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Abstract

The design of anchor fastenings in concrete is dealt with in EN 1992-4 [1] only for simple

anchor layouts (Figure 1). For fastenings with gap in the fixture near the edge under shear

load towards to the edge, maximum of two anchors in a row parallel to the edge can be

designed. In the case of fastenings under torsional moment, the resistance of the anchor group

for the concrete edge failure mode cannot be calculated according to the current regulations

[1-5] because the resulting anchor shear force in the group is equal to zero.

In order to extend the application range of fastenings beyond regulated simple anchor layouts,

a design model for the failure mode of concrete edge failure for arbitrary anchor groups under

arbitrary shear load and torsional moment is developed. The design model is verified by 30

test results.

In this paper, the design model is presented and explained with design examples.
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1. Introduction

The design of anchor fastenings under shear load with a small edge distance (ci < max {10hef;

60dnom}) is dealt with in the currently regulations [1-5] depending on the hole clearance (gap)

in the fixture for a maximum of four (Figure 1a) or nine anchors (Figure 1b). In practice,

however, more anchors are often required to transfer a planned shear load into concrete.

The regulated anchor layouts are matrix-like (Figure 1). For practical applications, deviating

anchor layouts are necessary, such as circular anchor layouts for the anchorage of traffic light

posts and robot consoles.

According to [1-5], the resistance at concrete edge failure is only calculated for the anchors

close to the edge. This calculation may not be sufficient for fastenings without gap in the

fixture with several rows of anchors to the edge, because the back anchors can be decisive for

the verification of the concrete edge failure [6,7].

The resistance of the concrete edge failure in the back anchors cannot be calculated according

to [1-5] for an anchor group under torsional moment, because the sum of the anchor shear

forces in the group is equal to zero (Figure 2).

a) - Fastenings without gap for all edge distances and for all load directions and

- Fastenings with gap according to table 1 (section 2.2)

·with a large edge distance (ci ≥ max {10hef; 60dnom}) for all load directions and

·with a small edge distance (ci < max {10hef; 60dnom}) exclusively for fastenings subject to tension



55

b) Fastenings with gap according to Table 1 with a small edge distance (ci < max {10hef; 60dnom}) for all

load directions

Figure 1 Anchor layout dealt with in EN 1992-4 [1].

In order to provide a possibility for the design of anchor groups with any anchor layout under

any shear load and torsional moment and with any edge distance, a design model for the

failure mode of concrete edge failure is developed. In this paper, this design model is

presented, verified by test results and explained with design examples.

Figure 2 Anchor group loaded under torsional moment Td

2. Distribution of the shear loads on anchors with or without gap in the

fixture

2.1 Fastenings without gap

On a fixture or baseplate with n anchors under combined action load of Vxd, Vyd and Td via the

anchor center of gravity S (Figure 3), the anchor shear forces Vxi and Vyi can be derived as

follows if the baseplate has sufficient rigidity [8].
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Figure 3 Anchor group under combined loading of Vxd, Vyd and Td

According to the mechanics of materials, the following relationship between shear stress τi (xi,

yi) and torsional moment Td applies over a cross-section of a bar.
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The anchor shear forces from the shear loads Vxd and Vyd through the anchor center of gravity

S are:
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with n: Number of anchors in the group.

Thus, the anchor shear forces from Vxd, Vyd and Td result as follows:
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with xi and yi: coordinates of the i-th anchor in a Cartesian coordinate system whose origin is

on the center of gravity S of the anchors (see Figure 3).

Based on Equation (2.5), the anchor shear forces in anchor groups with any slotted holes in

the x or y direction can be determined by eliminating the anchor effect in the slotted direction.

A large hole without transmission of the shear force can be simulated by two slotted holes in

the x and y directions [9].

2.2 Fastenings with gap

For fastenings with normal clearance holes according to Table 1 without gap filling, the

verification of the concrete edge failure is regulated for a maximum of 4 anchors [1]. It is

assumed that the anchors close to the edge transfer the shear loads to the edge. The reason for

this is that the concrete edge failure is brittle and, in the worst case, the concrete edge failure

occurs on anchors close to the edge before the back anchors carry the shear loads.

Figure 4 shows the load-displacement behavior of shear load tests with individual anchors

without gab in the fixture. With anchor size M16, the concrete edge failure occurs with a

displacement of approx. 0.8 mm. However, normal gap can be up to 2 mm (Figure 5). Figure

6 shows the load displacement curves of shear load tests with anchors of size M16 with a

clearance hole df = 18 mm in the fixture. The anchor bears the shear load only when the gab is

compensated by shifting the fixture.

