varies with the transverse

Know & shgarforce(V), . v -

; . Thus,,when, V=0,u=0 : ‘ ‘('R

' i.e. o flexural bond stress will be developed &t the locations of zero shear force. But inreality,
this is NOT true. The tensile force in the reinforcing bar (d7) varies between the flexural crack -
locations even at the locations of constant bending moments. At the locations of flexural

*.cracks, tension is carried by reinforcing bars only but at locations in between the cracks,

concrete do take some tension thereby reducing the tensile stress in reinforcing bar {0 some
extent. )

Remember; Fl,e’xuial cracksarein gehéral NOT present in the compression region of beam.

7.7 Anchorage/Development Bond

-

This anchorage/development bond gets developed at the extreme cut-off end of the bar subjected to
tensile force/ compressive force.
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where, f =Maximum stress (tensile or compressive) de

oped at the critical section

7.8 Development Leg;gth _ ‘
As per Cl. 26.2 of IS 456: 2000, development length is: .. b dovelopert on sach
“The calculated tension or compression in any bar-at.any section sh:r s sombinaﬁon o
side of the section by an appqopriate development length or end anchorage " o e
out in tension or pushing itin compression. gn
ertain restrictions or other considerations then in that
ded to supplement with an equivalent embedment

Developmient length prevents the bar from pulling
required development length cannot be provided due to c'
case, bends, hooks or mechanical anchorages are provi
length. .
Development length can be calculated as:
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Fig. 7.3 Assumed uniform average bond stress U,
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average anchorage bond stress .
The average bond stress is still used in the working gtre:s
method of design as given in Cl. B-2.1 .2 of IS 456: 2000. But in the




limit state method of design, this average bond stress is referred
of IS 456: 2000.

. The value of bond stress is increased by 60%
is made for bars in compression.

Table 7.1: Design Bond Stress for Different Grades of Concrete (in N/mm?

LSM (CI. 26.2.1.1 0f IS:456) | — | 12 | 1.4
]wsm (Table 21 0fI1S:456) | 06 | 0.8 | 0.9 | 1

151711919 | 19

11112113 |14

Table 7.2: Development length offully stressed (0.87 f}) single bar in tension (¢= Bar'diameter)

46({)"“. 394, ‘ 37¢ :
: 476 S At |3 ot
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For bundled bars, the development len
increased by 10% for two bars in:contact, 20
increase in development length is made becau
concrete. RO

/ gth. pf;ea:chvbgr Qf_punQIe_d_ bars shall be that of individual bar
% for threg bars,in contact, 33% for four bars in contact. Such an
se of rgducnon in the interface area between the steel and surrounding

Ineffective
perimeter
in bond

Two ba.rs in contact Three bars in contact
(10% increase in (20% increase in
development length) development length)

Four bars in contact
(33% increase in
development length)

Fig.7.4 Bundled Barsin contact

As per IS 456: 2000 development length is assumed to be satisfied in concrete structure if:

- M,
L< 7‘+L0

where, M, = Moment of resistance of the section assumin

design strength ( G, or 0.871})
V = Shear force at support

g all reinforcing bars to be stressed up to,

L, = Length of reinforcement beyond centre of support

‘Remember: In the above expression, the value of (
:gre-confined by a compressive reaction. -

M?/ V) can be increased by 30% if ends of reinforcement

to as design bond stress (1, j)as per Cl. 26.2.14

for deformed bars in tension and a further increase of 259,
0
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When support reaction is very near
to the reinforcement

Fig. 7.5 Confinement of reinforcement ends by compressive support reaction

. M1
The requirement, Ly< v +Ly

can be satisfi\éd by any of the following methods:

1. Provide ﬁore number of bars so that M, is increased: This option however adds up the additional
reinforcement cost: ! e i

2. Increase L, butthis can be done upto a certain extent since width of support cannot be increased
indefinitely. ) ’

3. Decrease the diameter of main reinforcing bars.

7.9 Mechanisms of Bond Failure

The bond between'the steel and the surrounding co’ncrefe may fail'in any one or combination of the
following: . : : :
Failure of adhesion betwéen the reinforcing bar and concreté.

