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SYNOPSIS

Five series of tests were performed to investigate the anchorage bond
stresses in concrete bases. In Series I to IV concrete base specimens
were loaded and column starter bar strains measured for different
supporting conditions of the base. Curves indicating the distribution
of steel compressive stresses and bond stresses in the columns and base
slabs are given. Results from these tests indicate that the con-
ventional design approach towards bond stresses in concréte bases is
conservative and that the allowable bond stresses in BS CP110 seem to
be too low while the maximum stresses specified in ACI 318-71 and the

CEB-FIP Recommendations seem to be more acceptable.

In Series V pull-out tests were made on 60 concrete cube specimens
subjected to biaxial normal pressufe. The ultimate bond strength was
found to increase with applied normal pressure in proportion'to the
square root of the normal pressure and square root of the concrete

strength.
A comparative finite element stress analysis was done on a typical

concrete base specimen and the results were found to be in accordance

with the results of the tests in Series I to IV.

W
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Ac
Alg

Area of concrete

Area of compression reinforcement

Area of tension reinforcement

Width of section

Effective depth of tension reinforcement

Static secant modulus of elasticity of concrete
Modulus of elasticity of steel’ '

Total load
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Bond stress
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INTRODUCTION

The design of reinforced concrete column bases, particularly
with regard to bond stresses in column starter bars, seems to
vary widely. In pracetice two basic approaches to the design

of concrete bases exist, namely :

(a) to consider bending and shear only to determine base
thicknesses and to ignore compression bond stresses,

and

(b) to consider the need for the base thickness to be
sufficient to ensure a safe bond stress for the

column starter bars.

The British' and American Codes’ call for both bending and shear -
to be considered in the design of concrete bases. The ACI Codez,
however, requires in addition that where transfer of force 1is
accomplished by reinforcement, the development length to be
sufficient to ensure safe bond stfesses. In BS CP110 allowable,
bond stresses for compression bars are given but the consideration
of bond stresses in the design of column bases is not mentioned

in the relative clauses.

Astill and Al--Sajir6 illustrated through a comparison that a

thinner base is obtained if the base thickness is determined by hj}‘
£ . PR
shear than when a bond stress criteria for fully stressed column“f“ﬂﬁf;; >
bars is used. , s /3575&7”?¢ o
' _.;f-’f: Cofork = f‘f-”‘./ ,/JA‘/ O S

' { L
Astill and Martin3 emphasise that bond stress should be considered -

while Allen4 ignores compression bond stresses in the design of

column bases to BS CP110.

Since many bases have been designed in which compression bond has
been ignored with no ill effects or failures, it seems that the
traditional, theory regarding the calculation of compression bond

stresses in column bases may be conservative.



‘The aim of this investigation was therefore to gather more -
“information on the distribution of bond stresses in reinforced

" concrete column bases.
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2.

2.1

2.2

 from reinforcing steel". The intensity

LITERATURE SURVEY

Bond

Bond is defined10 as "that property which causes hardened concrete
to grip an embedded steel bar in such a manner as to resist forces
tending to slide the bar longitudinally through the concrete" or9
as "the adhesion of concrete or mortar to reinforcement' and bond
strength as "the resistance to separation of mortar and cement
1oiof the resistance offered
or the tangentail inter-surface stress between the concrete and

the steel, is called the bond stress.

The bond stresses13 between steel and concrete are brought about by
changes in the tensile force in the steel caused by external loadings
or by the layout of the reinforcement and depend on a number of
parameters. . The stresses may change rapidly along the bars and for
this reason the idea of "conventional bond stresses" cbrréSponding

to average values along the lengths in question, was introduced.

These average values are the design values for bond stresses.

Mechanism of Bond

9, 10, 12

Bond, as discussed by several investigators, may be regarded

as consisting of three components :
(a) chemical adhesion or glueing by the cement gel

(b) friction between bar and concrete caused by lateral internal

forces, and

(c) mechanical interaction between concrete and steel or the keying
between the concrete and bar deformations which depends on the

bearing and shearing resistance of concrete.

The bond of plain bars depends mainly on the first two elements.
For deformed bars, bond depends primarily on mechanical interlock-

ing while friction and adhesion are secondary.



2.3 Anchorage Bond

To prevent bond failure an adequate anchorage length for a
reinforcement bar must be provided for the development of the
design stress of the bar, subject to maximum allowable bond

stresses.

The anchorage length13 of a bar depends on its surface properties,
quality of the concrete, the position of the bar at concreting,
the tensile force in the bar and the form of the mechanical

anchorage device, if any.

2.4 Current Code Provisions for Anchorage Length

2.4.1 British Code of Practice 110 :'19721: ,
' The anchorage length required in terms of this Code is given

by the equations

1, (bar in tension) = 0,87fy¢

v 4fpg

1, (bar in compression) = 0’72f2¢ 2,1)
bfpg o

and the maximum value of the average bond stress fpg over the
anchorage length is limited for different concrete grades and
for plain and deformed bars in tension and compression.

These values vary from 1,2 N/mm? for a plain bar in tension
and grade 20 concrete to 3,2 N/mm?> for a deformed bar in

compression and concrete grade of 40 or more.

