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Base Plate in Bending and Anchor Bolts in Tension

Wald F., Jaspart 1. P., Sokol Z., Brown D,

Summary

The paper describes behaviour of the base plate in bending and the anchor bolts in tension,
which is the major component of the base plate connection. The analytical model predicts the
component characteristics — the resistance and the stifthess. It is described how the quality of
the behaviour is guided by the contact between the base plate and the concrete surface. The

presented analytical prediction model is verified on tests and FE simulation.

NOTATION

d diameter of the bolt

Iy vield stress of steel

k component stiffness

i distance [rom the bolt axes 1o the weld edpe. bending resistance of base plate
# distance from the bolf axcs to late edge
» pitch

f thickness of the base plate

W bolt pitch

Ny E axes

Ag net avea of the bolt

B bolt force

L Young's modulus of steel

F force

L free length of the anchor bolt
¢ prying force

S deformation

v partial safety factor

K coctficient

£ length of the 1 stub
Subscripts

b effective free length of bolt
b physical free length of bolt
by embedded free lenpth of bolt
b cover plate

- circular patiern

off effective

o embedment

5 bolt head
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1 Introduction

The base plate connections of the column base have a different configuration
compared to the beam to column connections with end plates. The base plates are designed
thicker to transfer primarily the compression forces into concrete block and are more stiffened
by the stiffeners or by the column. The used anchor bolts are longer compared to the bolts in
the end plates due to the presence of the washer plates, the higher thickness of the base plate,
the grout, and the embeddement in concrete. The length of the anchor bolts allows
deformation and separation of the base plate during the loading of anchor in tension. The
difference should be introduced into the prediction of the strength [1], the stiffness and the
rotational capacity of the base plate loaded in tension.

The behaviour of the tension part of the base plate is guiding the column base stiffness
[2]. Published models of the column base under bending include different levels of modelling
of the tension part of the column base from very complex solutions [3] to very simple models
[4]. The knowledge of the behaviour of the end plates in the beam to column connections
were precised in [4] using knowledge and models developed in the last years [5], {9] by
applying the component method [6]. In this method, the connection is disintegrated into
components, which behaviour is described, and finally the connection characteristics are
composed. The modelling of the column base with the base plate using component method

[71 has several advantages, the most important is separate modelling of components,
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When the anchor bolts are activated in tension, the base deforms in bending while the
anchor bolts elongate {8]. The failure of the tensile zone could be caused by yielding of the

plate, failure of the anchor bolts, or combination of both phenomena.

Figure 1 The T stub - anchor bolts in tension and base plaie in bending, assumption of the

acting forces and deformations

2 Beam model of the T stub

The model of the deformation curve of the T-stub for the initial elastic behaviour may be
based on similar assumptions used for modelling of contact of two steel plates [10]. A beam
theory, see Figure 1, can be used to derive model of the T-stub loaded by tensile force F. One
half of the T-stub is shown on the picture. In case of prying of the anchor bolts, the bolts are
loaded by the additional prying force (J, which is balanced by the contact force at the edge of

the T-stub. The deformed shape of the curve is described by a differential equation

EI8"=-M (1

Figure 2 The beam model of the T-stub

Writing the above equation for the part ©  of the T-stub gives
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E18, =0(x-n) @)

and the equation for the part ® close to the centreline of the T-stub is

1

El3d, =m—g—men 3)

The equations for the deformed shape of the T-stub are obtained by integrating the equations
(2) and (3) and substituting the boundary conditions. The equation for the deflection on the

part ® of the T-stub is

1 =§~%~}m §~%§—(x2—2n r)_m;x{_L,,sl(l_ ) )
The equation for the deflection of the part +  of the T-stub is
2 =2f;[ K;3 “nzx(x2_2’}lx)__}9zzx L;&ll(lml() )
and the coefficient « is defined
e % n’ AsiL; f::. ;Zj;”:f; Ly 1 ©)
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In the above equations, the s and » are dimensions of the T-stub defined at the Figure 1 and
Ly and A; are bolt length and the net area of the bolt respectively. The second moment of area

of the base plate cross-section is defined as

I=—ty 3 (7)

The boundary for the prying / no prying of the anchor bolts could be obtained from the above
equations by setting the prying force equal fo zero. When there is no prying force, the contact
of the T-stub and the concrete block is interrupted and the previous equations are not valid.