Splitting of concrete that surrounds the reinforcing bar. :
Crushing of concrete in front of the bar ribs in case of deformed bars.
Shearing of concrete embedded between the ribs along the cylindrical surface surrounding the ribs.

Rl

7.10 Factors affecting the Bond Strength
Bond strength is affected by many factors. The following factors attempt to increase the bond strength:
Using ribbed/deformed bars instead of plain bars.
Using smaller diameter bars.
Use of higher concrete grade.
Increasing the cover around the bar.
Increasing the Iength of embedment, hooks, bends etc.

oo s w N

Using mechanical anchorages.

. 7.11 Bends, Hooksiar;d Mechanical Anchorages

Bends are provided irl order to meet the development length requirements for bars in tension or
compression. As per IS 456: 2000, the anchorage value of a bend is taken as 4 times the bar diameter for
each 45 degree bend subject to a maximum of 16 times the bar diameter (Cl. 26.2.2.1 (b) of IS 456:
2000).



Bends and hooks introdu i ncrete the: b ear against. In order th. -
ce beari g stresses in the g

: T Y i L i at thes

beal g stresses do not exceed the pe issible i itS, the turni g adius must be [al!]e enou(

ges | the ts ts es e also be provided th
Mechanical anchora Ol or nu bol welded are

, pla S elc. cal e
Capable of deve oping the stre gin o bar without a y dal age 1o concrete ' ’

7.12 Anchoring Bars in Tension | !

As per Cl. 26.2. : i :
. anChorzgeS pil\slig :alhof IS 456: 2000, for anchoring bars in tension, deformed bars may be used‘w' h
end anchorages proved. ekdeve(ljogment length requirement is satisfied. Hooks should be provided 1‘orIl o
. 0oks and bends should be as per IS 2502: 196 e
: 3 or as per Table 67 of SP-16

7.13 Anchoring Bars in Compression

As per Cl. 26.2. : i
st thepdevelopm:nf.lz r:)ftth ?56. 2000', for anchoring bars in compression, the anchorage length shall b
et g of the bars.ln compression. The projected length of hooks, bends and straj 'e
s if provided for a bar in compression, shall only be conSidéred for de’velopment | a:g”t
r ‘ ength.

7.14 Mechanical Devices for Anchorages

S p Cl. S 45 e ping S J
A e. i 26.2.2.3 of IS 456: 2000, al Iy-mecnanicai o otherd
vice Capab e of developir e strength
of the bar without dai age to concrete ay be used as ancho age with'the appfOVa[ arengt eer—ll -cha ge
. ’

7.15 Anchoring Shear Reinforcement

As per Cl. 26.2.2.4 of IS 456' 2000, for incli T

. 2.2 : , for inclined bars, i

ension where s length i easired o ars, the development length shall be as for bars in
1. Intension zolne, from the end of the sloping or inclined portion of the bar and
2. In compression zone, from the mid-depth of the beam '

For stir i

e ersssl'ind any other sgoondary reinforcement like transverse ties, complete develvopment lengtt
e anener é;wn .de:a ave to be prowdgd when bar is bent through an angle of at least 90 degree around a f)rz;g :
o e e on thmeter‘ and is continued bayond the end of the curve for a length of at least eight hn; a"
e Ie.;g,ﬁh " ;nl e?be}r 1§ bent through an angle of 135 degree and is continued beyond the end of ?ha cure;

east six times bar diameter or when the bar i .

. . ar is bent through an an lg f it i
continued beyond the end of the curve for a length of at least four times bar diameterg\‘ el degrees e
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90° bend 135° bend 180° bend =

Fig. 7.6 Anchoring shear reinforcement

© jonger bar

7.16 Reinforcement Splicing

gplicing is required when the bars available are shorter than that required (due to non-availability of
s owing to manufacturing or transportation problem), when there is a change in the bar diameter (e.g.
cing is done to transfer the axial load from one bar to another with the same line of action.
stress concentrations in the surrounding concrete. To avoid such stress concentrations,
1S 456 2000 recommends that splices in flexural members should not be at sections where the bending
s more than 50% of the moment of resistance and not more than half the bars shall be spliced
lar section. Splicing is done by lapping of bars, welding of bars or with mechanical connection.

