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Table 1  Specimen parameters for pull-out test
Specimen

name
Adhesive Anchor - 

borlt
F

N/mm2

L
(mm)

BC09-M20
Cement- based M20

9 10
BC18-M20 18 101.8
BC30-M20 30 101.1
BE09- 20

20

9 91.74
BE18- 20 18 91.85
BE30- 20 30 90.76
BC09- 20

Cement- based
9

BC18- 20 18
BC30- 20 30 90.62

F : Design compressive strength of concrete, L : Mesured average embed-
ded length of anchor bolt

20mm B

10~30N/mm2 FC=9 18 30N/mm2

5

4.5

2.1.2

Fig.2

1700 × 800 × 400mm

160mm

5

2.1.3

Fig.3

Fig.3 Reaction plate

T

20mm

2

2.2

2.2.1

Table4

B

2 B

3 6

4.5

FC=9 18N/mm2
N 0.5 

Fig.3  and measurement of pull-out test

Table 3  Material properties of anchor bolts
Anchor - 

bolt (N/mm2) (N/mm2)
s

(kN/mm2) (%)
M20 726 965 178 6.04

20 607 771 204 10.9
: 0.2% yield strength, : Ultimate strength, s: Young's modulus of anchor 

bolt, : Elongation after fracture

Table 2  Material properties of concrete for pull-out test
F  

(N/mm2) (N/mm2)
c

(kN/mm2)
9 8.34 13.4
18 21.6 26.4
30 30.7 29.0

: Concrete compressive strength, c: Young's modulus

Fig.2  specimen for pull-out test
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Fig.6  Details of mesurments

Table 5  Material properties of concrete and grouting mortal

(N/mm2)
c

(kN/mm2)
t

(N/mm2)
Grouting mortal 67.9 21.9 3.2

Cement-based adhesive 53.2 18.5 3.0
: compressive strength, c: Young's modulus, t: splitting strength

2- 19

2.2.3

Fig.5

2 1 3 500kN

2.2.4

Fig.6

2 50mm

50mm

2

±0.25mm ±0.5mm 1 ±1mm ±2mm ±3mm  

±4mm 2 ±6mm 1

3.

Diana10.1

3.1

Fig.7 (a) (b)

- S

Fig.5  Loading equipment of shear loading test

Fig.4  Details of specimens for shear loading test
 Sectional front view Sectional side view

Table 4  Specimen list for shear loading test
Spesimen

name
Adhesive

(N/mm2)
s

(kN/mm2)
t

(N/mm2)
E09-50

11.1 15.5 1.03
C09-50 Cement-based
E18-50

15.2 22.3 1.71
C18-50 Cement-based
E30-75

34.8 30.7 2.76
C30-75 Cement-based
: Concrete compressive strength, c: Young's modulus of concrete, t: Con-

crete split strength
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Fig.7 Modelling for FEM analysis

Fig.8 Consutitutive laws

(a) Concrete (b) Reinforced bar and stud
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Table 6 Results of pull-out test results
Spesimen

name (N/mm2)
s

(mm) (N/mm2) (N/mm2)
BC09-M20 12.10 1.42 6.30 1.92 0.25
BC18-M20 23.43 0.49 10.13 2.31 0.39
BC30-M20 26.96 0.53 12.08 2.23 0.37
BE09- 20 5.90 0.22 6.30 0.94 0.77
BE18- 20 10.20 0.12 10.13 1.01 4.98
BE30- 20 30.97 0.62 12.08 2.56 1.75
BC09- 20 2.11 0.02 6.30 0.33 0.25
BC18- 20 2.02 0.02 10.13 0.20 0.12
BC30- 20 2.38 0.02 12.08 0.20 0.07

s : / , 
: Standard deviation

(a) BC09-M20

Fig.9  - S relations of pull-out test

(b) BC18-M20 (c) BC30-M20

(d) BE09- 20 (e) BE18- 20 (f) BE30- 20

(g) BC09- 20 (h) BC18- 20 (i) BC30- 20

bond conditions Fig.8(d)

BG-A CEB-FIP

All other bond conditions BG-A

BG-D

　BG-C

Fig.8(d) BC-D

Fig.8(d)

3.3

Fig.7

Fig.7 B A

4.

