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In this paper, the concrete underneath the base plate together with the base plate is referred to

as “component concrete in compression and base plate in bending” or in short “concrete in

compression”. Models are presented for the determination of the resistance and stiffness of

this component. The models have been validated with tests. The paper also presents finite

element calculations that provide additional validation. The predicted resistances according

to ENV 1993-1-1 are conservative with a margin of 1.4 to 2.5 to the test results. The stiffness of

the concrete in compression depends on the quality of the execution. In case of good

workmanship, there is reasonable agreement between the measured and the predicted

stiffness.

Key words: Base plate, concrete, analytical model, tests, finite element method

1

Introduction

A column base with a base plate is a common solution. In such a connection, the following
components contribute to its resistance and stiffness: "concrete in compression", "base plate

non non

in bending", "column flange in compression", "column web in compression", and "anchor
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bolts in tension". For the shear transfer specific components, like "anchor bolts in shear",
are relevant. This paper focuses on the resistance and stiffness behaviour pf the
components "concrete in compression" and "base plate in bending", because of their
interaction in resistance and stiffness behaviour, in the course of this paper, the combined
component "concrete in compression" will refer to both "base plate in bending" and
"concrete in compression". The grout layer between the base plate and the concrete has
influence on the resistance and the stiffness of the component. This layer is also included in
this component. The following paragraphs will discuss this in detail. Concrete in
compression is stiff in comparison to anchor bolts in tension. In other words, the
elongation of the anchor bolts mainly determines the stiffness behaviour of column base
connections subjected primarily to bending moments. Only in case of predominant axial
compressive forces, the deformation of the concrete in compression plays a role. However
these deformations are then rather smaller compare to the steel part deformation and the
required accuracy of stiffness predictions of concrete in compression is small from the
point of view of the global analyses accuracy. In the literature about resistance of concrete
in compression the following two assumptions are used:

. The base plates are assumed to be rigid.

. The connecting base plates are assumed to be flexible.

The difference between rigid and flexible plates can be explained using a base plate
connection loaded by an axial force only. In case of rigid plates it is assumed that the
stresses under the plate are uniformly distributed. In case of flexible plates, the stresses are
concentrated around the footprint of the column section under the plate. This paper
focuses on the treatment of the base plate as flexible.

Various researchers [1] to [4] experimentally investigated the resistance of concrete in
compression. Factors influencing this resistance are the concrete strength, the plate area,
the plate thickness, the grout, the location of the plate on the concrete foundation, the size
of the concrete foundation and reinforcement. Concerning modelling, Stockwell [5]
introduced the concept of replacing a flexible plate with a non-uniform stress distribution
by an equivalent rigid plate with a uniform stress distribution. Bijlaard [6] and Murray [7]
verified this simple practical method with experiments and suggested improvements.
ENV1993-1-1 [8] adopted this method in a form suitable for standardization. This method
is discussed in more detail in the next section. This paper describes design models for the
resistance and stiffness of concrete in compression as proposed by an ad-hoc working

group of ECCS TCIO and COST C1. Section 2 the model for determination of the load
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capacity is discussed. In Section 3 a proposal is presented for an extension of the resistance
model for the determination of the stiffness of this component. In Section 4 the validation

of the models with tests and finite element calculations is given.

Component Resistance

The ECCS TC10 / COST C1 ad-hoc working group uses the design model for the resistance
of concrete in compression given in Annex L of ENV1993-1-1 [8]. The resistance is
determined by an equivalent rigid plate concept. Fig. 1 shows how an equivalent rigid
plate can replace a flexible plate in case the base plate connection is loaded by axial force
only. The symbol A is the area of top surface of the concrete block, A, is the area of the

plate, A, is the area of the equivalent rigid plate and c is the equivalent width of footprint.

q
The resistance is now determined by two parameters: the bearing strength of the concrete

and the dimensions of the equivalent rigid plate.

