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SUMMARY

EN 1992-4 [1] regulates the design of fastenings in concrete. It contains pro-
visions for fastenings at an edge with supplementary reinforcement to take up
shear forces perpendicular to the edge. The model given in [1] is very conserva-
tive. Therefore tests were performed at the University of Stuttgart to investigate
the behavior of fastenings with up to four rows of headed studs perpendicular to
the edge with supplementary reinforcement consisting of stirrups and edge rein-
forcement under a shear load perpendicular to the edge. The test results were used
to develop an improved design model for such fastenings.

ZUSAMMENFASSUNG

EN 1992-4 regelt die Bemessung von Befestigungen in Beton. Die Norm
enthélt Vorschriften fiir Befestigungen mit Riickhdngebewehrung zur Aufnahme
einer Querlast senkrecht zum Rand. Das in [1] angegebene Bemessungsmodell ist
sehr konservativ. Daher wurden an der Universitéit Stuttgart Versuche mit Befes-
tigungen mit bis zu vier Kopfbolzenreihen senkrecht zum Rand und einer aus Bii-
gel und Randbewehrung bestehenden Riickhdngebewehrung unter einer Querlast
senkrecht zum Rand durchgefiihrt. Aus den Versuchsergebnissen wurde ein ver-
bessertes Bemessungsmodell fiir diese Befestigungen abgeleitet.

KEYWORDS: Fastenings, heads studs, shear load, concrete edge failure, supplementary
reinforcement, shear tests, analytical model
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1. INTRODUCTION

EN 1992-4 “Design of fastenings for use in concrete” [1] was published in
2018. The provisions in [1] assume for the verification of fastenings at the edge
of a concrete member loaded by a shear load perpendicular to the edge, that the
failure crack starts from the anchors closest to the edge and stirrups as supplemen-
tary reinforcement are anchored in the assumed failure body with an anchorage
length according to Eurocode 2 [2] for tension bars. Both assumptions are very
conservative for fastenings without hole clearance (e.g. headed studs welded to a
baseplate) [3, 4].

This paper deals with the influence of supplementary reinforcement consisting of
stirrups and straight edge bars on the behavior of fastenings with up to four rows
of headed studs perpendicular to an edge loaded by a shear load perpendicular to
the edge. First the design model given in [1] is explained. Then the tests performed
at the Institut fiir Werkstoffe im Bauwesen, Universitdt Stuttgart, are described
and the main test results are presented. After comparing the results with the pre-
dictions according to the model in [1], an improved model is proposed for fasten-
ings at an edge without and with supplementary reinforcement.

2. MODEL GIVEN IN EN 19924

According to EN 1992-4 [1], the failure load of anchorages with supplemen-
tary reinforcement in the form of stirrups or straight bars with dsr < 16 mm and
edge reinforcement can be obtained on the basis of the strut-and-tie model shown
in Figure 1. Bars are assumed as effective only if their distance from the fastener
1s <0,75¢; (c; = edge distance). Furthermore, the anchorage length /; of the sup-
plementary reinforcement in the concrete breakout body must be at least equal to
10 ds e (straight bars) or 4 ds . (bars with hook, bend or loop).

According to the model in [1] the mean resistance Vgmr of the supplementary
reinforcement of one fastener is given by:

_ 0
I/Rm,re - VRm’,e (D
V}?m . — ll T ds,re fl;m /(al ) a2) < f;/mAs,re (2)
’ X b

where 7 is the number of effective legs of the supplementary reinforcement; fin is
the mean bond strength (fom = 1,33 x 1,5 foa = 2,0 fra); foa is the design bond
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strength according to EN 1992-1-1 [2]; f,m 1s the mean yield strength of the rebar;
Ay re 15 the area of one leg; a; is an influencing factor equal to 0,7 for hooked bars
if ca > 3d, e or 1,0 if ca < 3d; . and for straight bars [2]; o2 is a factor according to
[2] to consider the influence of cover on bond strength; x is a factor to consider
the ratio lever arm between reinforcement and applied shear load and internal
lever arm (compare Fig. 1)

x = (I+eyz) (3)

where e; is the distance between reinforcement and shear force acting on a fixture;
z 1s the internal lever arm of the concrete member that is approximately equal to
0,85d with d = min (depth of concrete member; 24,7, 2¢i).

