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ABSTRACT

This paper presents shear test results for large cast-in-place anchor bolts in concrete. The tests were performed to
evaluate the shear performance of large anchors, i.e. anchors with diameter greater than 2 in. (50 mm) or embedment depth
greater than 25 in. (635 mm), which are not addressed by ACI 318, App. D and ACI 349, App. B. The tests were also
intended to investigate the safety of such anchors for use in nuclear power plants. The test results are used to assess the
applicability of existing design formulas valid for smaller anchors to large anchors. Suggestions are made for incorporating
the effects of deep embedment or large diameter in existing design provisions for cast-in-place shear anchor bolts under shear
load.

INTRODUCTION

Current anchorage designs for nuclear power plants frequently use large anchor bolts with diameters exceeding 2 in.
(50mm), embedment depths exceeding 25 in. (635mm), a specified yield strength of 140 ksi (980 MPa), and a specified
ultimate strength of 155 ksi (1085 MPa). While the shear behavior of smaller anchors has been studied extensively, large
anchors have not been adequately addressed. In the research described here, large anchors were tested in shear to develop
design criteria for anchors which are not addressed by ACI 318-05 Appendix D[1] or ACI 349-01 Appendix B[2], and to
evaluate the applicability of capacity-prediction methods developed for smaller anchors.

To evaluate the shear behavior of anchors with large diameters, embedment depths and edge distances, various
anchors, with diameters from 2.5 in. (63.5 mm), 3.0 in. (76.2 mm) and 3.5 in. (88.9 mm), embedment depths from 25 in. (635
mm) and 30 in. (762 mm), and edge distance 15 in. (381 mm), 20 in. (508 mm) and 30 in. (762 mm) were tested.

EXISTING FORMULAS FOR PREDICTING THE SHEAR CAPACITY OF ANCHOR BOLTS IN CONCRETE

The formulas used for computation of shear capacities are given by Eq. (1) through (4). The breakout formulas of current US
design provisions (ACI 318-05 and ACI 349-01) are based on the Concrete Capacity Design Method (CCD-Method) (Fuchs
etal. [3]). Eg. (1) and Eq. (2) valid for the Concrete Capacity Method and Modified Concrete Capacity Method [5]
respectively are based on the mean of the concrete breakout capacity in uncracked concrete. In contrast ACI 349-97[4] and
ACI 349-01 are based on the 5%-fractile of the expected shear breakout capacities. Equation (1) (CCD-Method) and
Equation (2) (Modified CCD-Method) were developed in SI units of N-mm and thus conversions of the equations into Ib-in
were made for comparison with other methods. Capacities were also computed by the 45-Degree Cone methods
recommended by ACI 349-97 and the CC methods as per ACI 349-01 considering 5%-fractile values. For ACI 349-01 the
value k=7 is valid for cracked concrete, but the tests were performed in uncracked concrete. Therefore a k-value k=9.8
(k=7x1.4) was used for calculations of predicted capacity. The purpose of this computation is to test the applicability of the
formulas to large anchors.

Concrete Capacity Method (in US Customary Units (Ibs)): V,, :13(é)0'2 Eﬂ(cl)l's Q)
Modified CC Method (in SI Units (N)): V, =3d0tter /e 010 /e [ =g y15 @)
ACI 349-97 (45-Degree Cone Method in US Customary Units (Ibs)): V, =2n \/ﬁclz (3)
ACI 349-01 (in US Customary Units (Ibs)): V,, = 9.8(&)0'2 Jdo VfFe €)' )

where, f'.= specified concrete compressive strength measured on cylinders in psi
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f'.c = specified concrete compressive strength measured on cubes with a side length of 200 mm (= 1.18f',) in MPa
hes = effective embedment depth in mm for Eq. (2) and inch for other Eqgs.
d, = diameter of anchor in mm for Eq. (2) and inch for other Egs.; and

I = load bearing length of anchor for shear in inch (I = hes for anchors with headed stud)
¢, =anchor edge distance in mm for Eq. (2) and inch for other Egs.