Bearing strength of the concrete
The bearing strength of the concrete underneath the plate is dependent on the size of the
concrete block. The edge effect is taken into account by the following definition of the

concentration factor

”lbl
k:= / 1
] ab ()

where the geometrical edge conditions, see Fig. 2, are introduced by

a+2a,
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Figure 1: Flexible base plate modelled as a rigid plate of equivalent area
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Figure 2: Evaluation of the concrete block bearing resistance

If there is no edge effect, it means that the geometrical position of the column base is
sufficiently far away from the edges of the concrete and the value for k; according to [8] is
5. This concentration factor is used for evaluation of the design value for the bearing

strength as follows

=Bjkjfck

f.
/ Ye

“)

where Y, is a partial safety factor for concrete. A reduction factor B; is used for taking into
account that the resistance under the plate might be smaller due to the quality of the grout
layer. The value 3; = 2/3 may be used if the grout characteristic strength is more than 0,2
times the characteristic strength of the concrete foundation f. , 2 0,2 f. and the thickness
of the grout is smaller than 0,2 times the minimum base plate width tg <0,2 min (a; b).

These conditions are usually fulfilled. If not, the grout should be checked separately, see

[6].
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Dimensions of the equivalent rigid plate
The flexible base plate, with area A, , can be replaced by an equivalent rigid plate with area
Agy see Fig. 1. This rigid plate area A is built up from one T-stub under the column web

and two T-stubs under the column flanges.

Rd
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Figure 3: T-stub under compression

The equivalent width c of the T-stub, see Fig. 3, can be determined assuming that:
No plastic deformations will occur in the flange of the T-stub. Therefore, the resistance per

unit length of the T-stub flange is taken as the elastic resistance:
,_ 1
M’ = gt Ty (5)

It is assumed that the T-stub is loaded by a uniform stress distribution. The bending

moment per unit length in the base plate acting as a cantilever with span c is:
M'==f;c ©)
]
where f; is concrete bearing strength. The equivalent width ¢ can be resolved by combining

equations (5) and (6)

fy

c=t : .
3fiTmo

The width of the T-stub is now
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feq,R =ty +2c=1t,+2t

The resistance Fg, of the T-stub, see Fig. 3, should be higher than the loading Fs,;
Fsq <Frg = Aeqfj = eq,R L fj ©)

The base plate is stiffer in bending near the intersections of web and flanges. This stiffening

effect is not taken into consideration in the equivalent area A, , Studies [9] show that this

stiffening effect may yield to a 3% higher resistance for open sections and a 10% higher

resistance for tubular sections in comparison to the method of determination of A,; . The
calculation of the concentration factor k; based on Eq. (1) leads to conservative results. This

can be improved by modification of the procedure of Egs. (1) - (3). In that case, the
equivalent area instead of the full area of the plate should be considered. However, this
iterative procedure is not recommended for practical purposes. In case of high quality

grout a less conservative procedure with a distribution of stresses under 45° may be

adopted see, Fig. 4.
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Figure 4: Stress distribution in the grout

The bearing stress under the plate increases with a larger eccentricity of the axial force [10,
11]. In this case, the base plate is in larger contact with the concrete block due to its
bending and the stress in the edge under the plate increases. However, the effect of this
phenomena is limited.

The influence of packing under the steel plate may be neglected for practical design [12].

The influence of the washer under plate used for construction can be also neglected in case
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of grout quality f. , 20,2 f. . The anchor bolts and base plate resistance should be taken

into account explicitly in case of grout quality f. , <02 f. .

Component Stiffness

This section presents the stiffness model for concrete in compression as proposed by the
ECCS TC10 / COST C1 ad-hoc working group. The model for the elastic stiffness
behaviour of the T-stub component "concrete in compression and plate in bending" is
based on a similar interaction between the concrete and the base plate as assumed for the
resistance.

The elastic stiffness is influenced by the following factors: the flexibility of the plate, the
Young's modulus of the concrete and the size of the concrete block.

As a starting point in the modelling, the stiffness behaviour of a rigid rectangular plate
supported by an elastic half space is considered. In a second step, an indication is given
how to replace a flexible plate by an equivalent rigid plate. In the last step, assumptions are
made about the effect of the size of the block to the deformations under the plate for
practical base plates.