NOTE Applications where bolts are welded to the fixture or screwed into the fixture, or in the

cases where any gap between the fastener and the fixture is filled with mortar of sufficient

compressive strength ( ≥ 40 N/mm2 ) or eliminated by other suitable means may be considered

to have no hole clearance.
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Table 1 Fasteners with normal hole clearance (gap) in the fixture according to [1]

Figure 4 Load-displacement behavior of the bonded anchor without hole clearance with shear load to

the edge with edge distance c = 50 mm and anchorage depth hef = 130 mm [7]

Figure 5 Schematic representation of the fastenings with normal hole clearance according to Table 1
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Figure 6 Load-displacement behavior of the M16 bonded anchor with normal hole clearance with

shear load

In the case of fastenings with normal gap, assuming that at most the two anchors close to the

edge carry the shear load to the edge, the following assumptions are made in order to

determine the most unfavorable distribution of the anchor shear forces in anchor groups for

the verification of the concrete edge failure.

a) In the case of anchor groups with a maximum of two anchors parallel to the edge, the

shear load directed perpendicularly to the edge is taken by the anchors close to the edge. If

there are more than two anchors in the first row of anchors parallel to the edge, this load is

carried by a maximum of two adjacent anchors.

b) The torsional moment is carried by all anchors.

Figures 7 to 10 show the calculations based on the above assumptions explained in examples.

In the examples in Figures 7 and 8, there are a maximum of 2 anchors in the first row parallel

to the edge. The most unfavorable shear force distribution is determined as follows:

1) The anchor shear forces from the torsional moment are calculated according to Equation

(2.3) as in the case without gap.

2) For the calculation of the anchor shear forces from the shear load V, fictitiously slotted

holes are used for the back anchors. As a result, the shear load to the edge acts only on the

anchors near the edge for the calculation.
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3) The shear forces on each anchor result from the sum of the forces calculated in 1) and 2).

Anchor group under shear load V
and torsional moment T

Calculation of the anchor shear forces for
the verification of the concrete edge failure

Anchor with normal clearance hole

Anchor bears shear force in all directions

Anchor with fictitiously slotted hole carries
only shear force parallel to the edge

Anchor shear forces from torsional moment T

Anchor shear forces from shear load V

T

V

V

T

+
Edge

Figure 7 Example with an anchor in the first row parallel to the edge

T

V T

V

+
Edge

Anchor with normal clearance hole

Anchor shear forces from torsional moment T

Anchor bears shear force in all directions

Anchor with fictitiously slotted hole carries
only shear force parallel to the edge

Anchor shear forces from shear load V

Anchor group under shear load V
and torsional moment T

Calculation of the anchor shear forces for
the verification of the concrete edge failure

Figure 8 Example with two anchors in the first row parallel to the edge
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In the examples in Figures 9 and 10, there are more than two anchors in the first row of

anchors parallel to the edge. The shear force distribution is calculated as follows for cases n-1

(Figure 9) and n-2 (Figure 10):

1) The anchor shear forces from the torsional moment T are calculated according to

Equation (2.3). With the slotted hole, the anchor carries only the shear force perpendicular

to the direction of the slotted hole. In a large hole, the anchor does not carry any shear force.

2) Anchor shear forces from the shear load V are calculated for the different cases. In each

case, only 2 adjacent anchors without a slot in the direction of the edge carry the shear

force to the edge (comparison of case 1 between Figure 9 and Figure 10).

3) The shear forces in each case result from the sum of the forces calculated in 1) and 2).

T
V

n

m

Case 1

T

V

n

n

+
Edge

Anchor with normal clearance hole

Anchor bears shear force in all directions

Anchor with fictitiously slotted hole carries
only shear force parallel to the edge
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Figure 9 Example with more than two anchors in the first row parallel to the edge

Anchor group with hole clearance
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Anchor bears shear force in all directions

Anchor with fictitiously slotted hole carries
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Figure 10 Example with more than two anchors and with a slotted hole in the first row parallel to the

edge

3. Verification in the ultimate limit state

3.1 Fasteners without gap in the fixture

The anchor shear force distribution in the anchor group is known from the determination of

shear forces in Section 2.1. The resistance of the concrete edge failure of arbitrary anchor

groups can be calculated based on [1-4] with a modification explained below.