DESCRIPTION OF EXPERIMENTAL PROGRAM

Test specimens

To evaluate the effects of edge distance, embedment depth, anchor diameter and supplementary reinforcement
patterns on the shear capacity of large anchors, seven different test configurations were selected. Five test replicates with
each of test specimens, S1 to S4, four replicates of specimen S6 and three replicates of specimen S7 were performed giving
27 specimens in total for un-reinforced anchors in shear. The specimen S5 with an embedment depth of 35 in. (889 mm) was
planned to examine the effect of embedment depth. However, it was found the shear capacity of anchor with deep
embedment depth relative to edge distance is not any more affected by increasing embedment depth comparing the tested
capacities of the specimens having 25 in. (635 mm) and 30 in. (762 mm) of embedment depths and thus the specimen S5
having embedment depth of 35 in. (889 mm) was not tested.

The test program is summarized in Table 1 and the test specimens of unreinforced are shown in Fig. 1. Test group VD
and VH are to examine the effect of anchor diameter and embedment depth on un-reinforced concrete shear breakout strength
with an edge distance of 20 in. (508 mm), respectively. Test specimens in a test group VD have various diameters, 2.5 in.
(63.5 mm), 3.0 in. (76.2 mm) and 3.5 in. (88.9 mm), with a fixed effective embedment depth of 25 in. (635 mm). On the
other hand, test specimens of a test group VH have various embedment depths of 25 in. (635 mm), 30 in. (762 mm) and 35
in. (889 mm) with a constant anchor diameter of 3 in. (76.2 mm). A test group VE was planned to examine the effects of edge
distance on unreinforced concrete shear breakout strength.

All anchors were fabricated of ASTM A540 Gr. B23 Class 2 steel (equivalent to ASME SA 549 GR. B23 Class 2
used in Korean nuclear power plants) with f, = 140 ksi (980 MPa) and f, = 155 ksi (1085 MPa). The anchor head consisted of
a round thick plate which was fixed to the bolt by clamping nuts (Fig. 2).

Table 1. Description of Shear Test Specimens

T . . Anchor Diameter, dy, | Effective Embedment hs | Clear Distance d,
est Group Specimen | Reinforcement - - - 1)
in.(mm) in. (mm) in. (mm)
VD1 S1 None 2.5(63.5) 25(635) 81.2 (2062.5)
VD VD2 S2 None 3.0(76.2) 25(635) 81.2 (2062.5)
VD3 S3 None 3.5(88.9) 25(635) 81.2 (2062.5)
VH1 S2 None 3.0(76.2) 25(635) 81.2 (2062.5)
VH VH2 S4 None 3.0(76.2) 30(762) 81.2 (2062.5)
VH3 S5 None 3.0(76.2) 35(889) NA
VE1 S6 None 2.5(63.5) 25(635) 63.8 (1620.5)
VE VE2 S7 None 2.5(63.5) 25(635) 151.2 (3840.48)
VE3 S1 None 2.5(63.5) 25(635) 81.2 (2062.5)
. Edge Distance c1, . Test Block Size, in. (m No. of
Test Group Specimen ’ in. (mm) Ratio d/c1 (width x length x dergth; Replicates
VD1 S1 20.0(508) 4.06 105(2.6) x 100(2.5) x 47(1.2) 5
VD VD2 S2 20.0(508) 4.06 105(2.6) x 100(2.5) x 47(1.2) 5
VD3 S3 20.0(508) 4.06 105(2.6) x 100(2.5) x 47(1.2) 5
VH1 S2 20.0(508) 4.06 5
VH VH2 S4 20.0(508) 4.06 105(2.6) x 100(2.5) x 47(1.2) 5
VH3 S5 20.0(508) NA NA
VE1 S6 15.0(381) 4.25 87 (2.2) x 108(2.7) x 73(1.8) 4
VE VE2 S7 30.0(762) 5.04 174(4.4) x 108(2.7) x 73(1.8) 3
VE3 S1 20.0(508) 4.06 5

Note 1) Clear distance (d) is distance between the supports
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The round plate would not directly impact the anchor
capacity in shear rather than in tension. The steel plate (ASTM
A36) provides a minimum net bearing area satisfying the pullout —nNM
strength requirement of Eq (B-10) of ACI 349-01 App. B for
each anchor bolt. The nominal strength of the anchor bolt was J,
conservatively used as the pullout strength N, for each specimen. o
The size of the concrete test block was large enough to avoid %
splitting failure. The concrete volume (width / length / depth) X
available for each anchor is shown in Table 1. As shown in Fig. —h
1, wooden and steel frames were constructed to suspend the cast-
in-place anchors in the correct position and at the correct

o]
embedment depth. l %

The concrete used in the test specimens was comparable
to the concrete used in Korean nuclear power plant, except that
20% by weight of the Type | cement was substituted by fly ash
and 1 in. (25 mm) crushed aggregate was used instead of 3/4 in ——
(19 mm). The target concrete strength at 28 days was f, = 5500
psi (37.9 MPa). The actual concrete strength at the time of testing Fig. 1 Schematic Sketch and Photo of Un-
is given in Table 2. The concrete for the specimens of one test | reinforced Shear Test Specimens (Sl to S7)
series was poured from 1 batch.

