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Abstract

A series of 51 square headed anchor bars was tested in axial tension, in which the main variables were bonded length
along the bar, distance of the embedment to an edge, effective depth, casting position (top, middle and bottom) and ori-
entation (horizontal and vertical) of the embedment in the concrete block. Test results showed that the anchor strength
decreases linearly with the decrease of the distance of the embedment to an edge, and that the anchor strength can
increase 2.6 times when the effective depth increases from 50 to 100 mm for top and bottom bars. The increase in the
anchor strength due to bond ranged from 3% to 50%. It was observed that the ultimate strength of anchor located at
the bottom can be 32% higher than that of anchor located at the top, and that orientation of the anchor did not affect
the failure load.

Keywords: Anchor bolt, free edge influence, bond, casting position, embedment orientation.

Resumo

Neste trabalho foram testados 51 pinos de ancoragem curtos com cabeca quadrada, sujeitos a forcas de tragao, tendo
como principais varidveis a distancia do pino a borda, a altura efetiva, a existéncia de aderéncia ao longo da haste,
a posicdo (superior, intermediario e inferior) e a orientagdo (horizontal e vertical) do pino no bloco de concreto. E
demonstrado que a resisténcia da ancoragem diminui linearmente com a diminuicdo da distancia até a borda e que com
0 aumento da altura efetiva, de 50 mm para 100 mm, a carga de ruptura pode aumentar 2,6 vezes nas ancoragens lo-
calizadas na posicdo inferior e superior do bloco. O aumento na carga ultima decorrente da aderéncia ao longo da haste
do pino varia de 3% a 50 %. E observado que a resisténcia das ancoragens inferiores chega a ser 32% maior do que
as superiores e que ndo ha variagdo na carga de ruptura com a mudancga na orientagdo.

Palavras-chave: Pino de ancoragem, influéncia de borda, aderéncia, posicdo, orientagao.
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Anchor Bolts under Tension Loads -

Influence of Casting Position and Edge Distance

1 Infroduction

Headed anchor bars have been used in structures such as
hydroelectric and nuclear power plants where heavy equip-
ments and pipelines are supported by concrete members.
Their primary function is to fix the equipments and piping,
introducing concentrated loads on the concrete members.
The anchor studied in the present work is formed by a square
plate welded at the end of a straight reinforcing deformed bar.
This type of anchorage was first developed for use in joints of
framed concrete structures of offshore platforms [1].

The objective of the present work was to study the
strength of a shallow embedment anchor bar failing by
concrete cone breakout, throughout a series of 51 pull-
out tests. The main variables were bonded length along
the bar, embedment distance to an edge, effective depth,
casting position (top, middle and bottom of the concrete
block) and orientation (horizontal and vertical) of the em-
bedment inside the block.

1.1 Variables affecting the ultimate
capacity

The variables that affect the ultimate capacity of shallow
embedment anchor bar failing by concrete cone breakout
are concrete strength, bonded length along the bar (only for
reinforcing deformed bar), edge distance, effective depth,
head size, casting position and embedment orientation.
The concrete cone breakout mode of failure clearly indi-
cates that the ultimate capacity depends on the concrete
tensile strength. Bond along the embedment length im-
proves the slip performance of the anchor and provides a
small increase in ultimate capacity [2].

The behavior of anchor systems close to an edge is similar
to the behavior of anchor systems in cracked zones. Ac-

cording to Eligehausen eral [3], cracks affect the ultimate
capacity because they create a stress disturbance zone
which causes a decrease of the surface area available to
transfer tension forces and do not allow axi-symmetric
force transference (Figure 1).

The concrete cone failure load increases with the increase
of the embedment depth h . Assuming no 5|ze—effect,
the failure load increases in proportlon to h . Studies
based on fracture mechanics (Eligehausen e Ozbolt 41
have shown that the failure load is affected by a factor of
hd 2 , resulting in a failure load proportional to h . Ac-
cordlng to Ozbolt er 4l [5], when the head size mcreases
the ductility of the response decreases, but the concrete
breakout resistance increases.

Casting position refers to the location of the bar within the
fresh concrete and orientation refers to the direction of the
bar relative to the direction of concrete casting. Luke ezl
[6] observed that the bond strength of embedded deformed
bars cast near the edge decreased with the increase in the
depth of concrete cast below the bar and that vertical bars
(parallel to the direction of concrete casting) displayed less
bond capacity than horizontal bars at the same level.