The characteristic resistance of the concrete edge failure VRk,c is according to [1-4]

VreVecVaVhVs
Vc

Vc
cRkcRk A

A
VV ,,,,,0

,

,0
,,   ][N (3.1)

The design value of the resistance results from the characteristic resistance of the concrete

edge failure divided by the partial safety factor of 1.5 for concrete edge failure VRd,c= VRk,c/1.5.

For arbitrary anchor layout with a known distribution of the anchor shear forces, the

parameters A0c,V, Ac,V and Vec, for the calculation of the resistance of the entire anchor group

are extended as follows.

The verification of the concrete edge failure is carried out layer by layer for each row of

anchors with the edge distance cj. A crack line is assumed for each layer. Figures 11 to 14
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show, for example, the possible crack lines of four rows of anchors parallel to the edge and

the determination of the real projected areas Ac,V (cj) of the idealized concrete outbreak bodies

with arbitrary anchor layout under shear load. The projected area of the idealized outbreak

body for a single anchor on the concrete side face is also calculated with

Aoc,V (cj) = 4.5 c2j (3.2)

Figure 11 Example of the real projected area Ac,V (c1) with an anchor in the breakout body

Figure 12 Example of the real projected area Ac,V (c2) with three anchors in the breakout body
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Figure 13 Example of the real projected area Ac,V (c3) with four anchors in the breakout body

Figure 14 Example of the real projected area Ac,V (c4) with five anchors in the breakout body

The design value of the action VEd (cj) on the outbreak body with the edge distance cj is

determined from the shear forces of the anchors located in the outbreak body. The force

components perpendicular against the edge are neglected. If the direction of the shear force

components parallel to the edge changes in the outbreak body, the smaller shear force

components are converted by a factor of 0.5 according to [1] or 0.4 according to [2-4] to shear

forces directed perpendicularly to the edge (Figure 15) because the factor φ in Equation (3.3)

is different according to [1] and [2-4].

��,� = 1
cos �� 2+ � sin �� 2 ≥ 1.0, 0° ≤ �� ≤ 90° (3.3)
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with φ=0.5 according to [1] and φ=0.4 according to [2-4]

Figure 15 Treatment of the anchor shear forces acting parallel or opposite to the edge

The eccentricity factor ψec,V is calculated according to Equation (3.4):

1
)3/(21

1
, 




jV
Vec ce

 (3.4)

with eV : distance between the center of gravity of the anchors and the action line of the

resulting shear force.

The utilization factor βc,V (cj) results from the comparison between the action VEd (cj) and the

resistance VRd,c (c).

βc,V(cj) = VEd (cj) / VRd,c(cj) (3.5)

The highest utilization of all layers is decisive for the design. The condition according to

Equation (3.6) must be met.

βc,V = max (βc,V (c1), βc,V (c2), …, βc,V (cm)) ≤ 1.0 (3.6)

3.2 Fastenings with gap in the fixture

The anchor shear forces in different cases are known from the calculation in Section 2.2. For

each case (e.g. Figure 9 for all n-1 cases), the verification of the concrete edge failure is

carried out layer by layer for all rows of anchors parallel to the edge, analogous to Section 3.1.
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The maximum degree of utilization of all cases is taken to control the verification of the

concrete edge failure.

4. Verification of the design model by test results

In order to check the correctness of the design model, 30 tests from [8] were recalculated

based on [3]. All tests were carried out in non-cracked concrete C20/25 with a member

thickness of 500 mm and an edge distance of 100 mm. The anchors used had a normal gap in

baseplates. The other test parameters, the calculation results and the comparison between test

and calculation results are shown in Table 2.

Table 2 Compilation and comparison of test and calculation results

Group
No

Tests Calculation Comparison

Anchor hef Spacing fc,200 Tu 1) TRd 2) Tu/TRd

Number Size mm s1 s2 N/mm² kNm kNm

29.2 10.38 5.22 1.99

1 4 M16 80 100 100 29.2 8.76 5.22 1.68

29.2 10.74 5.22 2.06

22.5 4.16 1.62 2.56

2 4 M16 80 50 50 22.5 3.91 1.62 2.41

22.5 3.91 1.62 2.41

23.9 12.40 5.47 2.27

3 4 M24 100 100 100 23.9 13.35 5.47 2.44

23.9 12.99 5.47 2.37

23.8 4.21 2.55 1.65

4 4 M16 80 50 100 23.8 4.36 2.55 1.71

23.8 6.14 2.55 2.41

23.7 7.03 4.23 1.66

5 4 M16 80 100 50 23.7 8.23 4.23 1.95

23.7 8.62 4.23 2.04

25.2 10.79 5.24 2.06
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6 4 M16 130 100 100 25.2 12.13 5.24 2.31