e
d; Anchor Diameter | Plate Diameter Plate thickness Nut width
db, in. (mm) dh, in. (mm) th, in. (mm) F, in. (mm)
db
S Y 2.5(63.5) 6.0 (152.4) 2.5(63.5) 3.875(98.4)
ﬁ 3.0(76.2) 7.0 (177.8) 3.0(76.2) 4.625 (117.5)
T 1 \\& 3.5 (88.9) 9.0 (228.6) 4.0 (101.6) 5.375 (136.5)
db
dh
Fig. 2 Details of Anchor Head
Table 2 Concrete Strength at the Time of Testing
Test specimen Curing ages (days) Compressive strength in psi (MPa)
S1-A/B/C/D/IE 75/79/88/89/92 5959(41) / 6018(41) / 6141(42) / 6154(42) / 6192(43)
S2-A/B/C/D/IE 99/95/100/106/107 6230(43) / 6272(43) / 6287(43) / 6358(44) / 6358(44)
S3-A/B/C/ID/IE 99/98/95/94/93 6272(43) / 6258(43) / 6230(43) / 6216(43) / 6201(43)
S4-A/B/C/D/E 87/87/91/92//93 6130(42) / 6130(42) / 6173(43) / 6187(43) / 6201(43)
S5-A/B/C/D/E 39/40/37/35/41 5211(36) / 5241(36) / 5152(36) / 5049(35) / 5268(36)
S6-A/B/C/D 56/57/57/58 5625(39) / 5645(39) / 5645(39) / 5665(39)
S7-A/B/C 44/54/55 5120(35) / 5234(36) / 5248(36)

Test Setup

The test setup consisted of a loading frame, loading plate, jack assembly, load cell and other items, shown in
schematic and photo in Fig. 3. The load was applied to the anchor under force-control in increment as a percentage of the
target maximum test load for each test specimen, i.e. 5% at 1% step and every 10 % of the target maximum from 2" step to
failure load. It was reacted by shear test frames in parallel on the concrete surface of anchor specimen block. The clear
distance between the supports was 4.0 he for specimen S1 through S7 and thus allowing for an unrestricted formation of a
concrete cone. The applied load was measured by a load cell. Additionally, the strains along the embedment length of the
anchor bolt were measured. Furthermore, the lateral displacement of the anchor at the level of concrete top surface was
measured by LVVDT located at the center of jig plate (Fig. 3).
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(a) Schematic (b) Photo
Fig. 3 Shear Test Setup
TEST RESULTS

Failure loads, failure modes and load displacement behavior

The average failure loads for the unreinforced shear test specimens are summarized by edge distances, anchor
diameter and effective embedment depths in Table 3. The values given in the tables are normalized to f. = 5500 psi (37.9
MPa) by multiplying the measured peak load of each test with the factor (5500/f s)>>. ACI 349-97 and ACI 349-01 predict
the lower bound (5%-fractile) of the capacity, while the CCD-Method and the modified CCD-Method predict the mean shear
capacity. Therefore, the measured mean capacities are compared with the values predicted by the CCD-Method and the
Modified CCD-Method, and the 5%-fractiles capacities are compared with the prediction according to ACI 349-97 and 349-
01 as shown in Table 3. The 5%-fractile was calculated assuming an unknown standard deviation and a 90% probability.

In test series S1 to S7 failure was caused by concrete cone breakout below the concrete shear breakout capacities
calculated with the available formulae, Egs. (1) to (4) (see Table 3). The typical cracking patterns on the front face (edge
face) and top face of S1 specimen are depicted in Fig. 4. The general crack pattern comprised of one major longitudinal crack
centered approximately on the front face of the block with inclined cracks on the sides of the front face (edge face). Some of
large anchors loaded in shear typically exhibit crushing of the concrete in front of anchor similarly to small anchors in shear.
However, the embedment depths are relatively large compared with the diameters of the anchor and the crushing of the
concrete in front of anchor were judged not to cause failure of the shear test specimens.