The deformation of the bolt and of the base plate are given by the following formulas

F L
8 = ——2—, 8
P2 AE (8)
and
Fow’
S = 9
P23E1] ©)
The bolt stiffness is defined
4
k=t 00 (10)
Eéd, L,
and the plate stiffness of the T stub is
kp = gtj,ff.fni ﬁ-‘ ' (‘i 1)
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The total stiffness of both components in case of no contact between the concrete surface and

the T-stub is

k " 12
S ITRTN )

which can be rewritten in the component stiffness format

k, k
ko, = i 13
o=kt )

[f the contact between the T-stub and the concrete surface is present, the deformation of the T-

stub at the bolt position is given by the formula derived based on the equations (4) and (6).

R4 k,(A+ 1Y+, X4 A+3)

(14)

"UEL 16k, (K, +k, 22 (A+3))
The previous formula was written using parameters ff and 4 defined below
B =1t/m, (15)
A=n/m. (16)

Stiffness of the T-stub in case of the contact with the concrete surface is
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F 16 &,k +k, 22 (A+3))

k e s
TUES 4k, (A+1Y vk, A (4 A4 3)

(17)

Figure 3 The boundary of the prying action

The boundary between the cases with contact and exclusive of the contact, see Figure 2, can

be evaluated for prying force @ = 0, which is

A=l (18)

which may be written as

Tm’ n A,
mnd (19)

bdim =
£t

ceff

If, as a further assumption, # is equal to 1,25 m, see [6], then

882 m° A

[3

bodim = ¢ (20)

eff

The above simplification of the boundary brings a qualitative error into the prediction. The

accuracy of the simplification is shown on the following figures, see Figure 4a, 4b, and 4c
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Three calculations with the T-stub were completed. The T-stub characteristics are

Ly =458333 mm, As = 480 mm?, m = 50 mm and
o Ly = 150 mm (Figure 4a),
° Ly =300 mm (Figure 4b),
° Ly = 600 mm (Figure 4c¢),

while the n/ m ratio takes the following values: 0,5, 1,0, 1,5 and 2.0.

The boundary between "prying" and "no prying" is computed by means of formulae (19) and

(20) for the theoretical and simplified models respectively.

Figure 4a Comparison between the theoretical and simplified modelling of the boundary of

prying, the stiffness prediction for variable thickness ratio t /m, Ly = 150 mm

Figure 4b Comparison between the theoretical and simplified modelling of the boundary of

prying, the stiffness prediction for variable thickness ratio t / m, Ly = 300 mm
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Figure 4¢ Comparison between the theoretical and simplified modelling of the boundary of

pryving, the stiffness prediction for variable thickness ratio t / m, Ly = 600 mm

3 Bending Stiffness

The prediction of the base plate stiffness may be based on the Annex J structure of formulae.

It is assumed the components are independent in case of prying, see [6], Stiffness of the

components is

kp.ﬂca = E
n m
A
k..=16-—=—
h EC3 Lb

and in case of no prying

A_ l?t"...’_ﬂ}.\'b f3
L 882w
Fp _ gqﬂ'.l’nt’

3 " 3
0425 Ly 1

pE = = 3
"E g, 2m m’

@D

(22)

(23)

24

(25)
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ke = =2,0 — (26)

The stiffness of the components of the base plate in bending (22), (25) and the bolts in tension

(23), (26) should be composed into stiffness of the T-stub

]/kT:]/kb.f+]/kp‘i. (27)

The influence of the washer plate is limited to 5% of the deformation [7] and could be

neglected in the practical design.

