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Abstract: Channel bolts installed in anchor channels are a common fastening system for attaching highly
loaded base plates of non-structural and structural components to a reinforced concrete structure. The
reliability and sustainability makes this type of concrete fastener also popular for seismic applications. For
concrete fasteners, two seismic categories, C1 and C2, are available for qualification to derive parameters
required for the design. While the seismic category C1 has been well established for anchor channels for
more than a decade, seismic category C2 only recently gained attraction for anchor channel applications.
An advanced anchor channel with serrated channel bolts was tested according to both seismic categories
to study the load-displacement behavior. The tests demonstrated the robustness of the fastening system to
cope with severe seismic loading which is founded in the mechanical interlock between bolt and channel as
well as between concrete and anchor with an extra-large head.
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1. Introduction

Anchor channels with channel bolts, aka T-bolts, provide robust connections for components, e.g. fagade
panels and MEP installations, attached to reinforced concrete structures even under extreme load cases
occurring during typhoons and earthquakes (1). Particularly for anchoring safety relevant parts in risk
sensitive structures, for example at the particle accelerator FAIR (Figure 1a), advanced systems should be
used where bolts and channels are serrated and anchors are fitted with an extra-large head (Figure 1b) to
maximize performance.
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Figure 1. (a) Particle Accelerator Facility for Antiproton and lon Research (FAIR), source: GSI
Helmholtz Centre for Heavy lon Research; (b) Advanced anchor channel-channel bolt system.

Anchor channels were first invented more than 100 years ago (2), yet are nowadays more popular than
ever. Today, all anchor channels consist of anchors either forged or welded to C-channels which are cast
flush in reinforced concrete structures and allow, after stripping of the formwork, the installation of matching
T-bolts (Figure 1b). Conventional smooth anchor channels with smooth channel bolts allow the transfer of
tension loads (V) and shear loads perpendicular to the channel direction (¥}). When serrated bolts are
matched with serrated channels however, this enables the longitudinal shear load to also transfer along the
axis of the channel (7).



The installation sequence of anchor channels and T-bolts is typically straightforward and simple for site
installers to understand as shown below (Figure 2): The anchor channel is nailed to the formwork in
accordance with the designers positioning shown on the construction drawings (a) and the concrete is then
placed as normal. The formwork is then stripped after the concrete has cured (b). Next, the filler material is
removed from the T-bolt recess (c), after which the T-bolt can be inserted and rotated 90 degrees to engage
with the channel lips (d). Finally, the base plate connector can be attached to the T-bolt (e).

Figure 2. Anchor channel and channel bolt installation sequence.

2 Design and qualification

In Europe, the design provisions for concrete anchors including anchor channels with T-bolts are provided
in EN 1992-4 (3). The design code for concrete structures in the USA, ACI 318 (4), stipulates design rules
for post-installed and cast-in anchors in Section 17. The design rules for anchor channels and T-bolts are
not yet included. For this reason, amendments are provided in AC232 (5), the Acceptance Criteria (AC) for
anchor channels in the USA, defining required qualification tests to attain Evaluation Service Reports (ESR),
e.g. ESR-2854 (6). In Europe, qualified anchor channels receive European Technical Assessments (ETA)
certificates, e.g. ETA-09/0338 (7), if qualification tests have been successfully carried out according to the
relevant European Assessment Document (EAD) which was recently updated as EAD 330008-04 0601 (8).
A comparison of the situation in Europe and the USA may be found elsewhere (9).

Until recently, engineers in Australia had to rely on design and qualification regulations enforced in the USA
or Europe (10). Since 2018, however, the design is carried out in Australia according to AS 5216, a separate
code specifically addressing concrete fasteners including anchor channels. The latest revision (11) also
includes shear loads in the axis of anchor channel, an important load case previously missing (12). Only
qualified anchor channels can be designed since only these are fitted with the qualification document ETA
providing the required design data. A brief comparison of the codes in Australia, Europe, and the USA may
be found in Pokharel et al. (13). The authors are curious when New Zealand will codify the design of anchor
channels and if the qualification documents ESR will be referenced then (as for other concrete anchors).