4.1

Fig.9(a) (i)

 - S Table6

Table 6

3
4)

τ = T/(ψ × le) (3)

le
4)

bavg

τbavg = 10
√
σB/21 (4)

Fig.9(a)~(c)

 - S

bavg Table6

2

4) 2

Fig.9(d)~(f)
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Fig.11 Q -  curves
(a)  F  = 9 N/mm2 (b)  F  = 18 N/mm2 (c)  F  = 30 N/mm2

Table 7 Results of shear loading test
Spesimen

name
q

(kN)
q  (kN) q /q

(+) (+)
E09-50

106.7
139.3 -128.1 1.31 1.20

C09-50 128.9 -117.7 1.21 1.10
E18-50

150.2
183.9 -171.1 1.22 1.14

C18-50 169.0 -165.6 1.10 1.08
E30-75

266.2
296.6 -268.8 1.11 1.01

C30-75 268.2 -263.9 1.01 0.99

4.2

4.2.1

　Fig.10(a)~(c)
3)

RC

ωt = 0.5× |δ| (5)

t

=2mm

Fig.10 (5) t

Fig.10(a) (b) Fc=9N/mm2

18N/mm2 Fig.10(a)

(b) E18-50 C18-50 =2mm

t =2mm t

N

Fc=30

Fc=30 N=0.5 t

Fc=30 N=0.75N/mm2

Fig.10(c) C30-75 t

tが

4.2.2

Fig.11(a)~(c) Q

Table7
3),9)

qjd = 0.8× 0.235AB ·K1 ·K2 ·K3 ·
√

σB × EC (6)

AB = π ·Rd · hd/4 (7)

K1 =

{
e/ee

1.0
 (8)

K2 =

{
Le ÷ 4.5Da

1.0
 (9)

K3 =

{
1.0 (

0.9 ( )
 (10)

=19mm 1 2 3

Fig.10  - S relations

(a)  F  = 9 N/mm2

(b)  F  = 18 N/mm2

(c)  F  = 30 N/mm2

(4.5Da ≤ Le)

(3.0Da ≤ Le < 4.5Da)Le/4.5Da

(e < ee)

(ee ≤ e)
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Table 8 Analysis case

Case
Analytical

Case
F

(N/mm2)
Normal

stress (N/mm2) (N/mm2)
Anchorage

type

Case-E
A-E09 9 0.5 5.98

A-E18 18 0.5 10.35

A-E30 30 0.75 31.27

Case-C
A-C09 9 0.5 2.07

CementA-C18 18 0.5 2.12

A-C30 30 0.75 2.33

Case-N
A-N09 9 0.5 0

NonA-N18 18 0.5 0

A-N30 30 0.75 0

3)

B

Q 1 4.2.1

Fc

5.

5.1  - S

Fig.12(a) (b) - B

Fig.13(a) (b)

Fig.9

Fig.12

Table6

S 3

S=0.32mm S=0.02mm

=0

1/100

5.2

Table 8 Fig.14 (a) (b) (c)

Fc=9 18 30N/mm2

6

9

Fig.13 Bond - Slip modelling of adhesives

(a) (b)  Cement-based Adhesive

(a) 
Fig.12 Bond - Slip modelling of adhesives

(b)  Cement-based Adhesive
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Fig.14  Analytical resuls and envelope curves

(a)  FC = 9 N/mm2 (b)  FC = 18 N/mm2 (c)  FC = 30 N/mm2
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Fig.16  Reration between bearing resistance and displacement of Disk

Fig.15  Minimum principle stress of concrete and grout in A-E09
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-

we conducted a pull-out test, a shear loading test, and a two-dimensional (2D) FEM analysis to investigate the adaptability of cement-

based adhesives to disk-type shear keys. 

  In Chapter 2, the test plans for the pull-out and shear loading tests are detailed. Nine specimens were prepared for each test. The pa-

rameters of the pull-out test include the concrete compressive strength B (10–30 N/mm2 -

sive), and anchor bolt type (fully threaded bolt or round steel bar). The parameters of the shear loading test are B and adhesive type. 

  In Chapter 3, the FEM analysis is outlined. In this analysis, the concrete and the steel are considered as a plane stress element, the stud 

bolts as a beam element, and reinforced bars as a truss element. A concrete thickness of 135 mm (=1.5 d, where d is the diameter of the 

steel disk) is considered as the damage area of the disk-type shear key. The analytical parameters are the concrete compressive strength 

B and the adhesive type. In adhesive type, the case of “unbonded” is also added as a parameter. 

  Chapter 4 describes the test results. According to the results of the pull-out test, use of the cement-based adhesive with a fully threaded 

bond strength in case of a round steel bar. The shear loading test results indicated that the shear forces of the cement-based adhesive 

  Chapter 5 describes the analytical results. First, the bond–slip behavior of adhesives was modeled from the results of the pull-out test. 

The analytical outcomes of the nine cases were calculated. The Q – -

bearing resistance area was smaller because of the pulling out of the anchor bolt. 

  Chapter 6 presents the conclusions of the study, which are summarized as follows:

standard deviation.

strength that was 0.2–0.3 times the bond strength. 

-

calculated shear strength in most specimens. 

4) The shear behavior could be reproduced by the 2D FEM analysis by setting the concrete element thickness to 1.5 d.

5) The bond strength and the vertical displacement of the anchor bolt obtained by the analysis were smaller and larger, respectively, 

6) From these investigations, it was concluded that cement-based adhesives can be applied to disk type shear keys.
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