in columns) etc- Spli
splicing introduces

moment i
gta particu

7.16.1 Lap Splices

it is done by overlapping the bars over a certain length, thereby making possible the transfer of axial
ng bartothe connecting bar by the mechanism of anchorage (development) bond with the
diameter bars (¢ > 36 mm), for
Cl. 26.2.5.1(a) of 1S 456:

force from the terminati
surrounding concrete. Lap splices aré generally not permitted for very large

which weided splices are recommended. However, where welding is}-‘r)qt"p'ractic;able‘,‘
2600 recommends the use of additional spirals around the lapped bars: " T

Spiral (6 mmo)
@ 100 mm pitch

mmvmm-.ym'n
: By 4 A'A ' AAA'A A R —"

Fig.7.7 Lapping o’flargedfameter barsibyiap'éplicihg

It is always desirable to pend the bars slightly (especially for large diameter bars) at the location of
splices in order to have a collinear.force transfer without any eccentricity, 18 456: 2000 specifies that straight

length of the lap should not be less th_an 15¢ or 200 mm (whichever is more)..The lap length must be atleastequal

to development length. In no case the lap length should be less than 30¢ for fiexural and direct tension and 24¢
for compression.

When two different diameter bars meet at splice location the
the basis of smaller bar diameter, Splices intension members should b
of diamneter not less than 6 mm along with pitch not exceeding 100 mm.

ri lap length should be calculated on
e enclosed by spirals made up of bars

7.16.2 Welded Splicesand Mechanical Anchors
il
ble for large diameter bars for which lap splicing is

- Welded splices and mechanical connections are suital
not recornmended. This leads t0 reduced consumption of reinforc’ing steel. Cl. 12.4 of IS 456: 2000 specifies
that tension tests should be performed on these welded splices in order to check their adequacy.

Welding of cold worked bars (deformed pars) need special attention as there always exists a possibility
of foss of strength due to the heat ot welding. Cl. 26.2.5.2 of IS 456: 2000 states that the design strength of
welded splice should be limited to 80% of design strength of the bar in tension splice.

Butt welding of bars is generally adopted in welded splices. The bars to be spliced should be of the
same diameter. Additional two or three symmetrically positioned small diameter lap bars may also be provided
(especially when the bars are subjected to tension) and fillet welded to the main bars. Even in the case of ‘lap
splices', lap welding (at intervals of 5¢) may be provided in order to reduce the lap length. '

Cl. 26.2.53 of IS: 456-2000 permits the use of end bearing splices for bars in compression.



A reinforced concrete (M25) simply supported rectangular beam of size
300 mm x 500 mm is reinforced with 3-20 mm diameter bars of Fe 415 steel. The reinforcement barg

are bent at 90 degrees at the support. The shear force at the supports is 105 kN under working loag
conditions. Find the value of anchorage length.

Solution:
Factored shear force (V) = 1.5x 105 kN = 157.5 kN
Letclear cover to reinforcement = 30 mm

Thus effective depth of the beam () = 50 -30 --229 mm = 460 mm

I
Area of tension steel (A,) = 3X (ZJ x20°mm? = 942.5 mm?
Calculation of depth of neutral axis:

_ 0.871, Ay _ 0.87x415x942.5

, " = 036206 0.362x25x300
Limiting depth of nef'utral;axis oy i) = 0.4790 = 0.479 x 460.mm = 220:34 mm >x,(=125.34 mm)
Thus beam section is under—reinforced and f, = 0‘87fy is correct in.the above calculation of depth of
neutral axis. Tl ’ \
Calculation of moment of resistance:
Moment of resistance of the beam section (M) = 0.87f A,(d-0.416x) v
o =0.87x415% 942.5(460-0.416 x 125.34) = 138.79 kNm
ond stress (1,,)-= 1.4 x 1.6 N/mm2 = 2.24 N/mm?
o (Cl. 26.2.1.1 of IS 456: 2000)

=125.34mm

For M25 concrete and Fe415, design b

Develogment length:

L 08740 _0.87x415¢

= 40.’é§é '
4Ty 4x2.24 ¢
Anchorage length:
For 90 degree bend, anchorage length (L) = 8¢ = 8 x 20 mm = 160 mm
40,206 < 131879X10° 4
157.5x10

. $<32.4mm
So there is no need to increase the anchorage length.
If the diameter of bar provided was lar
be increased either by extending the bar len,
anchorage in the form of a Ubend (anchorag

ger than 32.4 mm then in that case, the anchorage length had to

gth beyond the anchorage value provided or by providing the
e value = 16¢). ’

Obj

ective Brain Teasers

Q.1 Which of the following option is the best way to
have proper bond between the steel and
surrounding concrete?