All design and qualification regulations for concrete anchors are very similar and have in common that the
design considers almost 20 possible failure modes of the concrete, anchor channel and T-bolt. Moreover,
product-specific parameters are required which are provided in the qualification documents ESR and ETA.
Due to the complexity of the design provisions for anchor channels and T-bolts, structural engineers typically
use special software available also for the Australian framework (Figure 3).
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Figure 3. JORDAHL® EXPERT software to design anchor channels and T-bolts used to connect
brackets for ducts as an example mechanical, electrical and plumbing (MEP) component.



Single point fasteners for the connection of components to reinforced concrete structures (post-installed
adhesive, wedge, undercut, and screw anchors) can be qualified for seismic applications according to two
categories (Table 1). The Seismic Category 1 (C1) was originally developed in the USA in the 1990s. This
qualification category was mirrored to Europe and amended by a more scientifically substantiated Seismic
Category 2 (C2) in 2012. To date, only the C1 seismic qualification was adopted for anchor channels and it
is debatable whether the introduction of the C2 seismic qualification would be meaningful (14). Whatsoever,
the design and qualification of anchor channels are usually fast followers of single point fastener design and
qualification. For this reason, conducting and comparing tests according to the C1 and C2 provisions is not
only interesting but also relevant. To this end, an advanced anchor channel was selected to determine the
performance under the regime of the seismic qualification C1 and seismic qualification C2. Since the latter
is not yet stipulated in AC232 (5) and EAD 330008-04-0601 (8), the RCC-CW rules for the design and
construction of nuclear power plants (15) were applied where the C2 seismic qualification is described for
anchor channels.

Table 1. Current design and qualification domains in the USA, Europe, and Australia for single
point fasteners and anchor channels with T-bolts.

Design and qualification Single point fasteners Anchor channels with T-bolts
domain USA Europe Australia USA Europe Australia
Non-seismic v v v v v v
~ Category 1 (C1) v v v v v )
Seismic Category 2 (C2) v v v * * *

Note: v' included; (v) in preparation; * debatable

3. Tests according to Seismic Category 1 and 2

3.2 Test Specimen

The tests were carried out on JORDAHL® anchor channels JXA-PC with matching T-bolts JXB
(Figure 4a). The diameter of the bolt was M16 and M20 and the strength grade 8.8 (yield strength
f, =640 MPa). The channel was s + 2x = 320 mm long and furnished with two anchors. The shaft diameter
d and head diameter dj, of the anchors were 14 mm and 43 mm, respectively, and the embedment depth 7.,
was 179 mm. The width and height of the channel was 5., = 53 mm and 4., = 34 mm. The anchor channels
were cast in concrete members with a tested compressive strength of 20 MPa <(. ., <28 MPa. For
evaluation, the compressive strength would have to be taken into account by normalization (multiplication
of tested ultimate load capacity F, by the square rooted ratio of reference concrete compressive strength
f. =25 MPa and tested compressive strength f. .,) if the failure occurred in concrete. As will be discussed
below, however, all tests failed in steel and normalization was therefore not required.
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Figure 4. (a) Advanced JORDAHL® anchor channel JXA-PC with loaded T-bolt JXB;
(b) Protocol of crack cycling test: Phase 1 (crack cycling under permanent load) and Phase 2
(crack opening and pullout).



3.2 Test Setup

If compared with test setups for monotonic tests used for the static qualification, the test setups employed
for cyclic tests require some add-ons for the seismic qualification C1 and C2 test regimes, i.e. tie down
devices to avoid uplifting of supports and concrete members, as well as restrained loading fixtures to prevent
buckling of the loading fixture (Figure 5). In Phase 1 of cyclic load tests, pulsating tension loads N or
alternating perpendicular and longitudinal shear loads V), and V. are applied. Phase 2 is identical to the
monotonic tests in tension and shear, where the anchorage is loaded to failure to determine the residual
ultimate load capacity F,,. i.€. N, if tested in tension and 7, if tested in shear. During testing, the
displacements & are recorded to plot load-displacement curves. Under the C1 test regime, the T-bolts are
installed above one anchor of the channel. On the contrary, the C2 test regime also requires test series
where the T-bolt is installed between the anchors of the channel if tested in tension and perpendicular shear.
For the sake of completeness, this position was tested additionally in longitudinal shear. For evaluation, the
result corresponding to the T-bolt position with the poorer performance is governing.
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Figure 5. Test setup used for monotonic and cyclic tension tests and shear tests, as well as a
detail of a T-bolt installed in the channel above one anchor and between two anchors.