2.4.2 CEB-FIP Recommendations13

: . A | R

The anchorage length specified is , N S;D ‘ .
, ‘ 'Lﬁo 17778

1, = 0,87fy4 24 o (2.2)

L]

4fps - 7 /////' 7Q
where fpg 0,242 /f for plain bars _ o
and fpg = 0,338 3/E4Z/) for deformed bars. ~——— X

Where the actual steel area (As actual) is greater than that

required in the design (As calc.), the anchorage length may be



‘reduced in the ratio Ag calc = but should not be less than
.+~ Ag actual - ' ' .
e <
the largest oﬁill}igﬁ,lpdAff7150 mm. | T /$\J(7¢}él;?f:
. I/ﬁ X é'(’fg . !

2.4.3 ACI Code 318-71":
This Code requires the anchorage length for deformed bars

in compression to be

ta = 0,2766y8 | B @

Yfcu

but not less than 0,0427fy6

Where excess bar area is provided the 1, length may be reduced
by the ratio of required area to area provided and maylalso

be reduced by 257 when the reinforcement is enclosed by 1inks.

2.4.3 Comparison of Anchorage Lengths: ‘

| The anchorage length requirements according to ﬁhe above-
mentioned Codes in order to develop the design ultimate stress
of compression reinforcement with a characteristic yield -

strength of 410 N/mm? are shown in Table 2.1.

.- 2.5 Compression Anchorage of Bars '

Arthur and Cairns11 concluded from research done on compression
laps of deformed bars in columns that force is transferred from

the bar in éompressioﬁ partly by bond stresses and partly by
end-bearing of the bar on the concrete. Both these effects

exert bursting forces on the surrounding concrete and the ultimate
strength in bond is thus dependent on the resistance available

to counteract these forces.

Compression reiﬁfo:cement qualifies for Higher average bond
stresses than are permitted for tension steel. Roberts14 and
Astill and A1—Sajir6 are of the opinion that the reasons for
this could be to account for the elastic expansion of the com-

pressed bar in the concrete and the additional load capacity of



TABLE 2.1

Required Anchorage Length in Term
of Diameter of Bar 1Ig, ;

Concrete Grade 20 30 - 40

1 * % . *
BS cP110 : 1972 36 28 23
CEB Recommendations13 36 28 23
ACI - 318 - 712 26 21 18

* These values may be divided by 1,3 when using deformed

reinforcement of Type 2.




a compression bar due to end-bearing on to the concrete.
Roberts indicates that the reduction in anchorage length
can be expressed as a function of the concrete cube
strength, bar diametér, concrete cover and yield stress

~of the steel.

Compression Bond in Column—-to-Base Joints

Three series of tests were performed by Astill and A1—Sajir6
on concrete base models with stub columns to investigate the
strength of column-to-base joints.  The following conclusions

. were drawn from the results :

(a) The total load carrying capacity of the column-to-base

joint increased linearly with the base thickness.

(b) It also appeéred from the results that the lower 200 mm
of the column contributed to bond length in addition
to the base thickness. In these cases the breadth of

‘the column stubs was also 200 mm.

(c) Increases in the quantity of reinforcement in the base
lead to approximately proportional increases in the

joint strength.

(d) An increase in the ratio area of base to area of column

'lead to increased joint capacity.

(e) It appeared that the allowable bond stresses in CP110
are too low and that the bond lengths obtained by
applying the general clauses of this Code would be

- excessive.

(f) It was proposed that a portion of the column length be
included into the bond length adopted.



2.7

8'

Anchor® indicates through a calculation that it is possible
td'consider local bond rather than average bond as the
limiting stress in the calculation of ahchorage lengths for
column starter bars. If it is assumed that the zone of
compressive stress disperses through the base at 45° and

that the steel takes the compressive force which is in excess
of that taken by the concrete, it is shown that the concrete
in the base is always capable of taking up load quicker than
the starter bars are of shedding it. If this method of
calculation is adobted the bond length required may therefore

be shortened.

Influence of Normal Pressure on Bond Strength

‘Tests were made by Untrauer and Henry9 on 37 pull-out specimens

with deformed high yield reinforcing bars. All specimens had

an embedment length of 150 mm. The normal pressure was applied

to two parallel faces of the bond specimens and varied from zero

to approximately 16 N/mm?. The following could be found from

the results :

(a) The bond strength increased with normal pressure in
proportion to the square root of the normal préssure
when other factors are constant and with the square
root of the concrete cube strength. The ultimate
bond strength of all the specimens can be represented

by the equation

fbs ult = 1,29 VEey *+ 0,39 VEcufn

- (b) The normal pressure increased the bond strength more at

e
ultimate than at lower slip values of the reinforcing
_ bar. This can be contributed to the fact that adhesion
furnish the main bond resistance at low slip values on

which normal pressure has little effect.

(2.4)



9.

- (c) The resultS'show>that’the diameter of the reinforcihg
bar has little effect on the ultimate bond strength

~as influenced by normal pressure. '

" (d) The Slip of the reinforcing bar increased with.in-'

" creased normal pressure..



10.

3. DESCRIPTION OF EXPERIMENTS AND TESTING PROCEDURE

Five series of tests were undertaken to investigate some aspects

of and factors influencing bond stresses in concrete bases.

In series I to IV strains were measured at different levels in

the starter bars for concrete bases varying in plan dimensions .

and thickness and for varying column loads and support conditions.

In series V pull-out tests on 60 concrete cube specimens varying

in strength from 20-75 MPa were conducted measuring the puli—out force

for a 16 mm diameter deformed bar under varying biaxial normal

pressures applied to the parallel faces of the concrete cubes.

3.1 Series I to IV : Tests on Concrete Bases»

3.1.1

3.1.2

Details of Concrete Bases and Reinforcement

Details of Concrete Bases I to IV are ‘given in ‘Table 3. 1 referrlng
to Flgures 3.1 and 3.2.