2 Experimental program and materials

2.1 Experimental program

Compressive concrete strength fc, bar diameter d and
head size dh were kept constant. The variables adopted
in this work are described below.
e Edge distance c_: distance from the bar axis to the
closest edge (Figure 2a);
e Effective embedment depth hef : distance from the
top (loaded) surface of the test specimen to the inner
surface of the head (Figure 2a);

Failure surface
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Axi symmetric distribution

Uncracked concrete

Figure 1 - Load transfer mechanism example (Eligehausen et al. (3))
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Figure 2 - (a) Geometrical characteristics; (b) Anchor casting position and orientation
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==—=iTop/Horizontal 650 < H <1000mm
=——==IMiddle/Horizontal 350 < H < 650mm
—==lBottom/Horizontal H < 350mm
T tmf |
”Bottom /Vertical
(a) Geometrical characteristics (b) Anchor casting position and orientation

, limited by the edge, of the concrete cone at the concrete
 Bonded length I, : length along which bond exist surface to the total projected area A , and the ratio of the
between concrete and bar (Figure 2a); perimeter U of A to the perimeter U, of A . The ra-

e Casting position: position of the anchor at the occasion dius of both areas is 1_5hef +dh/2 (Figure 2 a).
of casting, relative to the height of the concrete block;  Four concrete blocks with dimensions 1000 x 1000 x 1000

three positions were considered: top, middle and mm were constructed for the tests. In each block, the
bottom (Figure 2b); headed bars were spaced at distances sufficient to avoid
¢ Orientation: direction, horizontal or vertical, of bar overlap of the failure cones. The distance between the sup-
axis (Figure 2b). ports of the frame (Figure 3), was higher than six times

Depending on the edge distance, two additional dependent  the embedment depth in order to avoid any interference of
variables were obtained: the ratio of the projected area A the frame reactions on the concrete cone.

Figure 3 — Test setup (measures in mm)
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Axial displacement of the anchor relative to a point outside the
failure cone was measured by a dial gage. This displacement
includes the elongation of the bar and the head displacement
due to concrete deformation. The load was applied in small
increments and was measured with a load cell.

2.2 Materials

The bars were made of CA-50 steel (specified yield strength
of 500 MPa) with diameter of 20 mm. Their mechanical
properties were obtained by tests carried out on two sam-
ples according to NBR6152/92 [7]. The values of yield and
ultimate strength were 570 MPa and 677 MPa respectively.
The elastic modulus was 211 GPa and the strain corre-
sponding to yield strength was 2.7 mm/m.

The target compressive strength of concrete was 20 MPa
at 28 days. Aggregate maximum-size was 19 mm and
the specified slump was 90 mm + 10 mm. Concrete cyl-
inders 150 x 300 mm were cast to obtain the compressive
strength [8], elastic modulus [9] and the splitting tensile
strength [10] at 28 days. The values obtained for the
concrete used in blocks 1 and 2 and blocks 3 and 4 were:
19.7 and 20.3 MPa for the compressive strength; 2.43 and
2.50 MPa for the tensile strength and 21.6 and 22.6 GPa
for the elastic modulus.

3 Results and discussion

3.1 Failure modes and ultimate loads

The mode of failure of all specimens was pullout cone
failure delimitated by a surface initiating at the head of
the anchor and progressing towards the block surface, as
shown in Figure 4. In some cases, cracks appeared in the
region around the head indicating the beginning of lateral
failure and/or cracks that splitted the concrete cone into a
number of blocks, as shown in Figure 5.

The ultimate load and mode of failure of the anchor bars
with effective depth of 50 mm and 100 mm are shown in
Tables 1 and 2 together with bonded length, casting po-
sition and orientation, compressive and tensile concrete
strengths fc and ft , and the measured ratios An/AO ,
U,/U, andc /h_.