The deformation of a rectangular rigid plate in a half space may be simplified, see Lambe

and Whitman [13], to:

Foa,
8 =——= (10)
E. A,
where
S, deformation under a rigid plate;
F applied compressed force;

rig width of the rigid plate;

E. Young's modulus of concrete;

A, area of the plate, A, = a,, L and
L length of the plate,

o

factor dependent on the mechanical properties of half space, L and a,; , see [13].

Table 1 gives values for o, dependent on the Poisson's ratio (v = 0,15 for concrete) of the
compressed material. This table gives also an approximation o ~ 0,58, /L / a,;, . With the

approximation for o, the formula for the displacement under the plate can be rewritten as
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Table 1: Factor ocand its approximation for concrete

L/a, o according to [13] Approximation as o. = O,SSW
1 0,90 0,85
1,5 1,10 1,04
2 1,25 1,20
3 1,47 1,47
5 1,76 1,90
10 2,17 2,69

A flexible plate can be expressed in terms of an equivalent rigid plate based on the same
deformations. For this purpose, half of a T-stub flange in compression is modelled as

shown in Fig. 5.

Figure 5: Flange of a flexible T-stub

It is assumed that the flange of unit width is elastically supported by independent springs.

The deformation of the plate is taken to be a sine function, which is expressed as:
8(x) =dsin(3nx/cp) (12)

The uniform stress in the plate can then be replaced by the fourth differentiate of the

deformation multiplied by EI,,
3

o(x)=E@,(nx/cp)*dsin(tnx/cp)= E;—z(%nx/cﬂ)‘lSsin(%nx/cﬂ) (13)
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where E is the Young's modulus of steel and I, is the moment of inertia per unit length of
the steel plate I, = £3 /12 From the compatibly of the deformations is the stress in the
concrete part

8(x) = o(x) heq / Ec (14)

where h,, is the equivalent concrete height of the portion under the steel plate. The ration

between f,; and ¢ g may be expresses by factor § , hence:

8(x) = 0(x)& ey /E, (15)
Substitution gives:
SSin(%nx/cﬂ) = [Et3 /12(%Tcx/cﬂ)4 J[Ssin(%nx/cﬂ)(icﬂ /EC)} (16)

This maybe expressed as:

2 E
ep=t s/%ga a7)

The flexible length c 4 may be replaced by an equivalent rigid length ¢, such that uniform
deformations under an equivalent rigid plate give the same force as the non-uniform

deformation under the flexible plate
¢ =cp 2/n (18)

The factor & represents the ratio between hey and ¢ g . The value of ouay represents the

equivalent height 1, , see (10). From Table 1 follows that the factor o for practical T-stubs

eq
can be approximated to 1,4. The width a, is equal to t,, +2¢, , where t,, is equal to the web
thickness of the T-stub. As a practical assumption it is now assumed that f,, equals to

0,5 ¢, which leads to

hyy =1,4(0,5+2)c, =1,4:2,5:c4-2/m=2,2¢c4 (19)

q

With these rough approximations: § = 2,2. For practical joints E, = 30 000 N/mm?2 and E =
210 000 N/ mm?, which leads to
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4
. =t3(”/2)4g’5:t§/(“/2) 2,2 00004 g, (20)
£ 12 ", 12 30000

or

¢ =cp2/m=1,98-2/mt=1,25¢ (21)

The equivalent width is then

cr 1,25t
2

Tog,l =t +2,56 =T +2,51 = ~0,625t+2,5t =3,125¢ 22)

The influence of the finite block size compared to the infinite half space can be neglected in
practical cases.

The quality of the concrete surface and the grout layer influences the stiffness of this
component, as demonstrated in tests [6] and [14]. Comparison with tests lead to the
conclusion that stiffness reductions are observed from 1,0 till 1,55. Sokol and Wald [14]
proposed a reduction of the design value of the modulus of elasticity of the upper layer of
concrete of thickness of 30 mm based on tests without a grout layer, with poor grout
quality and with high grout quality respectively. The model proposed in this paper, takes
the quality of the surface into account with a stiffness reduction factor equal to 1,5.