3 Design Resistance
In the Eurocode 3 |4}, three collapse mechanisms are derived. The design resistance of a
T-stub corresponding to the collapse modes is the following:

Mode 3 - bolt fracture, see Figure 5a,

F. ARd T Py B!.er (28)

Mode 1: plastic mechanism of the plate, see Figure 5b,

4 f ef m pLRd

B gy = ———— 29)
iy

10



JCSR-Base Plate in Bending and Anchor Bolt in Tension — third - 2000

Mode 2 - mixed failure, see Figure Sc,

[ 2 Ee_ﬂ' Moy pa + 2B n 10
2Rd = (30)
m+n

Figure 5 Failure modes of the T-stub

The design resistance Fiy of the T-stub is derived as the smallest value obtained fiom the

expressions (28} to (30)

Fra = Min(F 0 55 pg Fipg ) 31

In particular case of basc plates, it may happen that the elongation of the anchor bolts in
tension in comparison to the flexural deformability of the base plate is such large, that no
prying forces develop at the extremities of the T-stub flange. In this case, the failure results
either from the anchor bolts in tension (Mode 3) or from yielding of the plate in bending, see
Figure 5, where two hinges mechanism develops in the T-stub flange. This failure is not
likely to appear in the beam-to-column joints and beam splices because of the limited
elongation of the bolts in tension, This particular failure mode can be named Mode 1%, see

Figure 6.

Figure 6 The mode 1* failure

11



JCSR-Base Plate in Bending and Anchor Bolt in Tension — third - 2000

Figure 7 The T-stub design resistance

The corresponding resistance writes

28, My
Flopa = “”"”“‘m—f (32)

If the Mode 1* mechanism forms large base plate deformations develop, which may result
finally in the contact between the concrete block and the extremities of the T-stub flange, i.c.
in the prying forces. Further loads may therefore be applied to the T-stub until failure is
obtained through Mode 1 or Mode 2. However, to reach this level of the resistance, it is
necessary to develop very large deformations of the T-stub, which are not acceptable for
design conditions. The additional strength which separates Mode 1* from Mode 1 or Mode 2
is therefore disregarded and Formula (32) is applied despite the discrepancy which could
result from the comparisons with some experimental results {16].

As a result, in cases where no prying forces develop, the design resistance of the T-stub is

taken as equal to

Foq = min (E*.Rd’F’S.R{! )a (33)

when F3 g is given by formula (28).

12
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The influence of cover plate on the failure Mode 1 based on study |6], aimed at strengthening of
the base plate, is also considered [4]. The collapse mode | is applicable with the approved

bending resistance [8]

g*_[i.l (4 Mpe 2 My, 5y )

By gy = - ; (34)
for
My e = 0,25 ’fp yiw 7 Varos (35)
where
Jytp is the yield stress of the cover plate,
Top is the thickness of the cover plate.

4 T-stub Effective Length

Eurocode 3 [4] distinguishes between so-called circular and non-circular yield line mechanisms
in T-stub flanges (see Figure 8a). These differ by their shape and lead to specific values of the T-
stub effective lengths noted respectively 4g. and &gy The major difference between the
circular and non-circular patterns is linked to development of the prying forces between the T-
stub flange and rigid foundation The circular patterns form without any development of prying
forces O and the reverse happens for the non-circular ones. The direct impact on the different

possible failure modes is as follows:

Meode 1

13
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The presence or not of the prying forces do not alter the failure mode which is linked in both
cases to development of a complete yield mechanism of the plate. Formula (26) applies therefore
to the circular and non-circular yield line patterns.

Mode 2

The bolt fracture clearly results from over-loading of the bolts in tension because of the prying
effects; therefore Mode 2 occurs only in the case of non-circular yield line patterns.

Mode 3

This mode does not involve any yielding of the flange and applies therefore to any T-stub.