On the top surface, the cracks formed generally cone failure pattern with a breakout prism angle of around 15 to 25
degrees initiating at the anchor bolt. Some replicates of the unreinforced specimens (S3, S4 and S7) show cracks, normal to
the edge, emanating from the anchor and this sort of crack was judged to have developed due to flexural behavior of a part of
a cone (partly separated from main test block by cone failure) having two end supports. To physically identify the internal
crack propagation defining the breakout failure cone, one replicate of specimen S1 type was selected, and concrete was cored
from front face as shown in Fig. 4.

B
"

Fig. 4 Typical Crack Patterns of Five (5) Replicates and Internal Crack Profile in Specimen S1
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Table 3 Shear Test Results and Predictions for Un-reinforced Specimens

Classifi- Concrete Shear Breakout Capacities in Kips (KN)-(D/he/c1)
cation Reference s1 S2 S3 S4 S6 S7
2.5/25/20 3.0/25/20 3.5/25/20 3.0/30/20 2.5/25/15 2.5/25/30
CCD-Method Eqg. (1) 216 (961) | 228 (1014) | 239 (1063) | 237 (1054) | 140(623) | 397 (1766)
Predict- | Modified CCD Eq. (2) | 126 (560) | 130 (578) 135 (600) 138 (614) 90 (400) 205 (912)
ions | ACI 349-97 Eq. (3) 186 (827) | 186 (827) 186 (827) 186 (827) 105 (467) | 419 (1864)
ACI 349-01 Eq. (4) 163 (725) | 172 (765) 180(801) | 178(791.8) | 106(471.5) | 299 (1330)
Mean 107.6(479) | 98.9 (440) | 103.5(460) | 99.9 (444) | 60.0 (267) | 242 (1077)
Tests COV (%) 1.9 4.6 5.7 44 4.6 25
5%-fractile 100.8(448) | 83.3(371) | 83.4(371) | 84.9(378) | 48.8(217) | 209.7(933)
5% fractile/mean 0.94 0.84 0.81 0.85 0.81 0.87
Classification Symbol in Comparison Ratio of Observed to Predictions
Fig. 6 Sl S2 S3 S4 S6 S7 Mean
Mean of Test Results 0] Mean / Eq.(1) 050 | 043 | 043 | 042 | 043 | 061 0.47
(D) Mean / Eq.(2) 085 | 0.76 | 0.77 | 0.72 | 0.67 | 1.18 0.83
5%-Fractile of Test (D) NU,s9 / EQ.(3) 054 | 045 | 045 | 0.46 | 046 | 0.50 0.48
Results (v NU,s0, / EQ.(4) 062 | 048 | 046 | 0.48 | 046 | 0.70 0.53

The load-displacement curves for unreinforced specimens S1 through S7 are shown in Fig. 5(a) through 5(f), using the
displacement measured at the center of jig plate. The load-displacement relationship for each test replicate varied based on
the concrete strength at time of testing. Since all of shear test specimens were failed by concrete breakout, the total
deformation consists mainly of concrete deformation with little steel deformation. The anchor displacements were rather
large after some large cracks in the concrete due to shear break out failure were observed.
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Fig. 5 Measured Load - Displacement Relationships (Un-reinforced specimens)

Comparison of predicted and tested shear breakout capacities
Shear test results are presented in graphical (Fig. 6) and tabular form (Table 3). The predicted capacities and the mean
and 5% fractile of the tested capacities are compared for each type of investigated anchors. Five replicates of each specimen
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were tested for Specimen S1 through S4 except for four
replicates of specimen S6 and three replicates of specimens 12
S7. Since each replicate was tested at a different curing 1y
stage, the shear test results were normalized to a 09 f
compressive strength of 5500 psi (37.9 MPa) as shown in
Table 3 to facilitate comparison. The formula for computing
shear capacities of anchors in concrete proposed by ACI

ol

Ratio
o
(=2}

349-01 are based on 5% fractile while those for CCD- 03 | v
Methods are based on the mean of test results. Therefore, it gi [

is reasonable to compare the mean and 5% fractile values of 0.0

test results to the values predicted by CCD-Methods and s1 s2 S3 s4 S6 s7

ACI 349-01, respectively. The ratios of measured capacities Fig. 6 — Ratios of Test Results (5% fractile and
to predicted values are plotted in Fig. 6. The observed mean) to Predicted

failure loads compared to the values predicted according to
Eqg. (1) and Eq. (2) are also illustrated as a function of various parameters (see Fig. 7).