Bases I and II were existing bases previously used for a similar
series of tests7 while Base III was newly designed and constructed
for testing. ,

Base I was designed for an ultimate column load of 310 kN to

satisfy the requirements of BS CP110 in all respects. Base II

‘was designed for the same ultimate column load but in terms of

the requirements of BS CP110 inadequate anchorége bond length
was allowed for the column starter bars.
Base III was designed for an ultlmate column load of 394 kN with

inadequate anchorage bond length allowed as for Base II but smaller

'in base area.

Base IV was obtained from Base III through cutting off strips

325 mm wide on both sides of the column in one direction only

to reduce one plan dimension from 1200 mm to 550 mm. Transverse
reinforcement was unavoidably cut through and was exposed on the

sides.

Details of Strain Gauges on Starter Bars :
Type KFC-5-C1-11 (5 mm gauge length) electrical strain gauges

in conjunction with a Huggenberger Resistance Meter were used



TABLE 3.1

Concrete Cube

_ Reinforcement * Cover to :

Dimensions #* Strength @ Reinforce- | Ultimate

28 days ment Design
9 (mm) (N/mm?) (mm) Load
= fcu Columns Bases .
. (kN)

A B C D E | Column | Base a b c d [Column | Base

I 1600 | 1600 | 440 | 150 | 470 38 31 4Y12 | 4Y12| 4R8| 10Y12 | 30 25 310
II 1600 | 1600 | 250 | 150 | 470 36 43 4¥12 | 4Y12 | 4R8| 8Y12 | 30 25 310
III | 1200 | 1200 | 250 | 150 | 440 24 26 4Y12 | 4Y12| 6R8| 6Y12 | 30 25 394
1v 1200 | 550 | 250 | 150 | 440 24 26 4Y12 | 4Y12 | 6R8| 2v12'] 30 25 - 394

* Refer to Figures 3.1 and 3.2
+ Refer to Cl. 3.1.1 '

i



’ — C~ LINKS EVENLY SPACED
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JIRECTIONS

Figure 3.1 : ' Figure 3.2
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3.1.3

13.

for strain measurement on the starter bars.

Positions in relation to the top of the footing where the

gauges were attached to the reinforcing bars are given in

Table 3.2 and 3.3 referring to Figures 3.3 and 3.4 respectively.
Each gauge was attached to the bar using CC-15A gauge cement

on a small area of approximately 5 x 20 mm filed smooth to

remove irregularities and finally protected with C5 waterproofing.

The terminal leads were positioned to project at right angles

from the reinforcement and the leads from gauges in the column

and base were bundled separately and taken to the surface of

 the concrete via the ‘shortest route.

Testing Procedure : _

The support conditions for the different tests performed on
each base were varied in order to simulate varying_suppoft
conditions in practice as well as to investigate the influence
of the stresses in the base due to that particular condition

on the anchorage bond stresses. The following support condi-

tions were considered :

(a) Base supported on a uniform elastic foundation.

(b) Base supported on an in-elastic foundation.
) .
Condition (a) pefmits bending moments to develop uniformly
in two directions in the base slab while condition (b) permits

no bending moment in the base slab.

In addition to the abovementioned conditions, the same bases
were tested for an eccentric column load with the base supported
on an in-elastic foundation. = Base IV was specifically made

to be fested_for the case where bending moment would deVelop_

'in. only one direction in the base slab.



14, .

TABLE 3.2

- Values * (mm)
Bar
@ No. Gauge No.
a
1| 2 3 4 571 6 7 18 | 9 10 | 11

A |- 66| +41 | +135| +236 | +336 ,
I .

B -163 | -65 | +35 [+137 {+235 | +346
v A2 | -160 ] -63 | + 36| +130 |
11 - v

Bo -165) - 63| +35 | +134

* Refer to Figure 3.3
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Al Bl
- ¢l 6
| ] | 7
Z -3
+3 ' 3 4 9
4. 10
5 ¢ /!
"(a) Base I
A2 B2
—ac /7 le ¢ 5
2 4 ¢l 6
3 ¢ ¢ 7
+ X
4 ¢ ) 8

(b) Base II

Figure 3.3

Position of Gauges on Diagonally Opposite Bars.



- TABLE

3.3
X - Values * (mm)
9 Bar
/)] .
g No. Gauge No.
" 2. 3 4 5 6 7 8 9

1a -288 | -188 | -88 | +12 | +112
= | 1b -288 | -188 | -88 | +12 | +112
-
.2 2a -240 -140 | -40 +60
-
- .
H 2b -233 -133 | -33 +67

* Refer to Figure 3.4

91



la 16
la ¢ /b
2a |¢ 2b
33 |, 3b
4a 46
53 ¢ 56

(a)

2a 2b
ca 1 Jr cb
7a 1 76
8a |t 184

9a | b 26

Bases III & IV.

Figure 3.4
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v.3.1.3.1

"3'1.3.2

18.

Tests Performed on Bases.

The tests performed on the bases in each Series are given

in Table 3.4. | v

Column loads were applied in increments of generally 40 kN
to a total load between 400 kN and 500 kN for each condition
and the starter bar steel strains were noted after each

increment in load.

Testing Equipment and toading Systems.

The concrete bases were. loaded in a test bed equipped with

.vertically mounted overhead hydraulic jacks of 200 t and

500.t capacities respectively. Loads were transmitted axially
to the bases through a system of ball hinges built into the
jacks. - The hydraulic jacks were elctrically operated with

application rate control facilities.