As a conclusion, the calculation procedure differs according to the yield line mechanisms

developing in the T-stub flange (7):

Foy=min(F 0 F o) for the circular patterns (36)
Frog =min( I .0 F, o0 Fy ey ) for the non-circular patterns (37)

Figure 8 The patterns of the failure, a) circular pattern, b) non-circular pattern

All the possible yield line patterns are considered through the recommended values of the
effective lengths of the T stub. They are grouped into two categories: circular and non-circular
patterns. The minimum values of the effective lengths - respectively termed &y, and £y, -
are therefore selected for category. The failure load is then derived, by means of Formula (31),

by considering successively all three possible failure modes, but with the specific values of the

effective length:

14
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Mode 1: £ =min(l , f . ) (38)
eff .1 eff cp? © ey

Mode2:  £,,=(, . 39

Mode 3: bogs=Lupr =L (40)

Concerning Mode 1* failure, only circular patterns have therefore to be taken into
consideration and the non-circular patterns have to be disregarded. Mode 1* identifies then
exactly to Mode | and, in order to ensure that the design resistances provided by formulae
(29) and (32) are equal, the effective lengths for the circular patierns defined in revised Annex
J have to be multiplied by a factor 2 before being implemented in the Formula (29).

Besides that, the non-circular patterns not involving prying forces in the bolts may occur.
These ones may be considered through Formula (29), but the appropriate effective length
characteristics should be introduced. The lowest of the effective lengths between those
derived for the circular and non-circular patterns respectively is that which will determines the

design resistance of the T-stub. Table 1 indicates how to select the values of ¢ o fOr two

classical base plate configurations, in the cases where the prying forces develop and do not

develop.

Figure 9 The effective length { , of a T stub for the base plate with two bolts inside the flanges

Table I The effective length £, of a T stub for the base plate with two bolfs inside the flanges

15
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Figure 10 The effective length . of a T stub for the base plate with four bolts outside the

fanges

Table 2 Effective length { . of a T stub for base plate with four bolts

Figure 10 Basic types of anchoring; cast-in-place (a), undercut (b), adhesive (c), groufed (d),

expansion (e), anchoring to grillage beams (f)

5 Anchor Bolts

The typical fixing of the anchor bolts into the concrete block are for instance: hooked
bars for light anchoring, cast-in-place headed anchors and anchors bounded to drilled holes,
see Figure 11. The more expensive anchoring systems such as “grillage beams embedded in
concrete” are designed for large frames., The models of the anchoring design resistance
compatible with the Eurocode safety have been prepared [12] for the short anchoring used in
concrete structures and are applicable to the long anchors used in the structural steel.

The anchoring resistance is based on the ultimate limit state concept. The resistance of
the structural steel anchors has to be such that the anchor boits fail in tension before the
anchorage (pullout of the anchor, failure of the concrete, ...) reach its own resistance. It
assures ductile behaviour of the anchor bolt. The recommendations and good practice of base
plates designed for seismic areas require failure of the base plate to prevent failure of the

anchor bolt [13].

16
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For a single anchor, the following failure modes have to be considered:
*  The pull-out failure N, 4

* The concrete cone failure N, pg,

* The splitting failure of the concrete Ny zy.

Similar verifications are required for anchor bolt groups.

The detailed complex description of the evaluation formulae for the design resistance
of various types of fastenings in the tension is included in the CEB Guide {12]. When
calculating the anchoring resistance, the tolerances for the position of the bolts should be
taken into account according to Eurocode 3, Clause 7.7.5 [4]. This recommendation should
complicate the prediction of the resistance and the stiffness. It may result in developments of
different models of prediction for different load cases, which is not acceptable in the practical
design. The studies [8] shows small differences for the stiffness as well as resistance
prediction. The tolerances higher than recommended in standards {14] should be introduced
into the prediction only.

In case of embedded anchor bolts, the effective free length L, consist of the physical

free length Lssand the embedded free fength Ly = Ly + Ly, see Figure 11.