EVALUATION OF TEST RESULTS FOR SPECIMENS (S1 to S7)

The test results for large anchors show that the shear breakout capacities appeared not to be influenced significantly
by the embedment depth and the anchor diameter (Fig. 7(a)~7(d)), while the failure loads are influenced by edge distance
(Fig. 7(e), 7(f)). That is, the capacity of large sized anchor with relatively limited edge distance and deep embedment depth
does not increase significantly with an increase in the embedment depth. This means that the load bearing length (1) should be
limited in the equation to predict the shear breakout capacity to some depth instead of full embedment depth depending on
the ratio of embedment depth to edge distance. Furthermore, in the performed tests the failure load is not much influenced by
the anchor diameter. Therefore the diameter of the anchor to be inserted in the prediction equation should also be limited.

Most of the ratios of the test results to predicted capacities are less than 1.0. On average, the measured failure loads
are only about 50% of the failure loads predicted by ACI 349-97 (45-degree cone model). The ratios appear to be almost
constant with the varied parameters (see Table 3). This prediction equation is very unconservative for large anchors. Also the
failure loads predicted according to the CCD-Method are on average only about 50% of the measured failure loads (see Table
3). The ratios increase with increasing edge distance (see Fig. 7(a)). This prediction equation is also unsuitable for large
anchors. The main reason for this is, that according to Eq. (1) the failure loads increase for a constant ratio embedment depth

to anchor diameter in proportion to Jd , while the tests show no such increase. Note that in the original proposal (Eligehausen,
Mallee and Rehm[6]), the values of d and of the ratio h, /d, to be inserted in Eq. (1) are limited to d=25 mm and
he /d, =8 respectively. When observing these limits, the average ratio of test to prediction increases to about 0.8.

However, even when observing the limitations the prediction equation is slightly unconservative. When predicting the failure
loads using ACI 349-01 which is based on the CCD-Method without limiting d and he, the ratios of test to prediction increase
by about 15% compared to the CCD-Method, because in ACI 349-01 a ratio of 5%-fractile to mean value of 0.75 is assumed,
while in the test this ratio is on average 0.85. This prediction equation is also not suitable for large anchors.

The failure loads predicted by the modified CCD-Method agree much better with the test results than the other
proposals. On average the ratio of test to prediction is 0.83 (see Table 3). The ratios increase with increasing edge distance
(Fig. 7(F)). They are almost independent of the embedment depth and the anchor diameter (Fig. 7(a)~7(d)). They decrease
with increasing ratio of embedment depth to edge distance (Fig. 7(i)) and increasing ratio of anchor diameter to edge distance
(Fig. 7(j)). However, this is mainly due to the fact, that the failure load is underestimated for a large edge distance (small ratio
diameter to edge distance) and overestimated for small edge distances (large ratio diameter to edge distance). All together,
according to the test results the influence of these parameters is overestimated in the prediction equation. With some proper
modifications, Equation (2) can be used to design large anchor bolts.

The CC-method developed for small anchor overestimates the capacity of large anchors. The formula (Eq. (2))
modified from the CC-method appears to overestimate the capacity of large anchors with relatively small edge distance to a
lesser degree than CC-method, but underestimates the capacity of large anchor with an increased edge distance relative to
those for S1 through S6 (see S7 in Table 3). According to the test results, in the range ¢=15 in (381 mm) to ¢=30 in (762

mm) the concrete edge failure loads increase approximately in proportion with c¢2 . However, tests and numerical calculation
at the University of Stuttgart[5] with anchors up to a diameter d,=50 mm show, that due to the size effect, the concrete edge
failure load increases approximately in proportion to ¢°. Therefore, Equation (2) is modified by limiting d, to 2 in (50 mm)
and h to 8d, = 16 in (400 mm). This results for c=15 in (381 mm) in
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V, =6.7-f2°.cl® in SI Unit (N) (2a)

In the modified CC-Method it is assumed that the 5%-fractile of the failure loads are 0.75-times the mean value. In the
present tests the ratio between the 5%-fractiles and the mean value is 0.81 to 0.94, on average 0.85. In practical applications
this ratio might be somewhat lower. Therefore a ratio V,, s, =0.8-V,, ,, is assumed. With this assumption we get