A uniform elastic foundation was simulated by 16 equally
spaced support 'points over the base slab. - To ensure, however,

that the support reactions at each of the 16 points were equal,

‘the bases were loaded upside down i.e. the load was actually

- applied over the base slab and the specimen supported on the.

stub column. Haﬁdling and setting up of the specimens were

-furthermore eased through using this loading system. Details

of the system are shown in Figure 3.5.

Two 200 t jaﬁks were used to apply the 16 equal point loads to

.the base slab through simply supported steel beam systems,

each system comprising of two parallel I-beams transmitting

-2 point loads each through 50 mm diameter flat washers and

. connected with a cross beam. The load from each jack was

equally distributed to two of the systems thus described through

a simply supported connecting beam. The layout of the

16 pointbloads on the bases is shown in Figure 3.6.

For the case of no bending in the base slabs the specimens were

" loaded with a single 500 t jack positioned concentrically over



TABLE 3.4

 Condition

[4,] .

0

ol ) - X

5 9 No Bending in Bending in Two Bending mainly in Eccentric
0 m Base Slab Directions in One Direction in Column Load

Base Slab Base Slab

I -1 X X X

II II X X X
CIII | IIX X X X

IV IV X X

‘61
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TEST BED FRAME

'

#

2X4N° PONT L0ADS — i .

200 ¢ HYDRAULIC TACKS
IN FARALLEL

ZX4N° POINT LOADS
THROUGH SIMFPLY SUP-
PORTED BEAM SYSTEM

' !
CONCRETE BASE

|

SOFT RUBBER
77z BLARINGS
CONCRETE SUPPORT
! (ON FOUR S/I0ES )
ROLLER :
—  SUPPORT
™ r
CONCRLTE FLOOR '
Figure 3.5

Loading»System for Simulated Uniform Elastic Foundation
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Figure 3.6

Layout of 16 Point Load on Bases
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the column support on the base slab. Eccentric column loads

' were similarly applied except that the jack was eccentrically

positioned over the column and the column accordingly supported.
The eccentricity in the two main perpendiéular directions was
12,5 mm. |

;
For the case of bending mainly in one direction (Base IV) use
was made of two 200 t jacks to apply line loads through steel

beams on the base slab at the positions indicated in Figure 3.7.

1200

50, 500 /50

PUOSITIONS OF APPLIED
/ LINE LOAOS

|

Baée IV

Figure 3.7

Due to the system of ball hinges in the line of loading, problems

were experienced in some instances with the stability of the

WD }
system. In such cases use was made of a horizontal bracing L) s - x
A
system of wooden struts clamped diagonally to the base and four rn~05 -1
. . t
supporting columns of the test bed respectively. _ During setting . ;

<
up gggfgg}ons—the concrete bases were supported on 20 mm soft C)LP?? a
rubber bearing pads on concrete block supports.as shown in

Figure 3.5. Use was also made of dial gauge deflection meters

on the four sides of the base slab to momitor the relative

deflection of the slab during loading.

Series V : Pull-out Tests

The object of the pull-out tests was to determine the influence"
of biaxial normal pressure on the bond strength between steel

and concrete.



23.

3.2.1 Description of Specimens and Preparation :
Sixty épecimens were prepared, each consisting of a 16 mm
diameter deformed high yield reinforcing bar embedded in
a 150 x 150 x 150 mm concrete cube. Details are shown in

Figure 3.8.

For each specimen cast, a control cube was cast and tested

for cube strength after 28 days.  The specimens and control

cubes were damp cured at room temperature. Concrete cube
.’strengths varied uniformly with approximately 10 specimens

having cube strengths falling in each of 6 ranges between

20 - 75 N/mm?.. Cube strengths of each specimen are given

with the test results in Appendix 6.

18 & DEFORMED HIGH YIELO
/ REINFORCING BAR

800

h L CONCRLTE CUBL

150
AN

/0

150

Figure 3.8

Details of Pull-out Test Specimen
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3.2.2 Testing Procedure.
Nine out of the ten specimens per concrete strength range were.
tested wifh an applied constant biaxial normal pressure vary-
ing from approximately 0,6 to 6,0 N/mm? for the different specimens
while one specimen per range was tested with zero normal pressure.
The ultimate pull-out force for each specimen was measured and

recorded.

3.2.3 Testing Equipment and Loading System.

A special stéel frame was manufactured to apply a constant
uniformly distributed and edual normal pressure in the two per-
pendicular directions of the concrete cube by means of two 20 t
manuélly operated hydraulic jacks coupled in parallel. The
planes of application of the normal pressures are shown in

Figure 3.9. Details of the steel frame are given in Appendix 6.

Fn #n

Figure 3.9

Planes of Application of Normal Pressure

An hydraulic testing machine with 500 kN capacity was used to
apply the pull-out force. The specimen was placed in the steel
frame which was mounted on the bed of the testing machine and
the normal pressure applied to the concrete in the directions

indicated above.
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Softboard, 10 mm thick, was plaéed between the concrete cube
and the 150 mm outside diameter bearing ring used to transmit

the load to the concrete.

The load was then applied to the reinforcing bar and increased
at a constant rate until the ultimate bond was reached while

the normal pressure was kept constant throughout the test.



4.2

4.3.

26.

FINITE ELEMENT STRESS ANALYSIS

A linear analysis of the stresses in Base III for the loading
case of bending in two directions in the base slab was done
on a Univac 1100 computer using PAFEC75 three dimensional

finite element analysis.