Figure 12 The anchor bolt effective fiee length

The headed anchor bolt can be use as a reference for the modelling of the typical long
embedded anchor bolts that are preferably used in steel structures. The deformation of the
anchor bolt includes the steel bolt elongation &, the concrete cone deformation &,, and the

elongation due to the bolt head deformation 4,

17
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6=+ .+ 4, (41)

The calculation can be simplified taking into account only the steel bolt elongation for long
anchor bolts used in structural steel. The prediction of embedded free length of typical
structural bolts can be based on assumption of the distribution of the bound stresses [15]. The
relative displacement & between the surface of the concrete foundation and the embedded bar
subjected to tensile force has been observed experimentally by [11]. Based on these
experimental observations, the length Z,, at which the tensile stress in the bar decreases to zero
value is seen to be approximately equal to 24 d. This length may vary during the loading
because of the local looses of the bound resistance between the steel bar and the concrete
block. In the calculations of the stiffness properties of the anchor bolts in tension, a constant
stress in the bar o is assumed to act on a equivalent free length L., see Figure 13b. The

deformation of the bolt dis expressed as

— B Lfnf

T (42)

If o3, designates the bond stress between the concrete and the embedded bar, the axial stress o

along the bar writes:

X

4 0,
ax—au_!‘?dr, (43)

Figure 13 Bond stress distribution for the long embedded bar

18



HCSR-Base Plate in Bending and Anchor Bolt in Tension — third - 2000

The stress on the bar of length L,,, is

Y Uy,
o=/ . (44
n

Substituting the strain £, = o, / E, the following can be obtained

L
Ao,
Ee = [—2dx 45
o= Jgs 45)
and
I, 4 L1,
- g T 2
é —Jﬂ' &, dx i !J: a,, dx’. (46)

If oy, is constant and independent of x, see Figure 13b, the elongation of the bolt is

2
_2 c;bELm _ (47)

)

Assume the length L., is proportional to bolt diameter ¢ and the length L, & 24 d, then

od
O, = e 48
[ 4Ll ( )

and the elongation of the bolt at the concrete surface is

19
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5 20,L, 20dlL, ol

= (‘h‘l, 49
d K 4d L E 2L “9)
F L
(5 - h !’ 50
Yy (30)
finally
L
Lbe=—-§'-’—=}2d. (51)

Figure 14 The linear, triangular model of bond stress for the long embedded bar

If the bond stress varies linearly, as shown in the Figure 14,

2 U) Lim
"SdE (52)

In case of the elongation & proportional to the bolt diameter d

o, =24 (53)

it is possible to express the equivalent length

24 d
== ——=8d. 54
T (54)

20
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Figure 15 The non-linear distribution of the bond stress

If the bond stress varies non-linearly, as shown in Figure 15, the shape can be estimated by the

cubic parabola

2
» 20, L

55
5d E (53)

In case of & proportional to d the equation can be rewritten for the conservative value of the

equivalent length

L, =-L= =48d. (56)

The analytical prediction of the embedded anchor bolt elongation is sensitive to prediction of
the distribution of the stress along the anchor bolt. The FE sensitivity study, was streamed to
show the influence of the anchor bolt length and the headed plate during elastic deformations
at the concrete surface, see Figure 16. The sensitivity study was based on experiments {16]
and {17]. The contact elements (point to surface) are used to simulate the development of the
contact stresses.

Based on this study, the embedded free length of the bolts with regular surface can be
predicted as Ly, = 8 d for the long typical stractural embedded. The stress is developed at the

length of 24 d, which may be expected as a boundary length of the anchoring by a long bolt.

21
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This length is reduced by the haunch or by the headed plate. The anchor bolt area can be

taken as net area 4, to simplify the design.

Figure 16 A quarier of FE mesh for simulation of the anchor bolt, see test [16], bolt is

connected by point to surface contact elements, development of contact stress

6 Validation

Special set of the component experiments was carried out at Czech Technical University in
Prague to evaluate a component prediction [16] and [17]. The main parameters of the tests
are the bolt M 24 with the cut thread and base plate of thickness 12 or 20 mm and size 150,
190, and 210 x 100 mm resulting in dimension of the T-stub m =32, 52 and 67 mm,

n = 40 mm. The size of the concrete block was 550 x 550 x 550 mm.