3.2 Influence of bonded length

The comparison of the ultimate loads F_, , of the anchor
with bonded length 1, equal to effective depth hef with
the ultimate loads F q Of the anchor without bond

u,no bon
is shown in Table 3. It is observed that all values of the
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Figure 4 - Inferior, lateral and perspective views of observed
concrete breakout cones (measures in mm)
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Figure 5 - Inferior, lateral and perspective views of concrete cones with
splitting cracks or side circular cracks near to head (measures in mm)
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Fu’bond/Fu’no bond Fatio were higher than 1.0. This can be
explained by the reduction of the stress exerted by the
head of the anchor on the concrete caused by bond stress
developed along the bonded length [2].

The mean value of the F, bond/Fu)m bond Fatio varied from
1.21 (for top anchor with - h; =50 mm and bottom an-
chor with h, =100 mm) to 1.43 (middle anchors with
hef =50 mm). The mean value of the increase of the an-
chorage capacity for the anchors with I, =h_ was 32.0%,
with coefficient of variation of 18.5%.

3.3 Influence of edge distance

To estimate the loss of the anchor strength due to a close

edge, the ratio of the ultimate load F,  of each anchor to
the ultimate load F_ _ of the isolated anchor (Fu,n /Fu,lso )
was calculated (Tablé 4). The anchors with effective depth
of 50 mm, at the top position and orientated vertically, pre-
sented decreasing values of F /F , from 1.00 to 0.53
for A /A, =1.00 and A /A =0.70 respectively. This
reduction was also observed for the other situations.

The anchors with 100 mm effective depth, located at the
middle position and orientated horizontally, presented the
lowest values of Fun/F because the concrete in the

; u,Iso i
block corners could be of poorer quality.
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Table 1 - Ultimate load and failure mode of the anchors with effective depth of 50 mm

5 AJA, 100 AJA 100 AJA, 090 AJA 080 A/A, 070
g Un/Uo 1.00 Un/Uo 1.00 Un/Uo 0.75 Un/Uo 0.68 Un/Uo 0.61
8 ¢/, 10.00 c/h, 200 c/h, 140 c/h, 104 c/h, 070
A R C) I € I E R
% g‘lsolated}s
0
O (mm) N
P F, (kN) PO1 29.5 P02 21.6 PO3A 215 P04 16.4
Block F M. 1 cc 1 cc/s 3 cc/s ] cc
0 h e/ 52 192 52 135 53 1.04 50 0.84
AJA™  UJU™ 100 092 089 074 081 068 074 0.64
Horizontal f, f, 19.70 243 1970 243 20.30 2.50 19.70 2.43
P05 32.0 P06 28.4 P07 224 P0O8B 23.0 PO9B 17.0
Q 2 cc 1 cc 1 cc 3 cc/sce 3 cc/sce
0 50 55 9.09 55 1.91 50 1.30 55 1.00 50 0.70
. 1.00 1.00 1.00 093 087 073  0.80 0.67 0.70 0.61
Vertical 19.70 243 19.70 243 1970 243 19.20 2.36 19.50 240
- - P10 21.3 P11 20.1 - - P12 14.0
- - S cc 3 cc - - 3 cc/sce
0 Ei ! - - 50 2.00 50 1.40 - - 50 0.80
- - 1.00 1.00 090 0.75 - - 0.73 0.63
Horizontal - - 20.30 250 2030 250 - - 20.30 2.50
P13 34.1 P14 32.3  P15A 27.8 P16 24.0 P17 19.9
2 cc 1 cc 3 cc 1 cc ] cc
50 50 10.00 50 2.00 52 1.44 49 1.02 52 0.65
0 1.00 1.00 1.00 1.00 091 076  0.80 0.67 0.69 0.61
8 ai . 19.70 243 19.70 243 2030 250 19.70 243 19.70 243
S _ P18 26.6 P19 314 - - P2 125 P2 13.2
Horizontal 4 cc 3 cc - - 3 cc 3 cc
0 50 10.00 5% 191 - - 50 1.00 53 0.75
1,00 1.00 100 093 - - 079 067 072 0.62
20.30 2.50 2030 250 - - 2030 250  20.30 2.50
- - P22 370 P23 33.0 P24 26.8 P25 22.1
Ejzﬂ - - 1 cc/s 1 cc 1 cc 1 cc
50 - - 50 2.10 55 1.22 55 1.00 50 0.84
Horzontal - - 100 100 08 071 080 067 074 064
- - 19.70 243 1970 243 19.70 2.43 19.70 2.43
P26 39.1 P27 406 P28 327 P29 248  P30A 224
g j[f 2 cc 1 cc 1 cc/s 1 cc/s 3 cc
£ 50 52 9.62 57 1.75 50 1.40 50 1.10 50 0.70
8 Vertical 1.00 1.00 0.98 086 0.90 075 085 0.70 0.70 0.61
erica 19.70 2.43 1970 243 1970 243 19.70 243 2030 2.50
- P31 247 P32 24.4 P33 24.6 P34 16.0
0 - - 3 cc 3 cc 3 cc 3 ce/s/scc
) - - 50 2.05 50 1.30 54 1.02 55 0.73
Horizontal - - 100 100 087 073 080 067 0.72 0.62