The failure load of an anchorage with supplementary reinforcement is given as
Vem = max(VRm,c,' VRm,re) (4)

with Vrn, = mean failure load of a fastening for concrete edge breakout calculated
according to the model in [1] which is based on [5].
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Fig. 1: Strut-and-tie model according to [1] for fastenings with supplementary reinforcement
loaded by a shear load perpendicular to the edge

3. TESTS AND TEST RESULTS

Four different anchor groups with 22 mm headed studs welded to a 25 mm
thick baseplate were tested: groups 1 x 2,2 x 2,2 x4 and 4 x 2, where a x b de-
notes a group with “a” anchor rows perpendicular to the edge and “b” anchors in
arow. The spacing of the anchors in both directions was 150 mm. The embedment
depth was her= 190 mm [6] or her= 155 mm [7]. During casting the anchor plates
were located at the bottom side of a 500 mm thick test member. The ribbed sup-
plementary reinforcement (fym = 550 MPa) consisted of stirrups (spacing a =
200 mm) and straight edge bars with the same diameter. The stirrups enclosed the
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edge bars. The concrete compressions strength measured on cubes with 150 mm
side length varied between 21 MPa and 31 MPa. Varied was the edge distance of
the anchors closest to the edge (c1 =85 mm [6] or 120 mm [7]), the diameter of
the supplementary reinforcement (dse= 12 mm, 16 mm, 16 mm + 14 mm (bun-
dled bars [6] or 20 mm [7]) and the restraint of baseplate uplift. To measure the
force taken up by stirrups, in each test series the stirrups of at least one test were
equipped with electrical strain gauges placed such that they were crossed by the
expected failure crack. For comparison tests in unreinforced concrete were per-
formed. The total number of tests was about 60.

Fig. 2 shows the test setup. To minimize friction a 2 mm thick Teflon sheet was
placed between concrete surface and loading plate. While in [6] uplift of the
baseplate was restrained by a cross beam, in [7] uplift of the base plate was not
restrained. The distance between the support reactions and the applied shear load
was large enough to allow the formation of an unrestricted concrete edge break-
out body. The tests were performed in uncracked concrete. The shear load was
increased in steps under deformation control.

Shear Ibading fork
(height = 120mm)

)
M30 hold down bolts to prevent uplift passing through -
pre-cast holes connected to strong floor

Fig. 2: Typical test setup used for the tests [6]

In tests in unreinforced concrete edge breakout was observed. The failure crack
started from the back anchors. This agrees with [4]. In tests with supplementary
reinforcement, the shear failure load was significantly higher than in tests in plain
concrete and the load-displacement behavior became much more ductile (Fig. 3).
While in tests with stirrups dsre = 12 mm and 16 mm the stirrups yielded, in tests
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with stirrups dse = 16 mm + 14 mm (bundled bars) failure of the struts that formed
between the headed studs and the anchorage of the stirrups was observed. This
failure mode limits the shear failure load. In Fig. 4 the shear force applied to the
fastening, the shear force taken up by stirrups (calculated from the measured steel
strains) and the shear force taken up by concrete (difference between applied shear
force and value taken up by stirrups) are plotted as a function of the shear dis-
placements. In the test shown in Fig. 4a) uplift of the baseplate was restrained,
while in the test of Fig. 4b) baseplate uplift was not restrained. The stirrups be-
came activated at a load approximately equal to the failure load of the fastening
in unreinforced concrete. If baseplate uplift was restrained the shear load taken up
by concrete did not decrease much with increasing applied shear displacement,
because the restraint caused a compression force on the concrete breakout body
resulting in increased friction in the failure crack. If uplift of the baseplate was
not restrained, the shear load taken up by the concrete decreased with increasing
shear displacement. At peak load it amounted to about 50% of the failure load of
the fastening in unreinforced concrete. In Fig. 5 the tension force taken up by
stirrups dsre =12 mm of group 4 x 2 are plotted as a function of the shear displace-
ments. First the stirrups 4 and 5 directly besides the fastening were activated. Af-
ter yielding of these stirrups, stirrups 3 and 5 in the next row and then stirrups
2 and 5 were activated up to the yield force. The outer most stirrups 1 and 8 did
not reach the yield stress because their anchorage in the breakout body was too
short.
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— —ds0_4x2_002
700 - o = =ds0 4x2 003
E 600 ds12_4x2_001
- — —ds12_4x2_002
g 200 - - —ds12_4x2 003
- 400 ds16_4x2_001
300 — —ds16_4x2_002
- - —ds16_4x2_003
200 ds1614_4x2_001
100 — —ds1614_4x2_002
- - —ds1614_4x2_003
0 |
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Fig. 3: Load displacement curves obtained for groups 4 x 2 [6]
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Fig. 4: Applied shear force (blue line), shear load taken up by stirrups (ved line) and by
concrete (green line) as a function of shear displacement of baseplate.
a) Test with group 4 x 2 [8], b) tests with group 2 x 2 [7]
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Fig. 5: Tension force carried by individual stirrups as a function of shear displacement of
baseplate. Test on group 4 x 2 [8]
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4. COMPARISON OF TEST RESULTS WITH PREDICTIONS AC-
CORDING TO EN 1992-4