26.7 13.28 5.40 2.46

23.4 37.20 12.25 3.04

7 4 M16 130 200 200 25.2 36.63 12.71 2.88

25.2 33.79 12.71 2.66

8 6 M16 130 100 100 22.9 20.76 7.85 2.65

22.9 18.89 7.85 2.41

9 6 M16 130 200 100 23.6 36.34 11.03 3.30

22.9 32.10 10.86 2.96

10 6 M16 130 100 200 26.7 36.66 16.35 2.24

23.6 40.56 15.37 2.64

23.4 36.79 16.14 2.28

11 9 M16 130 100 100 23.4 39.66 16.14 2.46

23.4 42.94 16.14 2.66

Mean value 2.353

Test number n= 30 Scatter V [%] 0.174

5%-Fractile 1.500

1) Tu : Fracture torsional moment from tests

2) TRd : Design value of torsional moment at utilization of 100%

In Figure 16, the fracture torsional moments Tu measured in the tests are compared with the

calculated design values of the torsional moments TRd. From the evaluation of 30 values of

Tu/TRd with unknown standard deviation, the 5% fractile value is 1.5. This corresponds to the

required partial safety factor of concrete edge failure.
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Figure 16 Comparison between the fracture torsional moments Tu from the test and the design values

of the torsional moments TRd from the calculation

5. Design examples

5.1 Fastenings without gap in the fixture

In the case of fastenings with several rows of anchors parallel to the edge, the verification of

the concrete edge failure using the described design model is quite complex. Therefore, the

calculations were implemented into a software [9]. The design examples are based on EN

1992-4 [1] and explained using the results from [9].

Figure 17 shows the anchor layout. The edge distance of anchor no. 3 is 200 mm. The other

boundary conditions of the fastening as well as the determined anchor shear forces are given

in panel 1 and 2 and shown in Figure 17.

Input data

Base material:

• Cracked concrete, Thickness of base material h=500mm, Strength class C20/25, fck
=20.0N/mm²

• No edge and stirrup reinforcement
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Action loads:

• Predominantly static and quasi-static design loads

Shear load: Vx,Ed=20 kN, Vy,Ed=4 kN

Torsional moment: TEd=3 kNm

Steel profile center or shear load acting point (0, 0)

Panel 1 Boundary conditions of fastening [9] Figure 17 Anchor layout and shear forces [9]

Panel 2 calculated shear forces according to Equation (2.5)

Panel 3 shows that the verification was carried out layer by layer for all rows of anchors

parallel to the edge. When verifying groups (group no.) 3 and 4, the smaller force component

in the -y direction (II to edge) of the shear forces directed parallel to the edge was converted

by a factor of 0.4 to the +x direction (II→ ┴). In this example group no. 4 with all six anchors

is decisive for the design. The highest degree of utilization results from Equation (3.6) as

follows:

βc,V = max (βc,V(c1), βc,V(c2), …, βc,V(cm)) = max(0.203, 0.382, 0.451, 0.556)=0.556 < 1.0

Thus, the fastening for concrete edge failure is verified.
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Panel 3 Layer-by-layer verification of concrete edge failure based on EN 1992-4 [1]

5.2 Fastenings with normal gap with an anchor in the first row parallel to the edge

For the anchor group from Example 1 in Section 5.1, a design with gap or without annular

gap filling was carried out. The anchor shear forces result from the sum of the force

components from the torsional moment T and the shear load V (Figure 18).
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b) Back anchors with fictitious slotted
holes for determining the shear forces
from V

a) Anchor with normal hole clearance
for determining the shear forces from T

c) Resulting shear shear forces
Figure 18 Representation of the separate determination of the force components Qx_T and Qy_T

from the torsional moment T and Qx_V and Qy_V from the shear load V (Panel 4)

Panel 4 Calculated anchor shear forces from the torsional moment T and the shear load V
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Panel 5 Layer-by-layer verification of concrete edge failure based on EN 1992-4 [1]

The concrete edge failure verifications for each row of anchors parallel to the edge are

summarized in Panel 5. In this example, the possible crack line of anchor no. 3 is decisive for

the design. The highest degree of utilization results from Panel 5 according to Equation (3.6)

as follows:

βc,V = max (βc,V(c1), βc,V(c2), …, βc,V(cm)) = max(0.954, 0.718, 0.616, 0.663) = 0.954 < 1.0

Thus, the load-bearing capacity of the anchorage is proven despite no annular gap filling for

concrete edge failure.