Model

All reinforcement was ignored and the concrete modelled as an

elastié material with the following constants

30 kN/mm?
0,20

Modulus of Elasticity E¢

Poisson's ratio

Only'one quarter in plan of the base was analysed due to
symmetry and rectangular 8-node elements were used to represent

the base as shown in Figure 4.1.

Loading

Three loading conditions were analysed viz.:

(a) Self weight
(b) 16 Point loads applied on base slab
(c) Combination of (a) and (b)

The 16 point loads of 1 kN each were applied at the corresponding

nodes at the positions indicated in Figure 3.6(b).

: | 7
Stresses vax&,éﬁ& :

The average(gz;;;:ZE;;n the column and column core through the
N

base in the x~, y- and z- directions were calculated from the

node stresses for a total column load of 200 kN. These stresses

are shown in Figures 4.2 and 4.3 plotted against the depth of

the column and base.
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5.1

5.1.1

30.

RESULTS AND CALCULATIONS

Results from Series I to IV

Steel Strains :

The steel strains at the positions and for the different
loading conditions for each base as described in section 3
weré measured and recorded. A typical example of the strains

measured are given for Base I in Appendix 1.

Bond Stresses :

" Bond stresses were obtained from the above results by con-

sidering the forces that act on the portion of bar between
two strain gauges. '
Considering the equilibrium of forces acting on the portion

of bar shown in Figure 5.1

\ ' Fse As ! ! (fsc+dfse )As \ -
Fos 7T ¢ dx

dx

Figure 5.1
fbs wddx + A'gfge = A'g(fge + dfge)
Hence _. _
fps = K dfse ' . | _ ~ (5.1)
, dx B | .
Whefe K = A'g
Ty

From equation (5.1) it follows that the bond stress is

proportional to the slope of the steel stress curve for
|y

o @ -

b
! 3,
e AL

o
p L e
~ . D‘-“f[‘ . S

VA :
A by

&()j QVLM »

the bar. An example of 'a typical steel stress curve :
is given in-Appendix 2. T
[

%
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Bond stresses along starter bars in each base for the different
loading conditions were calculated from equation (5.1) sub-
stituting the appropriate values for K and

dfge = d€s Eg taking Eg = 200 kN/mm?

The calculated bond stresses for each base are also given in

Appendix 2.

Steel Stresses : ' _
The compression stresses in the starter bars at the levels

of the gauges were calculated from the equation

fse = €s Eg

taking Eg as above.

The theoretical compression stresses in the starter bars

N

above the base slab may be calculated from

F o= fehc + fsc colf's

rearranging and introducing the elastic modular ratio

fsc col = Ge F :
AC + Oe A'S

The calculated values for fgc co] for the incremental loads

on the columns are given in Appendix 3.

Average values of fg¢ at the corresponding positions

fsc col
on the starter bars in each base were subsequently plotted

against the depth in the base with reference to the top of
the base slab, for each loading condition. A typical
curve is shown in Figure 5.2 and the curves for each base

are given in Appendix 4.

(5.2)

(5.3)
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5.1.4

5.1.5

fbs cale =

34

Bond Stress Distribution in Base :

To indicate the distribution of bond stresses in the bases

for the different loading conditions, the average values of’

fps
fbs calc

were also plotted against the depth in the base

where fpg is calculated from equation (5.1) and fbs cale

is the calculated bond stress from the equation

Fsc col

/W

Fsc col is the calculated force in the starter bar and the

anchorage length lé is taken as the depth of the base

minus concrete cover.

A typical curve is shown in Figure

5.3 and the curves for each base are given in Appendix 5.

Bending Moments in Base Slabs :

Bending moments in the bases due to the 16 point loads on

the base slabs may be qalculated as follows

Bases I to III -

W N W
» [} ) J g ——e s
\ Ve
\ N 7/ d
Wz W, Q
[} n [ L]
X —_ P —_ -
. v o ()
7 \
4 N
y .
7 AN
F . L] w
7/ \

Plan on Base Slab

Figure 5.4
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Myx = 3Wb+ Wa Where W = F_
o 16
For Bases I and II ’
a = 0,125 m and b = 0,525 m
and for Base IIl
a = 0,075mand b = 0,375 m
- Base IV
375
X o »
LINE LOAD F,
| ’/////"_" /@
1
X
900

Plan on Base Slab

Figure 5.5

M, = 0,375 F/,

The calculated bending moments in each base for all

,thé values of F are given in Appendix 3.

5.1.6 Compressive Stresses in Concrete due to Bending :
The maximum compressive stresses in the concrete due to
.the bending of the base slabs were calculated according

‘to the classical elastic theory from the equation




5.2

5.2.1

5.2.2

~and I,

36.

fo max = Mxx
Ie . _
vhere x = d(-ae p + /aezlo 2+ Zae/o)

]

second moment of area of equivalent section

1 bx3 + de 0 bd (d-x)

3

- The calculated values of f. p,x are tabulated for each

base slab in Appendix 3.

Results from Series V

. The qltimate pull-out force, applied normal pressure and

the 28 day concrete cube strength for each specimen

tested were recorded.

Ultimate Bond Stress :
The ultimate bond stress reached for each specimen is

given by the equation

fbs ult = F ult

It ¢
where Fylt = ultimate pull-out force
and 1 = embedded length of bar.