In EN 1992-4 [1] it is assumed, that the failure crack starts from the anchor
closest to the edge. Therefore the failure loads of the shear tests with groups 1 x 2,
2 x 2 and 4 x 2 in unreinforced concrete members predicted according to [1] are
constant. In reality, the failure crack occurs at the back anchor row and the meas-
ured mean failure loads of groups 2 x 2 and 4 x 2 are about 2,8-times and 7,8 times
higher respectively than the value valid for groups 1 x 2.

Fig. 6 shows the mean failure loads of the different tests series with supplementary
reinforcement normalized to the mean failure load of the same tests in unrein-
forced concrete as a function of the cross section of one stirrup leg. In addition,
the prediction according to [1] is shown as well. On average the mean failure loads
of groups 1 x 2,2 x 2 and 4 x 2 increase by a factor of about 2,5, while the failure
loads of groups 2 x 4 increases by a factor of 4,3. In contrast to the test results,
EN 1992-4 predicts no increase of the failure load with increasing stirrup cross
section, because the calculated resistance of the reinforcement is lower than the
concrete resistance. This is due to the fact that only the bent of the stirrup is lo-
cated in the assumed breakout body and the calculated tension load taken up by
the hook is very small.
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Fig. 6: Mean failure loads of tests with supplementary reinforcement normalized to mean
failure load in unreinforced concrete as a function of cross section of one stirrup leg [6]
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5. PROPOSED NEW MODEL

To better predict the measured failure loads, a new model has been devel-
oped [8, 9] based on the model by Schmid [3]. He performed tests with single
anchors or anchor rows. The stirrups did not yield and strut failure was not ob-
served. Therefore Schmid assumes in his model, that only the stirrups directly
beside or between anchors are highly effective, while other stirrups are much less
effective. He neglects strut failure but limits the model to stirrups with
dsre< 16 mm.

The following mayor modifications are proposed in the Schmid [3] model:

a) The failure crack is assumed from the back row of anchors, b) the value of the
effectiveness factor, y; for the i stirrup, used in the Schmid model (see Eq. (5.4))
depends on yielding/non yielding of the (i-1)™ stirrup previously intercepted by
the crack, c) the total failure load for an anchorage amounts to the contribution of
reinforcement and the contribution of concrete, d) the failure load is limited by
strut failure.

The mean edge failure load Vun of a fastening with supplementary reinforcement
is calculated according to Eq. (5).

I/um = kl X I/um,c + I/um,re S I/um,st (5)
2 I/umc
ki = Factor to take into account restraint of baseplate uplift

= 0,5, if uplift of baseplate is not restrained (general case)
= 1,0, if uplift of baseplate is restrained (e.g. by a sufficiently
large compression force or by structural means)
Vim,c = mean failure load of the fastening without supplementary rein-
forcement calculated according to [5] assuming that the failure
crack occurs at the back anchor or anchors

Vum,re = Num,re/(]+es/z) (51)
es, Z = see Eq. (3)
Num,re = mean tension force taken up by stirrups
= 0
2N (5.2)
n = number of effective stirrups. Effective are stirrups with an an-

chorage length in the assumed breakout body (see Fig. 1) [; >
4ds,re (ds,re S ]6 mm) or l] Z 5,5 ds,re (ds,re > ]6 mm)
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N’ = mean tension force taken up by one stirrup
- Nz?m,hook + Nt(t)m,bond < As,re ’ f;/m (53)
f 0,1
0 cm,cube
Nohoor = Wi Wy Wy A fo ’ (5.4)
30
Wi = effectiveness factor

= 0,95 for stirrups between or directly beside anchors and for
stirrups further away from anchors, if the tension force taken
up by the stirrup closer to the anchor calculated according to
Eq. (5.3) is equal to the yield force