If compared with qualification according to C1, simulated seismic tension and shear tests for C2 qualification
are carried out with different cyclic load protocols. Moreover, a seismic crack cycling tests with a more
sophisticated test setup (Figure 6) and a simultaneous load and crack protocol (Figure 4b) is required. To
this end, a permanent tension load is applied after the crack of the concrete member is opened to the
specified width Aw. During Phase 1 of the seismic crack cycling test, the T-bolt installed in the cast-in anchor
channel is loaded by the permanent load N,,. In Phase 2 of the seismic crack cycling tests, the anchorage
is loaded to failure to determine the residual ultimate capacity F, ., = N, ... Further explanations of seismic
crack cycling tests can be found in Mahrenholtz and Sharma (16).
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Figure 6. Test setup used for seismic crack cycling tests.



3.3 Test Program and Test Results

The tests presented in the following section were part of a larger qualification program. Only the results of
the seismic test series are shown, i.e. cyclic tension, cyclic shear, and crack cycling tests (Table 2). The
tests were carried out at accredited test labs (17,18). The process of testing and evaluating of simulated
seismic tests is utmost complex and therefore, cannot be covered here. In essence, the load level during
Phase 1 is based on the ultimate capacity F,,., determined in monotonic reference tests, and the residual
ultimate capacity F,, ., tested in Phase 2 must be larger than a minimum fraction of it. For further details, we
refer to Mahrenholtz and Wood (19).

Table 2. Test program and test results

Repeats | Crack width Failure Ratio? Ratio limit Criterion
Test series n Aw mode? Foyresml Furefm criterion check
(@) (mm) G G
Cyclic tension | above anchor 5 0.5 S 1.08 0.8 passed
C1 Cyclic shear, above anchor 5 - S 1.18% 0.8 passed
perpendicular
Cyclic shear, | above anchor 5 0.5 s 1.09 0.8 passed
ongitudinal
Cydlic tension above anchor 5 0.8 S 0.96% 09 passed
between anchor 5 0.8 S 1.01 )
Cyclic shear, | above anchor 5 - S 1.16% 09 assed
Cc2 | perpendicular | between anchor 5 - S 1.17 ) P
Cyclic shear, | above anchor 54 0.8 S 1.64% 08 assed
longitudinal | between anchor 5 0.8 S 1.64 : P
Crack cycling | above anchor 5 0.1t00.8 S 1.01 0.8 passed

Note: ") S: Steel failure (lip); 2 m: mean value of test series; 3 governing; 4 additional test series

All test specimens completed the cyclic tension and shear load applications, as well as crack cycling
(Phase 1) without failure and were thereafter loaded to failure to determine the residual capacity (Phase 2).
The system always failed in steel due to deformation of the channel lips or rupture of the T-bolts. Some
crack cycling tests (Figure 7) developed a secondary concrete breakout. Particularly the insensitivity with
regard to crack cycling demonstrated the outstanding performance of anchor channels with T-bolts due to
the mechanical interlock between concrete and anchor as well as between channel and bolt. Since the
failure mode of all test series was steel, the scatter of the ultimate load was overall low (larger for C2 test
regime than for C1 test regime); the highest coefficient of variation was 6.3%, 5.5%, 14.1%, and 11.2% for
cyclic tension, perpendicular cyclic shear, longitudinal cyclic shear, and crack cycling.
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Figure 7. Crack cycling test as an example for simulated seismic tests: (a) Photo of test setup and
(b) load-displacement diagram.