Bond Stress, Cube Strength and Normal Pressure Relationship :

As 1t was found earlier9 that the bond stress increases
approximately in proportion to the square root of the cube

strength and the square root of the normal pressure, the

.ratio fpbs ult was plotted

v fcu

against / f - A linear relationship of the form
fps = (A+BYfp ) Vfeu Was found and the constants

determined by least squares as
A = 1,39 and B = 0,35

The relationship is shown in Figure 5.6 and the measured

and calculated values of the abovementioned variables for

each specimen are given in Appendix 6.

(5.5)

(5.6)
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"Thebrelationship found by Untfauef and Hénry9 from
pull-out tests on specimens with normal_pfessure'in'f‘

one direction is also shown-in Figure 5.6
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6.1.2

6‘1.3

39.

DISCUSSION OF RESULTS

Finite Element Stress Analysis

Transverse Stresses in Column and Column Core through Base :
From the distribution of these stresses shown in Figure 4.2
it can be seen that the transverse stresses in the éolumn is
appfoximately zero except at the top of the column where
compression stresses exist where the load is applied. From
about 60 mm above the top of the base compression stresses

develop to reach a maximum along the top of the base and

' then decreases uniformly to the neutral axis of the base to

develop maximum tension stresses at the bottom of the base.

The distribution of the stresses shown would not apply

‘directly to a concrete base since an elastic material was

assumed in the analysis. However, it is clear that the
maximum normal compression stresses on the column starter
bars develop in the lower region of the column and upper part
of the base for the condition of biaxial bending in the base

slab.

Axial Stresses in Column and Columﬁ Core‘through Base :

The distribution of these stresses are shown in Figure 4.3.
An approximately uniform axial compression stress occurs in
the column to the top of the base from where it decreases
rapidly to approximately zero over 2/3 of the depth of the
base slab. It is thus clear that the axial stress in the
column is dispefsed at a fairly high rate through the base
slab on reé%%ﬁg the top of the base. As mentioned above,
these stresses apply for the case of biaxial bending in the

base slab.

"It can therefore be stated from the results in Figures 4.2

and 4.3 that :

(a) The lower approximately 100 mm of the column and upper
2/3 of the base slab is in a state of triaxial com-—

pression.

>O
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(b) The maximum biaxial normal pressure on the column

starter bars occurs over this region.
(c) The axial stresses in the column are dispersed
‘rapidly into the base slab to zero ovér approxi-

mately 2/3 of the depth of the base slab.

Series V - Pull-out Tests

(Refer to Appendix 6)

- In the majority of specimens tested with normal pressure, the

~bar was pulled out of the concrete cube without splitting the

concrete. The concrete failed in bearing on the lugs of the
deformed bar and the concrete between the lugs was powdered

and displaced in the direction of the applied load..

In the specimens tested without normal pressure, tension cracks
developed radially from the bar and split the cube into several

pieces. The concrete did not fail in bearing on the lugs as the

pattern of the bar was almost undisturbed in the concrete after

failure.

The applied force in a pull-out test must cause some slip for
stress-strain compatibility of the steel and concrete.' The
adhesion part of bond will thus dominate at 1owlapplied loads
and as the load increases and loss of adhesion progresses along
the bar, friction between the bar and concrete and the bearing

forces against the lugs will provide the bond resistance at

‘ultimate. It would therefore be expected that these mechanical

actions be improved with the addition of normal pressure to

provide a higher bond strength.

In Figure 5.6 it can be seen from the relationship between v f,

and fyg y1t plotted for the results obtained from the pull-out
Vfcu

tests, that the ultimate bond strength increases with increased

normal pressure and that the increase is proportional to the product
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of the square root of the normal pressure and square root of

the compressive strength of the concrete. ’ /ﬁxdog

6.2.4 It is afééi}§§§§§£22;%m Figure 5.6 that the_incfea;e in ultimate €% J&:f?f
. bond stress was more, by a small margin, with the application <& éyé?f,
of normal pressure in two perpendicular directions than with g, 6ﬁéﬁéur§$
the normal pressure applied only in one direction on the cubewdlﬁfcﬁ;¥§

as found by Untrauer and Henryg. It would, however, be 57/fé§*&33 Q;ff!
Wf.‘f:/f/"*f“"."“
e

expected that the ultimate bond stress for the case of zero
. 7

normal pressure be the same for both series of tests, but the
discrepancy may be attributed to the fact that the pull-out
tests by Untrauer and Henry9 were performed on specimens with
| varying bar sizes as opposed to the constant bar size used in
this series. This is confirmed by the values plotted by

Untrauer and Henry9 for the individual bar sizes tested.

6.2.5 Considering the above, it is of importance to note that the rate
of increase in bond stress is practically the same for both cases
of applied normal pressure. It thus appears as if the application
of normal pressure in an additional direction did not influence
the increase in bond strength significantly. This phenomenon
may beAexplained if it is assumed that the bearing of the concrete
on the lugs of the bar is the limiting factor at ultimate for the
bond strength and that the applied normal pressure does not affect
the bearing significantly at ultimate. On these assumptions it
appears furthermore that the increase in friction resistance between
theAconcféte and the bar constitutes a major part of the increased

. bond strength at working stresses.

6.2.6 It can be calculated from the relationship shown in Figure 5.6 that
the increase in.bond strength. for a bar under biaxial normal pressure
of 8 N/mm? embedded in concrete of 25 N/mm? strength is approxi-
mately 71% dand for a normal pressure of 2 N/mm? the increase in bond

strength is approximately 367.
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6.3 Series I to IV - Tests on Bases

The maximum total load applied on any one base during testing
was 500 kN and in no case could any signs of bond failure of
the starter bars be observed. It can therefore be assumed
that the bond stresses measured and given in Appendix 2 are
lower than the ultimate bond stresses for the columﬁ starter

bars.