In conclusion, the formula to calculate the stiffness coefficient k. of concrete in compression

is given in Eq. (23)

_F_ Ec\/”eq,elL B Ec\/ﬁeq,elL N EC\/E
¢ 8L 1,5-0,85E  1,275E  0,72L

(23)

where

ogel  equivalent width of the T-stub, a,, o =t +2,5t;

L length of the T-stub;
t flange thickness of the T-stub, the base plate thickness;
tw web thickness of the T-stub, the column web or flange thickness.

The variation if the factor a from 1,0 till 2,5, see Table 1, gives compare to the approximated
value 1,4 in an error of Eg. (23) till 20 %. The equivalent width of a T-stub in the stiffness
model according to Eq. (22) is different from the width in the resistance model according to

Eq. (8). Fig. 6 shows the results of a parameter study where both the equivalent widths are
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applied in Eq. (23). Fig. 6 is a concrete strength-deformation diagram for a flexible plate
with t =t;, = 20 mm, L =300 mm, F = 1000 kN, k; =5.

Deformation, mm

0,25 W ! ! A eg R
for strength, S 235
0204 / for strength, S 275
,20 4 ;
\ ; for strength, S 355
: ‘R =
0,15 1 1 —
F =1000 kN
Qeg,el
t,= 20 mm L =300 mm elastic model,
o107 *=20mmli 523552755355
S |
0,05
0,00 ; ; ; Concrete, f, , MPa
10 15 20 25 30 35 40

Figure 6: Concrete strength -deformation diagram for various aey g and gy ¢

It can be seen from the diagram that the difference between a,; ) =t,, +2,5¢ and
fgg, R =ty +2c is limited. It occurs that the value of a,,  is also a sufficiently good

approximation for the width of the equivalent rigid plate. This has a practical advantage

for application by designers. However, the result of a stiffness calculation, with a,, g will

be dependent on strength properties of steel and concrete, which is questionable from a

theoretical point of view.

Validation

The proposed resistance and stiffness models are validated with tests. For the resistance of
concrete in compression, 50 tests in total were examined in this part of study [2], [3], and
[4]. The test specimens consist of concrete cubes of size from 150 to 330 rom with centric
load acting through a steel plate. The size of the concrete block, the size and thickness of
the steel plate and the concrete strength are the main variables. Fig. 7 shows the

relationship between the slenderness of the base plate, expressed as a ratio of the base plate
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thickness to the edge distance and the relative bearing resistance. The design approach
given in Eurocode 3 [9] is conservative compared to the test results. The bearing capacity of
test specimens at concrete failure is in the range from 1,4 to 2,5 times the capacity

calculated according to [9] with an average value of 1,75.

f}' /fcd
27 o A Model
2] @ o Experiment %
=t
OoPo ""
4 ]
1] wafB - F
g O oo o
§d3 g o o
O 3 Aa A
0 " } ; ; j
0 5 10 15 20 25 30
t/n

Figure 7: Relative bearing resistance-base plate slenderness relationship [2], [3] and [4]

The influence of the concrete strength is shown on Fig. 8. A set of 16 tests with similar
geometry and material properties was used in this diagram [2] and [3]. The only variable
was the concrete strength (19,31 and 42 MPa respectively).