2030 250 2030 250 2030 2.50 20.30 2.50

l, - Bond length.

P - Specimen identification.

h.. e h,™ - Effective depth (hef) required and measured.

c,/h,; e c/h, - Relation between the free edge distance (c,) and the effective depth (h,) required and measured.

AJA, e A JA™ - Relation between required and measured assumed total projected concrete failure area (A) and partial (A).
U,/U, e U,/U;™ - Relation between required and measured perimeter of assumed total projected concrete failure area (Uy) and partial (U)
F, - Failure load.

F. M. - Failure mode.

cc - Pullout cone failure (cc).

cc/scc - Pullout concrete cone failure (cc) with side circular cracks near fo head (scc).

cc/s - Pullout concrete cone failure (cc) with splitting cracks (9).

cc/s/sce - Pullout concrete cone failure (cc) with splitting cracks (s) and side circular cracks near to head (sce).
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3.4 Influence of effective depth

The ultimate loads F ), and F .~ of the anchors with
100 mm and 50 mm effectlve depth are compared in Table
5 for the anchors at the same position, orientation and
A /A ratio. The mean values of F / F 5, and of the
coefﬁaent of variation of the anchors Iocated at the top
and bottom positions show little differences; if they are
considered altogether, these values would be 2.62 e 0.08
respectively.

The anchors located at the middle position showed the
lowest values for the ratio F |/ F _ due to the higher

u,100 0
strength loss of the anchors with 100bmm effective depth

was 2.29

close to an edge. The mean valueof F~_/ F w50

1,100
and the coefficient of variation was 0. 23

3.5 Influence of casting position

The influence of casting position is verified by comparing
the values of the ultimate loads of the anchors located
at bottom (FLl ot ) @nd middle (FLl mia) Positions and the
ultimate loads (Fu wop ) Of the anchors located at the top
position, as shown in Table 6. In general, the bottom and
middle anchors displayed ultimate loads higher than those
of the top anchors.