In summary, the tested advanced anchor channel coped well with both seismic test regimes C1 and C2 and
all test series fulfilled the criteria stipulated for these simulated seismic test regimes, notably the ratio limit
criterion specified for the ratio of the mean residual ultimate capacity and mean ultimate capacity determined
in reference tests F, e m/F.rm (Table 2). For this reason, no reduction of the static design capacities is
required to determine the seismic design capacities. This is not unusual even for conventional channels
where anchors have standard heads, however, these anchor channels develop displacements during crack
cycling that are about 8 times larger if compared with advanced channels which have anchors that have
extra-large heads (20).

6. Hammer effect and gap filler

Generally, concrete fasteners are pre-stressed at a low level only and therefore, the annular gap, also known
as “hole play”, between the fasteners and the base plate of the connected component may allow
displacements when the base plate is loaded to ultimate shear. Thus, transient seismic excitations cause
cyclic displacements of the base plate which then generate cyclic impulses acting on the fasteners when
the displacement is larger than the gap width. This phenomenon, known as the hammer effect, amplifies
the loads. To account for this adverse effect, the resistances (capacities) of the fastener determined under
quasi-static loads have to be reduced by 50% according to the European design code EN 1992-4 (3). For
further background information about the hammer effect, reference is made to Mahrenholtz et al. (21).

Also seismically loaded anchor channels experience the hammer effect when the base plate pounds against
the T-bolt after consumption of the “hole play”. Filling the gap between the base plate and T-bolt as well as
between the shaft of the bolt and lip of the channel eliminates any adverse hammer effect. To this end, gap
filler sets are available, comprising a special nut and an insert (Figure 8). The height of the special nut is
one and a half times the height of a standard nut and therefore allows the reaming of the lower third of the
thread without reduction in capacity. This design ensures that the shaft of the bolt never blocks the access
hole provided for the injection nozzle of the adhesive cartridge applicator gun. The insert can be used for
two different shaft diameters due to an annular perforation allowing the enlargement of the opening. Lateral
gatings control the flow resistance of the adhesive to ensure that the lips of the channel are full-faced
covered.
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Figure 8. Elimination of hammer effect requires the filling of gap between base plate (acrylic glass
for demonstration), T-bolt, and anchor channel using JORDAHL® gap filler JGF sets.

The installation sequence of the special nut and insert is straightforward (Figure 9): Sliding the insert on the
T-bolt to rest on the anchor channel (a), installing base plate, washer, and special nut (b), inserting nozzle
of adhesive cartridge applicator gun into access hole after completion of all installation works (c), and
injecting adhesive to fill the relevant gaps between base plate, T-bolt and anchor channel (d).



E

Figure 9. Gap filler installation sequence.

Tests have shown that filling the gap between anchor channel and T-bolt as well as between T-bolt and
base plate significantly improves the load-displacement behavior with regard to the ultimate load as well as
the corresponding displacement (21), though the resulting capacity increase is not reflected in the design
values. Thus, gap filling not only efficiently prevents the hammer effect from happening but also provides
some extra safety margin readily available when it is needed most — during earthquakes.

7. Conclusions

The fastening system consisting of anchor channel and T-bolt to fasten any component to reinforced
concrete structures is proposed. The design codes and qualification guidelines available for anchor
channels with T-bolts are succinctly outlined and briefly discussed. The test setups used for the seismic
qualification tests on T-bolts installed in anchor channels are illustrated and their evaluation to attain design
data is introduced.

As part of a larger campaign to certify serrated anchor channels with matching T-bolts for seismic
applications, a test program including simulated seismic C1 and C2 test series is presented. The test results
verify that the criteria stipulated in the qualification guidelines are met. The seismic design capacity is
equivalent with the static design capacity. The outstanding performance makes anchor channels with T-
bolts a perfect choice for seismic applications. This holds particularly for advanced channels which anchors
have extra-large heads, ensuring small displacements even under severe seismic loading. The seismic
performance can be further enhanced if the gap between channel, bolt, and base plate of the connected
component is filled. To this end, a gap filler set is available.

The views expressed in this paper are the views of the author only and do not necessarily reflect the views
of Jordahl (PohICon) and Silva Global.
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