The stiffness prediction is compared to tests. Fig 9 shows a typical test of Alma and

Bijlaard [6]. In Fig. 10 a test of Sokol [14] is shown with a repeated load history. It concerns

N, kN
700 - t= Anal. Exp.
0,76 mm P/ L. S
600 1 f 1,52 mm b e
3,05 mm . e
500 - 6,35 mm —d__ — A
2583 mm g —a—
,4 mm _4.._ — —
400 - v
e
300 | d
200 3
a
100 A
0 r T - T T ) axb =600x 600 mm
0 10 20 30 40 50 60
fcd 5 MPa

Figure 8: Concrete strength -ultimate load capacity relationship [2] and [3]
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test W97-15 with repeated loading and a cleaned concrete surface without grout. The

concrete block size was 550 x 550 x 550 mm with a plate thickness f =12 mm and a T-stub

length L = 335 mm. The deformations reported in the test are very small. The tests show

that the stiffness behaviour of concrete in compression depends to the quality of the grout

layer and the concrete just under the plate. In case of poor quality, for instance due to bad

workmanship, the grout may be full of air bubbles, resulting a lower stiffness then

predicted by the model. The workmanship is a point of further concern.
1800 ~ Force, KN F
/ . L]

1600 P tm L
1400 A L Predicted strength |
1200 A 0
1000 A

800

600 - \_Predicted stiffness Experiment

| ¢ Concrete and grout
i ®  Concrete only
200 A
0 T T T T T T T 1

0o 01 02 03 04 05 06 07 08 09

Deformation, mm

Figure 9: Comparison of the stiffness prediction to Test 1 [6]

Force, kKN

600
500
400
300
200

100

Excluding concrete surface quality factor

Prediction

Experiment W97-15

Parallel line to predictior]

Deformation, mm
:

T

0 0,1 0,2 0,3 04 0,5 0,6

Figure 10: Comparison of the stiffness prediction to Test W97-15 [14]

The tests of flexible plates on concrete foundation are susceptible to the test set-up (rigid

tests frame) and measurement accuracy (large forces and small deformations).
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The predicted value based on Eq. (11) is the local deformation only, i.e. the displacement of
a plate under the axial load minus the global deformation. The global deformation is the
deformation of the concrete block according to Hooke's law (Fh/E. A. ). Just as an
illustration in Fig. 11 the deformations are given as found in a Finite Element (FE)
calculation. It concerns the elastic deformations of a rigid plate 100 x 100 mm on a concrete

block 500 x 500 x 500 mm.

Conclusions

In this paper models are presented and discussed for resistance and stiffness of the base
plate components "concrete in compression and base plate in bending". This model shows
a reasonable agreement with available tests results. The values from the resistance model
given in ENVI993-1-1 are conservative with a margin varying from 1,4 to 2,5, as should be
expected. The quality of the grout layer is of limited influence on the resistance of the
components "concrete in compression and base plate in bending".

Regarding stiffness, in case of poor grout quality, the actual stiffness may be lower than
predicted with the model. In other words, the quality of the execution of the work is
essential. In case of good quality of grout and concrete, the tests and predictions are in
reasonable agreement. The deformations are generally small in comparison with

deformations of other components and even may be neglected in many cases.

Vertical deformation at the surface, mm Vertical deformation along the block height
00 top of the concrete block ﬂ
n F elastic deformation of the whole block elastic deformation of
L \ / ¥ local deformation under plate ‘hewholebiocs
| AN deformation at the edge
0.1 predicted value calculated by FE
by presented model (20) i te
calculated by FE
edge axis foot of the concrete block Vertical deformatio;, o

0 0,1

Figure 11: Calculated vertical deformations of a concrete block
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Symbols

a length of base plate

a effective length of foundation
a, edge distance

rig with of rigid plate

b width of base plate

by effective width of foundation

c equivalent width of footprint

fek characteristic value of concrete compressive cylinder strength
i concrete bearing strength

Ty yield stress of steel

h height of foundation

k stiffness coefficient

k i concentration factor

n distance to plate edge

t thickness of the base plate

X position

A area

E Young's modulus, Young's modulus of steel
E. Young's modulus of concrete

F force



r second moment of ara per unit length
M bending moment per unit width
L length of plate, length of T-stub
o characteristic factor

B; joint coefficient

8 deformation

YMO partial safety factor for steel

Ye partial safety factor for concrete
v Poisson's ratio

Subscripts

c concrete

d design

eq equivalent

el elastic

fl flexible

g grout

r rigid

[4 flexible plate

R resistance

Sd acting

w web
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