'6.3.1 Distribution of Compression Stress in Column Starter Bars :
(Referbto Appendix 4)

" (a) No bending in base slab.
The compression stress measured- in the starter bars for
Base I is approximately equal to the calculated stress
fsc col above the base slab and decreases from the top
of the base to a value of approximately 0,25 fse col
at 4 depth of the base slab. The increase in com-
pression stress may be attributed to the inflﬁence of
the stress concentration in the region where the load
was applied on the bottom of the base for the case of

no bending in the base slab.

Fer Bases II and III the compression_stresseé in the
starter bars above the base slab are well above the
calculated stresses and decrease upon entering the

base slab to an average value of approximately 0,65 fg. co1l
at 4 depth of the base slab. This value is considerbly
higher than the value. for Base I. If a constant rate of
dispersion of the stress in the base is assumed and the
reduced thickness of the slab considered, the higher value
-would be expected as the values compared are.not at the
same depth from the top of the base. . This may also be
influenced significantly by the induced stresses in the
concrete due to application of the load on the base slab

due to the thinner base slab.

The high stresses in the starter bars in Base IV can be

attributed to the limiting of the dispersion of the
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column stresses in the base slab through the reduction

of the plan area of the base.

(b) Bending in Base Slab.
The measured compression stress for Base I again equals
the calculated stress in the column and reduces rapidly
from approximately the neutral axis depth to a value of

0,05 fgc co1 at 0,77 depth of the base slab.

The stresses for Base III follow approximately the same
pattern except that a minimum value of 0,25 fgo ol 1S

reached at 0,44 depth of the base slab.

In Bases II and IV stresses considerably higher than
the calculated stresses occur in the column above the
base slab but drop sharply over the lower region of the
column and region above the neutral axis in the base

- slab to an average value of 0,33 f45. co1. Below the
neutral axis a minimum value of 0,15 f5. .01 is reached

at 0,44 depth of the base slab.

The stresses in Base III may be compared with the axial
stresses found through the finite element stress analysis
and are found to follow the same pattern of distribution

- along the starter bars.

In general ‘it is of importance to note that the high starter
bar compression stresses in the column reduce rapidly over"
apprpximately i depth of the base to low stresses of the order
of 0,64 fg. co1 for the case of no bending in base slab and

0,18 fgc col for the case of biaxial bending in base slab.

The high rate of dispersion of the column stresses in the base
slab found in this series of tests confirms the findings of
Anchor5 that the concrete in the base slab would be expected
to be capable of taking up load quicker than the starter bars

be - of shedding it.
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Distribution of Column Starter Bar Bond Stresses :

" (Refer to Appendix 5)

As shown earlier, the bond stresses are proportional to
the slope of the steel stress curves discussed above and

maximum bond stresses will occur where maximum rates of

. .change in starter bar. stresses occur.

(a) No bending in base slab.
In Base I a maximum bond stress of 1,75 fhg cale
occurs at a depth of 0,2 depth of base slab and
then decreases to approximately 0,55 fps calc at

0,65 depth of base slab.

For Bases II and IV maximum bond stresses are
reached in the lower ¥ 100 mm of the column above
the base slab whereafter the stresses decrease to
a minimum of the order of 0,3 fyg cale at 0,24

depth of base slab.

In Base III, however, a maximum bond stress again
occurs in the lower 100 mm of the column, decreases

to a minimum at the top of the base slab but then
increases to a maximum value at 0,24 depth of base
slab. Due to the lack of information on steel
stresses deeper in the base, it is impossible to
predict exactly the distribution of the bond stresses
in that region, but it would be expected that a
maximum be reached whereafter the stress would decrease

rapidly to a minimum value.

As previously mentioned, Astill and Al—Sajir6 found

that the bottom part of the column approximately equal -
to.the width of the column contributed to bond length

in addition to the base thickness and the development

of high bond stresses in the lower region of the columns

in this series of tests seems to confirm their findings.
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(b) Bending in base slab.
As for the case of no bending in base slab,
maximum bond stresses are feached in the lower
100 mm of the column and top 1/4 depth of the
base slab. Ih Bases I and III these maximums
‘are approximately at the depths of the neutral
axis and for Bases II and IV the maximums are

reached in the column just above the base slab.

The maximum bond stresses for the case of'bendihg
in the base slab are higher on the average than
the maximum bond stresses for the case of no
bendingvin base slab. This phenomenon is further

discussed in Section 6.3.3.

Upon reaching the maximum values discussed above,
the stresses again decrease sharply to an average

- value of approximately 0,42 fg .51, still within
the upper half of the'base slab except for.Base III
where, again due to the lack of information, it is
impossible to predict the distribution of the bond

stress deeper in the base.

In general it can be stated that maximum bond stresses occur
in the lower 100 mm of the column and upper region of the base
slab (from approximately the neutral axis depth upwards) and

that these stresses rapidly decrease to low values within the

.upper half of the base slab. Highar bond stresses are also

reached when bending occurs in the base slab.

Comparison of stresses with results from Series V = Pull-out.

‘tests : (Refer to Appendices 5 and 6).

‘It is clear from the bond stress curves in Appendix 5 that

the maximum bond stress in the region where the base slab

is in a state of triaxial compression as indicated by the

- finite element stress analysis (Figures 4.2 and 4.3), due
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' to bending, is considerably higher than for the case of
no bending. The percentage increase in bond stress is

given in Table 6.1.