The mean values of the ultimate loads of the bottom and

Table 2 - Ultimate load and failure mode of the anchors with effective depth of 100 mm
cC
9 AJA, 1.00 AJA, 100 A/A, 090 AJA 0.80 AJA, 0.70
2 U./U, 1.00 U./U, 100 U/, 075 UJU, 0.68 U./U, 0.61
8 o c/h., 5.00 c/h, 175 c¢c/h, 121 c/h, 08  c/h, 058
o Orientation e
c FRN
5 Isolated ! @ @ @
0]
O (mm) e
P35 77.9 P36A 67.9 P37A 65.6 P38 61.9 P39 43.9
a 1 cc 4 cc/s 4 cc/s 2 cc 2 cc
0 100 100 5.00 100 1.80 100 1.20 107 0.79 110 0.53
: 1.00 1.00 1.00 1.00 090 0.74 0.78 0.65 0.69 0.60
Vertical 19.70 2.43 19.00 2.34 1890 233 1970 243 1970 243
o P40 102.6 P41 85.4 P42A 52.8 P43A 504 P44A 35.6
5 q1=,, 2 cc/s 2 cc 4 cc 4 cc/s 4 cc
o 100 102 4,90 103 1.75 100 1.256 100 0.85 100 0.50
> Horizontal 1.00 1.00 1.00 1.00 091 0.75 0.79 0.66 0.67 0.59
orizontal 19,70 2.43 19.70 243 2030 250 2030 250 2030 250
P45 108.7 P46 99.2 P47 77.6 P48 71.9 P49 60.9
1 cc/s 2 cc/s 2 cc/s 2 cc 2 cc
100 105 4.76 103 1.76 102 1.18 105 0.90 105 0.55
£ i 1.00 1.00 1.00 1.00 089 0.74 0.8]1 0.67 0.69 0.60
) Vertical 19.70 2.43 19.70 243 19.70 243 19.70 2.43 19.70 2.43
;C;) P F, (kN) P50 - P51 71.0 P52 - P53 45.9
Block F.M. - - 4 cc/s - - 4 cc
0 l h,™  c/h™ - - 95 126 - - 105 0.52
_ AJA U U - - 091 075 - - 0.68 0.60
Vertical f. f, - - 2030 250 - - 2030 250
I, - Bond length.
P - Specimen identification.
h.. e h,™ - Effective depth (hef) required and measured.
c/h, e ¢ /h,- Relation between the free edge distance (c,) and the effective depth (h,) required and measured.
AJA e A JA™ - Relation between required and measured assumed total projected concrete failure area (A,) and partial (A).
U./U, e U /U™ - Relation between required and measured perimeter of assumed total projected concrete failure area (U,) and partial (U,)
F, - Failure load.
F. M. - Failure mode.
cc - Pullout cone failure (cc).
cc/scc - Pullout concrete cone failure (cc) with side circular cracks near to head (scc).
cc/s - Pullout concrete cone failure (cc) with splitting cracks ().
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middle anchors were 1.32 and 1.18, respectively, higher
than the mean values of ultimate loads of the superior an-
chors. This increase is attributed to the better quality of
concrete at the bottom of the concrete block, where there
is a higher concentration of coarse aggregate, and due to
the higher amount of concrete above the anchors.

3.6 Influence of orientation

Table 7 shows the ultimate loads of the group of anchors
with horizontal and vertical orientations, located at the
top and bottom positions in the concrete block. The ratio
Fon /F . of the ultimate load F, ;; of a horizontal an-
chor to the ultimate load F of a vertical anchor pres-
ents little variation around the unit value, for the anchors
located at both superior and inferior positions. The mean
value of this ratio is 0.99 with coefficient of variation of
5.6%. These results show that the orientation of the an-
chor has no influence on the anchor strength for effective
depth of 50 mm.

3.7 Displacements

The measured axial displacement Al relative to the con-
crete block includes the elongation Al , of the external
length of the bar and the displacement ge due to the elon-
gation of the embedded bar length plus the head displace-
ment (Figure 6). Al;ed can be evaluated (while the bar
behaves linearly) by the expression F1/EA (E = 210 GPa).
For the anchors with bonded length (I, = h ), the dis-
placement & = Al—Al;_, is due to the eIongatlon of the
embedded bar length plus the head displacement. For
the anchors without bond (lb =0), O is due to the head
displacement only.

Figure 7 shows the load-displacement response of the an-
chors with effective depth of 50 mm and 100 mm, at the
top, middle and bottom positions, and with An/AO =
0.90.

The anchors located at top position (P37A and P07) had
the highest displacements O, for each effective depth at
the same percentage of ultimate load.

The increase of effective depth from 50 mm to 100 mm
caused an increase of O for the same percentage of ul-
timate load due to the decrease of the ratio of the head

Table 3 -
h Ccs_ti_ng Orient. A./A,
position
(mm)
10
Top Horizont. 0.9
0.7
Iso-1.0
Middl Horizont 1.0
50 iddle orizont. 08
0.7
1.0
, 0.9
Bottom  Horizont. 0.8
0.7
100 Bottom  Vertical 0.9
0.7
hefSD
Maximum 1.38
Minimum 1.07
Mean 1.21
Coeff. of variation (%) 13.1

Influence of bonded length

Bond No bond
b=h 0 FpalFoots
= u,bond H u,no bond
Specimen (kN) Specimen (kN)
PO1 29.5 P10 21.3 1.38
P02 21.6 P11 20.1 1.07
PO4 16.4 P12 14.0 1.17
P13 34.1 P18 26.6 1.28
P14 32.3 P19 31.4 1.03
P16 24.0 P20 12.5 1.92
P17 19.9 P21 13.2 1.51
P22 37.0 P31 24.7 1.50
P23 33.0 P32 24.4 1.35
P24 26.8 P33 24.6 1.09
P25 22.1 P34 16.0 1.38
P47 77.6 P51 71.0 1.09
P49 60.9 P53 45.9 1.33
Fu.bond/Fu.no bond

Middile Bottom Bottom Al

hef 50 hef 50 hel 100
1.92 1.50 1.33 1.92
1.03 1.09 1.09 1.03
1.43 1.33 1.21 1.32
26.4 13.0 13.7 18.5
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size to the effective depth. Low values of this ratio cause
a reduction of the effective depth due to concrete crushing
above the head [5].