(a) Use small number of large diameter bars
(b) Use large number of small diameter bars
(c) Use of shear stirrups

(d) Al of the above

Q.2 When mild steel bars are used in place of
deformed bars then bond strength:
(@) Increases
(b) Decreases
(©) Isindependent of type of steel
(d) Becomes zero

Q3

Q.4

Qs

Q6

Q7

Qs

Match List-1 and List -1l using the codes given
below:
List-
0} Modulus of rupture of concrete
(i) Development length
(i) Modulus of elasticity of concrete
(iv) Nominal shear stress
List-I

(A) 5000yfoy

B) of/ 4Ty

©) v,lbd &

o orfiw !

@ ()-D), (ii)>(|33|’(iii)-(A), (v)-(C)

(o) ()-(B), (i)-(D), (iH)<C), (iV)-(A;
)

(©) (i)-(A), ({-(C), (iii-(B), (iv}-(D

(d) ()-(C). (ii-(A), (iii}-(D), (W)-(B

In limit state design, if 1,4 is the design bond
stress for piain bars in tension, then the bond
stress for deformed bars in compression will be:
(a) 16744 (b) 1.251,,

(©) Ty (d) 2ty

The type of bond which gets developed due lto
variation of bending moment along the beamiis:
(a) Development bond

(b) Anchorage bond

(c) . Flexural bend

(d) All of the above

The minimum lap length required for reinforcing

“bars in tension is:

(a) 30 times the bar diameter
(b) 24 times the bar diameter
(c) 16 times the bar diameter
(d) None of the above

Lap splicing is generally not permitted if the bar
diameter exceeds:
(@) 25mm
(c) 36 mm

(b) 32mm
{d) 40mm

The minimum diameter of s‘p‘irals recommended
for splicing in tension members is:

(@) 5mm (b) 6 mm

(c) 8mm (d) 10mm

Q.9 The pitch of the spirals for splicing in tension

members should not exceed:
(a) 20mm (b) 15mm
(c) 25 mm (d) 100 mm

Q.10 As per IS: 456-2000 recommendations, the

Q.11

design strength of welded splice should be

limited to % of design strength of
bar in tension splice.

(a) 50 () 60

(c) 80 (d) %0

The bond strength for M20 concrete as per IS
456: 2000 is 1.2 N/mm?2. For reinforcing steel of
grade Fe 360, the development length in terms
of bar diameter (¢) is
(@) 47¢
(c) S0¢

(0) 45¢
(d) 369

Q.12 A bar of diameter ¢ is embedded in a large

concrete block as shown. A force P is being
applied to the bar. Let 8 is the bond strgngth
bétween the steel and concrete and o is the
tensile strength of steel bar. Assuming the
material of block does not fail, the maximum
value of P is

L — Concrete
block

Id——l‘—-——b‘

(b) Max. % 265,,1t¢L0b .
Vin

() (
() Min.[gafcb,nq)mﬂ



1. (b) 2. (b) 3.(a) 4.(d) 5. (c)
6. (@ 7.(c) 8 (b) 9.(d) 10.(c)
11, (a) 12. (¢)

Hints:

4. (d)
(1.6 for deformed bars) x (1.25 for compression)
T = 2Tpg

1. (a)

s 360¢
Ly= 22 =— "% - 45.875¢ ~ 47,
41,y 4x1.6x1.2 * ¢

Q.1 Ahook of 20 mm dia. plain bar is embeddeq i
concrete for a lenigth of 150 mm. A load of 154
is applied on the hook. If the ultimate bond sreed
of concrete is 1.2 N/mm?, check whether the loag
is safe to bk carried by the hook.

v

Ans. [Unsafe, the load will faj] dOWn]'