Figure 17 Comparison of the proposed model to experiments with the anchor bolts [17],

fox = 40,1 MPa

Figure 18 Comparison of the proposed model to experiments with the anchor bolts [16],

fox = 33,3 MPa

The anchor bolts tests, see Figure 17 and 18, show a good agreement with the proposed model

for the anchor bolt stiffness.

22
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The experimental programme consists of twelve tests with T-stub in tension [16]. The
experimental programme was streamed to evaluation of prying effect, strength and siiffness of
the T-stub. For this purpose, the base plate thickness and the bolt pitch were the only variable
parameters, the other characteristics of the specimens were kept constant. Six specimens were
designed with the thick base plate (f = 20 mm), the others with thin base plate (f = 12 mm).
The bolt pitch was 110 mm, 140 mm and 170 mm, see Figure 19.

In addition, two pullout tests of single anchor bolt were carried out to obtain tension stiffiess

and resistance of the anchor bolts, see Figure 18.

Figure 19 The test specimen for the experiments with the T-stub

The pictures show the test results of the T-stub with the bolt pitch 110 mm and the different
base plate thickness. The comparison of the complex and simplified calculations to the
experimental results is included. The calculated resistance of specimens with the thin base
plate is the same for both models and is in good agreement with the experiments see Figure
21. The combination of the plate mechanism and breaking of the anchor bolts reached the
collapse of both specimens, which corresponds to Mode 2 of the design model.

The resistance of the specimens W97-01 and W97-02 with the thicker base plate differs for
complex and simplified models see Figure 20. According to the simplified model there is
prying of anchor bolts, which results in the higher resistance. The complex model predicts no
prying of the anchor bolts, which corresponds to the experimental observations. There were
no plastic hinges in the base plate during the experiment and the tension resistance of anchor
bolts limits the resistance. However, the collapse was not reached because of the limitation of

the loading cell. The predicted stiffness is in a good agreement for all tests.

23
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Figure 20 The load deflection diagram of experiments W97-01 and W97-02, plate thickness

20 mm

Figure 21 The load deflection diagram of experiments W97-05 and W97-06, plate thickness

12 mm

Another four tests were performed with increased bolt pitch, see Figure 22 and Figure 23,
The prying of the anchor bolts occurred in both cases, for experiments with thin and thicker
base plates and it corresponds to simplified and complex models. There is a good agreement
between the experimental and calculated resistances.

The creation of two plastic hinges in the base plate of the specimens W97-03 and W97-04, see
Figure 22, with thick base plate was clearly observed during the experiment, but the anchor
bolts of the specimens finally collapsed. The other specimens with thin base plate collapsed
when four plastic hinges created in the base plate After that the testing was stopped due to
achieving the very large uplift, about 8 mm. The experiment W97-07, see Figure 23, was

interrupted by the splitting failure of the concrete block without reinforced.

Figure 22 The load deflection diagram of experiments W97-03 and W97-04, plate thickness

20 mm

24
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Fig 23 The load deflection diagram of experiments W97-07 and W97-08, plate thickness 12 mm

The last four specimens with the largest bolt pitch 170 mm showed the similar behaviour
during the test. The high influence of the prying of the anchor bolts was observed, which
guided the combined collapse of the anchor bolts and the yielding of the base plate with the
creation of four plastic hinges, i.e. collapse mode 2. There was only difference on ductility of
the T-stub. The specimens W97-11 and W97-12, see Figure 24, with thick base plate
allowed uplift of about 9 mm followed by collapse of anchor bolts. The specimen W97-09
collapsed by splitting failure of the concrete block, collapse of W97-10 was not reached, , see
Figure 25, However, the uplift of both specimens was about 20 mm. The bending and the
bearing of the anchor bolts ware also observed under the extremely high deformations but it

did not influence the collapse.