% Increase in Maximum
Bond Stress
Base T . 1%
Base II 917
Base ITI o 757
Base IV 907
TABLE 6.1

Increase in Maximum Bond Stresses due to
‘Bending in Base.

The coﬁpressive stresses due to bending which develop in the
concrete of Base I are low compared to the stresses developed
in the remaining bases mainly due to the excessive depth of
the base slab. This can be seen from the calculated values
given in Appendix 3. The normal pressure on the starter

bars is therefore very low and does not affect the bond stress

- significantly as shown in Section 6.2.6.

The increase in the bond stresses in Bases II, III and IV

‘corresponds favourably with the findings of the pull-out tests.

6.3.4 Comparison of measured maximum bond stresses with allowable
bond stresses specified in Codes of Practice : (Refer to
Appendix 2). _

The maximum stresses measured and limiting stresses are given

in Table 6.2.

Considering that the maximum stresses measured are not ultimate
stfesses, it appears that the allowable bond stresses in
accordance with BS CP110 could be too low and that the values
specified in ACI 318-71 and the CEB-FIP Recommendations would

be in better agreement as was also found by Astill and Al—Sajir6.
Testing of the bases till bond failure will have to be under-

taken before finality on this matter can be reached.



TABLE_ 6.2

Limiting Stresses (N/mm?)

_ , Max. Bond BS ACI CEB-FIP
Loading Case Stress Measur- Recommenda-
CP110 318-71 .
ed (N/mm?) ions
*
Base I Eccentric loading on 2,22 2,7+ 4,32 3,26
column. : : (3,51)
: : * :
Base II | Biaxial bending in 3,06 3,2+ 5,17 4,15
base slab. (4,16)
*
Base III| Biaxial bending in 4,66 2,4+ 3,94 2,89
' base slab. (3,12)
*
Base IV | No bending in base 3,07 2,4+ 3,94 2,89
slab. (3,12) : '

+ These values may be increased by 307 if deformed relnforcement of Type 2 is used

*

(increased values given in brackets).

These values calculated from specified anchorage lengths.

LY
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CONCLUSIONS

Tests on Bases I to IV

The results of the tests performed and described herein

on Bases I to IV show that :

The . compressive stresses in column starter bars decrease
rapidly upon entering the base slab due to the dispersion
of the compressive stresses in the column into the base slab.

The stresses are significantly reduced over the top half

of the base slab to a value of ¥ 0,64 fg. ‘.g1 When no bend-

ing occurs in the base slab and * 0,18 £, ., for the case

of biaxial bending in the base slab.

Maximum bond stresses occur in the lower ¥ 100 mm of the
column above the base slab and the upper region of the base
slab to approximately the depth of the neutral axis where-

after the stresses reduce to low values of the order of 0,42

fhs calc Within the upper half of the base slab.,

Higher bond stresses are reached in the region mentioned

- above for the case of biaxial bending in the base slab.

The increase in bond stress is attributed to the influence
of the normal pressure on the starter bars and is also
confirmed by the results from the pull-out tests in Series V.

The percentage increases were as high as 917 for Base II.

It appears as if a length of the column above the base slab

- approximately equal to the width of the column contributes

to bond length in addition to the base thickness.

~

Pull-out Tests in Series V

‘The following was found from the results of the pull-out

tests performed on bars under biaxial normal pressure :

The bond strength increases with increase in normal pressure.
The increase is approximately in proportion to the product of
the square root of the normal pressure and the square root

of the compressive strength of the concrete.
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The ultimate bond strength for all the specimens tested

can be represented by the equation :

fbs w1t = (1,39 + 0,35 V£, ) Vi,

The rate of increase in bond stress due to biaxially
applied normal pressure seems to be practically the same
as for normal pressure abplied in one direction as

found by Untrauer and Henryg.

The percentage increase in bond stress is as high as 713

for an applied normal pressure of 8 N/mm2.

Finite Element Stress Analysis

The distribution of the axial and lateral stresses in
the column and column core through the base slab corres-
pond to the measured distributions in the bases tested

and serves as confirmation of the results.

Design Procedure and Allowable Stresses

It appears from the results of the tests in Series I to

V that the conventional désign approach to provide an
anchorage length for the column starter bars in the base
measured from the top of the base slab, is a conservative
approach. The increase in bond strength.due to the
bending in the base slab and the contribution to
anchorage length of the lower part of thé column is
ignored in this approach and it therefore seems .advisable
that the consideration of these factors be introduced in

the different Codes of Practice.

Uitimate bbnd stresses were not measured in tﬁe tests on
Series I to IV but it appears from the values obtained
that the allowable stresses in BS CP110 would be too low
while the limiting stresses according to ACI 318-71 and

the CEB-FIP Recommendations would be in better agreement.
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Factors Affecting Bond not Considered

The following factors have not been considered in these

tests and may have a further influence on the bond stresses

in the base :

The effect of providing a 90° hook in the starter bar at

the bottom of the base. However, Anchor5 is of the opinion

that it is unlikely that such bars can transmit compression

through the bend since there is little to restrain the bar
from punching out at the corner, apart from the bond

&eveloped before the bend is reached.

The affect of elastic expansion of the compressed bar in
the concrete which in effect will be equivalent to a

further increase in the normal pressure on the bar.
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APPENDIX 2

. STEEL STRESS CURVES .

AND

. CALCULATED BOND  STRESSES..
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. CALCULATED MOMENTS AND STRESSES.
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