From Panel 4, it can be seen that the calculated shear force on the anchor no 3 near the edge

can exceed the steel shear capacity of the anchor. A special verification for this is not required,

since with the actual steel failure load, the shear force is redistributed to the other anchors due

to large displacement. The increased shear force of anchor no. 3 used for the verification of

the concrete edge failure is therefore conservative.

5.3 Fastenings with normal gap with three anchors in the first row parallel to the edge

The boundary conditions of the example are given in Panel 6. In this example there are more

than two anchors in the first row parallel to the edge. The concrete edge failure check is

performed for two cases.
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Input data

Base material:

• Cracked concrete, Thickness of base material h=250

mm,

Strength class C20/25, fck =20.0N/mm²

• No edge and stirrup reinforcement

Action loads:

• Predominantly static and quasi-static design loads

Shear load: Vx,Ed=8 kN

Torsional moment: TEd=22 kNm

Steel profile center or shear load acting point (0, 0)

Panel 6 Anchorage base, geometry and anchor basic parameters

For case 1, the anchor shear forces are determined as follows:

- The shear forces from the torsional moment TEd = 22 kNm are calculated according to

Equation (2.3) (see QX_T and QY_T in Panel 7).

- To calculate the shear forces from the shear load VX,Ed= 8 kN, it is assumed that the shear

load is only carried by anchors no. 3 and no. 5 (see QX_V and QY_V in Panel 7). The small

force components QY_V (e.g. 0.615 kN for anchor 1) are caused by an additional torsional

moment, which arises from the load eccentricity between the shear load VX,Ed and the new

center of gravity of the anchor. This new anchor center of gravity is under the above

assumption redefined.

With the resulting anchor shear forces QX and QY, the verification of the concrete edge failure

is carried out layer by layer (Panel 7). When verifying anchor group (group no.) 4, the force
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components parallel to the edge (V II to edge) were converted by a factor of 0.5 to shear

forces acting perpendicular to the edge (II→ ┴).

For case 2, it is assumed that the shear load VX,Ed = 8 kN is carried only by anchors no. 5 and

no. 8 (see QX_V and QY_V in Panel 8). The further verification steps are carried out in the same

way as in case 1.

In this example, the possible crack line through anchors no. 1, 4 and 6 in case 1 is decisive for

the design. The highest degree of utilization according to Equation (3.6) results from Panel 7:

βc,V = max (βc,V(c1), βc,V(c2), …, βc,V(cm)) = 1.546 > 1.0

The utilization therefore exceeds the load-bearing capacity of the anchor group by approx.

20%.

Panel 7 Anchor shear forces and layer-by-layer verification of the concrete edge failure in case 1

based on EN 1992-4 [1]
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Panel 8 Anchor shear forces and layer-by-layer verification of the concrete edge failure in case 2

based on EN 1992-4 [1]

6. Summary

For the design of anchor groups near concrete edge under shear loads, the concrete edge

failure mode plays a decisive role. This applies in particular to fastenings with gap. Since

there are often fastenings with gap in practice, the relevant shear force distribution on anchors

near the concrete edge cannot be calculated precisely for arbitrary anchor groups. So far, the

shear force distribution on anchors close to the edge for the verification of the concrete edge

failure is limited for a maximum of four anchors using a conservative assumption that only

the two anchors near the edge take the shear load to the edge [1]. If the anchor groups near the

concrete edge are mainly loaded by torsional moment, it cannot be ruled out that the back

anchors can be decisive for the concrete edge failure.
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In order to extend the scope of fastenings to arbitrary anchor group under arbitrary load, a

design model for verification of the concrete edge failure of arbitrary anchor groups with or

without gap in the fixture under arbitrary shear load is developed. In the case of fastenings

with gap, it is assumed that the shear force perpendicular to the edge is taken up only by two

adjacent anchors in the first row parallel to the edge. The torsional moment is carried by all

anchors in the group.

If there are more than two anchors in anchor groups with gap in the first row of anchors

parallel to the edge, the verification of the concrete edge failure is carried out for different

cases, with only two adjacent anchors carrying the shear load to the edge in each case. For

each case, all rows of anchors parallel to the edge are checked for concrete edge failure. The

calculation is implemented into a software [9] for research and design purpose.

To verify the developed design model, 30 tests were recalculated. The calculation results

show that the design model has sufficient safety. The design model is therefore suitable for

the investigation and design of anchor groups with arbitrary anchor layout under arbitrary

shear load and torsional momennt.

Finally, the developed design model is explained in details using three design examples.
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