Figure 24 The load deflection diagram of experiments W97-11 and W97-12, plate thickness

20 mm

Figure 25 The load deflection diagram of experiments W97-09 and W97-10, plate thickness

12 mm

7 Conchlusions

* The base plate in bending and anchor bolt in tension is the component guiding the

behaviour of column bases.

*  The boundaries of two types of behaviour, with contact of base plate to the concrete

surface and without this contact, can be predicted by simple analytical way with a good

25
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accuracy. The resistance and the stiffness of the component can be calculated for both
types of behaviour.

*  The embedded free length of the anchor bolt is the most important parameter for stiffness
prediction, which may be seen at the presented study, The embedded fiee length can be

predicted as Ly, = 8 d for typical structural embedded bolts with regular bolt surface.
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red

Figure 1 The T stub - anchor bolts in tension and base plate in bending, assumption of the
acting forces and deformations

Figure 3 The boundary of the prying action
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Figure 4a Comparison between the theoretical and simplified modelling of the boundary of
prving, the stiffness prediction for variable thickness ratio t /m, Ly =150 mm
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Figure 5 Failure modes of the T-stub
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Figure 6 The mode 1* failure
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Figure 7 T-stub design resistance
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Figure 8 The patterns of the failure, a) the circular pattern, b) the non-circular pattern

Figure 9 The effective length { . of a T stub for the base plate with fwo bolls inside the
flanges

Table I The effective length £, of a T stub for the base plate with iwo bolts inside the
flanges
Prying case

No prying case
£, =2am —(4 m+ 1,25 e)

£, =2am-—(4m+1,25e)

£,=2mm £, =4 m
gc’.ﬁ'.l = min(z?]; fz) {ir= min(fz', El)
L)qy.z = gl gq{f.z = 32
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Figure 10 The effective length £, of a T stub for the base plate with four bolts outside the

Hanges

Table 2 The effective length £, of a T stub for the base plate with four outside the flunges

Prying case

£, =4 m +1,25 e,

£, =2 my

£, =055,
2 = 05w +2my + 0,625 ey
' = e+ 2mg + 0,625 e
s =mm +2e

a1 = Min (El,'Ez,'l?l,'£4,-€5,'ﬁﬁ,'£?)

¢
f
4
b, =mm, +p
¢
£ o5 = min (67;5?2;1?3;64)

2

No prying case

£, =4 m, +1,25 e,
£, =4mny

£, =05b,

¢, =05w+2m+0,625¢,

€ =e+ 2nm,+ 0,625 e
t,=2mm +de

{,=2(nm, +p)

Oy =min (00,000 6008,
£ o5 = min (E?;£2;€3;€4)
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Figure 11 Basic types of anchoring; cast-in-place (a), undercut (b), adhesive (c), grouted (d),

expansion (e), anchoring to grillage beams (f)
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Figure 13 Bond stress distribution for the long embedded bar
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Figure 14 The linear, triangular model of bond stress for the long embedded bar
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Figure 15 The non-linear distribution of bond stress
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Figure 16 A quarter of FE mesh for simulation of the anchor bolt, see test [16], boll is
connected by point to surface contact elements, development of contact stress
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Figure 17 Comparison of the proposed model to experiments with the anchor bolts [17],
fer = 40,1 MPa
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Figure 18 Comparison of the proposed model (o experiments with the anchor bolts [16],
fex = 33,3 MPa
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Figure 19 The fest specimen for the experiments with the T-stub
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Figure 20 The load deflection diagram of experiments W97-01 and W97-02, plate thickness
20 mm
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Figure 21 The load deflection diagram of experiments W97-05 and W97-06, plate thickness
12 mm
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Figure 22 The load deflection diagram of experiments W97-03 and W97-04, plate thickness
20 mm
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Fig 23 The load deflection diagram of experiments W97-07 and W97-08, plate thickness
12 mm
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Figure 24 The load deflection diagram of experiments W97-11 and W97-12, plate thickness
20 mm
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Figure 25 The load deflection diagram of experiment W97-09 and W97-10, plate thickness
12 mm
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