Vys0 =5.4-T% -c1® in SI Unit (N) (2b)
Assuming f,. =1.18-f. one gets
V, =7.3-f2% ¢ in Sl Units (N), V, =17.4-f2% .¢}® in US Customary Units (Ibs) (2a-1)
n— ' c 1 ’ n— . c 1 Yy
V. s, =5.9-F2° ¢ in SI Units (N), V, g, =14.1-F2% - c1® in US Customary Units (Ibs) (2b-1)
ns% =99 T¢ 1 v Vngy =44.1-T¢ 1 y
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Fig. 7 — Ratios of Observed to Predicted as a Function of Various Parameters

Table 4 contains a comparison of the measured average failure loads (converted to f,= 5500 psi (38 MPa)) with the

values calculated according to Eq. (2a). Furthermore a comparison of the 5%-fractiles is given. The comparison shows, that
for an edge distance c< 20 in (508 mm) the proposed Eq. 2(b) in the prediction is a little unconservative while for an edge
distance ¢=30 in the prediction according to Eq. 2(b) is conservative. The ratio of the predicted failure loads and the
measured values in 5% fractile are 0.81 and 1.23 for the specimen (S1) with 6d, of edge distance (edge distance 15 in (381
mm) and diameter 2.5 in (63.5 mm)) and the specimen (S7) with 12d, of edge distance (edge distance 30 in (762 mm) and
diameter 2.5 in (63.5 mm)), respectively. Therefore, the proposed formula for large anchor bolts with diameters exceeding 2
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in. (50mm), embedment depths exceeding 25 in. (635mm) would be more accurate with an minimum edge distance of
8d,~9d, for practical purposes.

The angle of the failure cone observed in test series S1 to S7 was rather low (< 25 degrees). This means, that the
characteristic spacing would be about s\, =4-c;, larger than the value assumed in the CC-Method (s =3-c;).

However, in the tests with supplemental reinforcement, the angle of the failure cone was on average about 35 degrees.
Because in nuclear structures structural supplemental reinforcement will always be present, the value s, = 3-¢; should be
used in the design. It is, therefore, proposed to verify large anchors in nuclear power plants without supplemental
reinforcement loaded by shear forces for concrete edge failure according to ACI 349-01; however replace Eq. (4) by Eq. (2b-
1) with minimum edge distance at 8d,~9d,.

Table 4 Comparison of Failure Loads (Measured vs. Predicted by Eq. (2a) or Eq. (2b))

Edge distance, in (mm)
15 (381) 20 (508) 30 (762)
Vitest Kips (kN) 60.0 (266.9) ¥ 102.5 (455.9) @ 242.0 (1076.0) ©
MEZ” ‘g‘;es Vi e Kips (kN) 749 (333.3) 115.3 (513.2) 211.9 (942.7)
Vi test /Vn,calc 0.80 0.89 1.14
Vitest Kips (kN) 48.8 (217.1) 87.2(387.9) @ 209.7 (932.8)
S‘VE-(;‘r?(Z:g;es Vi cate Kips (kN) 60.4 (268.6) 93.0 (413.6) 170.8 (759.8)
' Vitest ! Vi cale 0.81 0.94 1.23

Note: (1) Test series S6, (2) Test series S1, S2, S3 and S4, (3) Test series S7, (4) V, 5, =0.85-V| ean

SUMMARY AND CONCLUSIONS

The test results show that most of available formulas for small sized anchor overestimate the shear breakout capacity
of large anchors with diameters exceeding 2 in. (50mm), embedment depths exceeding 25 in. (635mm). The shear breakout
capacities of large anchors appeared not to be influenced significantly by the embedment depth and the anchor diameter,
while the failure loads are influenced by edge distance. Therefore, the load bearing length should be limited in the equation to
predict the shear breakout capacity to some depth instead of full embedment depth depending on the ratio of embedment
depth to edge distance and the diameter of the anchor to be inserted in the prediction equation should also be limited. The
proposed formula, Eq. (2b) or (2b-1)) for large anchor bolts with diameters exceeding 2 in. (50mm), embedment depths
exceeding 25 in. (635mm) can be recommended for use with 8d,~9d, of minimum edge distance for practical purpose.

The angle of the failure cone was rather low (< 25 degrees) and thus the characteristic spacing would be about
Serv =4-Cp, larger than the value assumed in the CC-Method (s =3-¢;). However, in the tests with supplemental

reinforcement, the angle of the failure cone was on average about 35 degrees. Because in most of structures adopting large
anchors structural supplemental reinforcement will always be present, the value s\, = 3-c; should be used in the design.
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