Figure 8 shows the load-displacement & curves of the an-
chors with and without bond (I, = h _and 1, =0) which
have, for the each effective depth, same An/AO ratio,
same position and orientation. For the anchors without
bond, the displacement O is relative to the head only.
The bonded anchors (1b = hef), P22 and P47, showed the
lowest displacements 0 = Al— Al , as compared to the
anchors with no bond (lb = (), because the ribs acted as
an additional mechanical anchorage which provided the
reduction of the displacements.

4 Conclusions

The objective of the present work was to study the
strength of a shallow embedment anchor bar failing
by concrete cone breakout, throughout a series of 51
pullout tests. The results presented in this study have
shown that:

e the ultimate loads of bonded anchor bars were 3% to
50% higher than the ultimate loads of anchors with no
bond, with mean value of 32% and corresponding coef-
ficient of variation of 18.5%;

e the lower the distance to an edge, the lower the ultimate
load of the anchorage; for the smallest distance consid-

Table 4 - Influence of edge distance

hy Cq‘e’.ﬁ.ng Orientation
(mm) position
Top Vertical
50 Middle Horizontal
Bottom Vertical
Top Vertical
100 Middle Horizontal
Bofttom Vertical

; Fn
Specimen A./A, N Fon/Foiso
P05 Iso-1.0 32.0 1.00
P06 1.0 28.4 0.89
PO7 0.9 22.4 0.70
PO8B 0.8 23.0 0.72
PO9B 0.7 17.0 0.53
P13 Iso-1.0 34.1 1.00
P14 1.0 32.3 0.95
P15A 0.9 27.8 0.82
P16 0.8 24.0 0.70
P17 0.7 19.9 0.58
P26 Iso-1.0 39.1 1.00
p27 1.0 40.6 1.04
P28 0.9 32.7 0.84
p29 0.8 24.8 0.63
P30A 0.7 22.4 0.57
P35 Iso-1.0 77.9 1.00
P36A 1.0 67.9 0.87
P37A 0.9 65.6 0.84
P38 0.8 61.9 0.79
P39 0.7 43.9 0.56
P40 Iso-1.0 102.6 1.00
P41 1.0 85.4 0.83
P42A 0.9 52.8 0.51
P43A 0.8 50.4 0.49
P44A 0.7 35.6 0.35
P45 Iso-1.0 108.7 1.00
P46 1.0 99.2 0.91
P47 0.9 77.6 0.71
P48 0.8 71.9 0.66
P49 0.7 60.9 0.56
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ered in this study, a reduction of 35% in relation to an
isolated anchor was observed;

e the increase of effective depth from 50 mm to 100 mm
resulted in an increase of the anchor capacity up to 2.29
times for anchors located at middle position and up to 2.62
times for the top and bottom anchors;

e ultimate loads of anchor bars located at bottom and
middle positions were 32% and 18% higher than ultimate
loads of top anchors;

e the orientation of the anchors had no effect on the anchor
capacity of the anchors with effective depth of 50 mm;

e the displacement due to head displacement plus the
elongation of the immersed bar length of the top anchors
were higher than the displacements observed in the bot-
tom and middle anchors;

e anchors with effective depth of 100 mm presented dis-
placements higher than those observed in the anchors
with effective depth of 50 mm at the same load level ex-
pressed as a percentage of the ultimate load;

e bond between bar and concrete reduces the head
displacements.
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Figure 7 - Percentage of failure load (F,) versus displacement & curves,
for embedment depth of 50 mm and 100 mm at different casting positions
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Figure 8 — Percentage of failure load (F,) versus displacement § curves,
for embedment depth of 50 mm and 100 mm with and without bond
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