= 0,16 for all other stirrups intercepted by the assumed crack

) = influence of ratio diameter of edge bar d;; to diameter of stir-
rup
= (d,/d,)" <12 (5.5)
W3 = influence of ratio anchorage length /; to edge distance c; (see
Fig. 1) and diameter of stirrup
= (11/01)0’4 . (]O/ds,re)o’zj (56)
Ngm,re,bond - ds,re ’ 11' ’ ﬁ)m /a2 (57)
Soms @, = see Eq.(2)
ll' = 11 —min l;, min |; see Eq. (5.2) (5.8)

To calculate the failure load in case of strut failure, the model proposed by Berger
[10] for fastenings with supplementary reinforcement under tension load was
adopted for shear loading [9]. This is possible because of the similarities of the
load transfer mechanism under tension and shear load (compare Fig. 7a) with
Fig. 7b)). One gets for the fastening shown in Fig. 7b)

Vum,st = Vum,c' l//st, 14 (5 9)
WtV = WWar =2,75-1,17x/ci (5.10)
X = distance between headed stud and stirrup

For the tested groups 2 x 2 with stirrups beside the anchors (Fig. 8) the factor ysy
is calculated as follows:

Wst,v = War(x1) Aeyi/AcvrAcv/ A+ Wosan(x2)-Acvi/Acy (5.11)
War(x;) = factorsaccording to Eq. (5.10) for the distances x; and

X2
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Acv = projected area calculated according to [1]
Aevi = partial areas of 4.y, see Fig. 8

Because of 4,y = Ac, 2 and x; = x2 one gets
Wst,v = (Wsr(x1)-3ci+s)/(3ci+s) (5.12)

For other fastenings the calculation of the factor ws,y is described in [9].

In Fig. 9 the ratios mean measured failure loads to calculated mean values are
plotted as a function of the cross-section of one stirrup leg. The figure shows, that
the predictions are conservative, also for fastenings without supplementary rein-
forcement. If neglecting the limitation for strut failure, the failure loads of the
fastenings with the largest stirrup cross-section are overestimated significantly
[9]. Therefore this limitation is needed. The failure loads predicted for the group
2 x 4 (4 anchors parallel to the edge) is much lower than the measured values,
because the proposed model does not take into account the number of compres-
sion struts.

— TN

(7S el /7 £ L2 L L DL L

Fig. 7: Strut-and-tie models for fastenings with supplementary reinforcement,
a) tension loading, b) shear loading, taken from [9]
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Assuming Fy so/Fum = 0,75 the design resistance for concrete edge failure is ob-
tained according to Eq. (6) [9]

Via = ki Vese *Vrare <Viras (6)
2Viie

ki = see Eq. (5)
VRd,c = value calculated according to [1] assuming that the failure

crack occurs at the back anchor(s)
VRare = Nrar/(1+eyz) (6.1)
Neare = 2Nue (6.2)
e, zzn = see Eq.(5.1)and Eq. (5.2)
Nrare = N'Ranook + NRapond < Asre * fra (6.3)
Nlrinook = 0,75  Nlum hook/Yrsc (6.4)
Nrapona = 0,75 * Nl bona/ Vi (6.5)
Syd = fow/yms
Sk = nominal yield strength of stirrup
Yt = 1,15
Ve = 1,5
Vidst = Wav* VRac
Wst v = see Eq. (5.10) or Eq. (5.12) respectively

6. SUMMARY

The failure load of fastenings at an edge of the concrete member loaded by
a shear load towards the edge is increased significantly by supplementary rein-
forcement. The behavior can be described by a strut-and-tie model. If concrete
edge failure is caused by yielding or failure of the anchorage of the stirrup in the
breakout body, the failure load increases with increasing cross-section of the stir-
rups. However, the increase of the failure load is limited by failure of the struts
forming between headed studs and the anchorage of the stirrups.

The model in EN 1992-4 [1] is rather conservative (see Section 4). The model
given in [3] predicts well the failure loads of fastenings with one row of anchors
parallel to the edge if the stirrups do not yield. However, in practice fastenings
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with more than one anchor row perpendicular to the edge are used. Therefore,
tests were performed to investigate the behavior of such fastenings [6, 7]. Based
on the test results (see Section 3) a new model is proposed [8, 9], which is an
extension of the model given in [3] and takes into account the phenomena ob-
served in the tests (see Section 5). The proposed model predicts the measured
failure loads conservatively but in general with sufficient accuracy for applica-
tions in practice. However, several open questions should be solved by additional
research (see [8, 9]).
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