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Evaluation of Fire Resistance Concerning Bond Failure
for Injection Anchors with Variable Embedment Depths

By Marie Reichert& Catherina Thielé

In the last decades injection anchors became a common fastening system. With
the frequent use, the requirements in load capacity and the fields of application
expands. Therefore, there is also the demand for assessments in case of fire. At
the same time ¢ knowledge about the lodearing behaviour under fire
exposure is small. In this scientific work the impact of high temperature loads
on anchors is determined by static calculations and thetraasient
simulations.Furthermore the load capacity and #&albearing behaviour of
bonded anchors concerning bond failure is investigated experimentally for
mortar temperatures between 20°C and 400°C. Influencing factors on the bond
stresstemperature behaviour of injection mortars like anchor diameter,
moisture & concrete, internal and external forces and the type of test execution
are examined. Thevork identifies bond failure and steel failure as the main
failure types for injection anchors in case of fifs a result of the presented
research a calculation method for the bond failure on the basis of temperature
profiles and the behaviour of the load capacity of bond materials under high
temperatures is presented. The assumed temperature profile and the
deerminationmethod for the BSTurves were found as the main influencing
factors on the fire resistance. In total the research work shows and evaluates the
complexity of fire events and the numerous influencing factors on injection
anchors. Fire resistances rather methods for the calculation of fire resistances

on the safe side can be given. Nevertheless, the confirmation with experimental
tests in real fire tests cannot be completely replaced.

Keywords: bonded anchors, fire resistance, assessment,iragodal investigation
transient thermal simulation

Introduction

An injection anchor is a fastening system for use in concrete or masonry to
ensure the attachment of construction components. It consists of an anchor rod
(mostly threaded rod) and the injection mortBigure 1 shows the setting
procedurebeginning with drilling and cleaning of the hole, injection of thertar
and setting of the anchor. The assessment of injection anchors is regulated by
European Assessment Documents (EAD) and/or Technical Reports (TR) which
are published by the European Organization for Technical Approval (EOTA). The
design of anchoragés implemented in part four of Eurocodé@N EN 19924
2019. In case of this study only injection anchors for use in concrete are
considered.

"Research Associatéechnical University of Kaiserslautern, Germany
*Academic CouncillorTechnical University of Kaiserslautern, Germany

257



Vol.7, No.4 Reichert & ThieleEvaluation of Fire Reistance Concernirdy

Figure 1. SettingProcedure forlnjection Anchors
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Source:EAD 33049900-0601 2017

The evaluation and design of injection anchors for use in constructions with
requirements concerning the fire resistance are missing so far. The Technical
Report which covers the evaluation of metal anchors in case of firR020
(2009. The technical mort defines a simplified design method and an
experimentatlesign method. The simplified design method gives design equations
based on the load capacity for normal ambient temperature, which are on the safe
side. For the experimental design method, trecebon of fire tests where the
uniform time temperatureurve (UTTC) according t®IN EN 19911-2 (2013 is
applied, is required. Because of the lack of knowledge concerning tHedaadg
behavior of injection anchors this type of fastenings is clyremtluded of the
regulation.

In case of fire generally the same failure types as at normal ambient
temperaturecould possibly occur. The types of failure are concrete cone failure,
splitting and concrete edge failure, bond failure and steel failureuSecd the
significant decrease of steel strength for temperatures highe500°C, steel
failure is one of the main failure modes defining the fire resistance for metal
anchors. Besides that, a significeerperature dependence for injection mortars is
already known. The existing assessments for-ipstdlled rebars shows that the
bond resistance of injection mortars could drop to almost zero for temperatures
above 200 °C to 30UWC. The exact load bearingehavior concerning bond
resistance of injection anchors is at current state of the art mainly unknown.

Literature Review

In the last decade just a few researdimge dealtvith the fire resistance of
bonded anchorguchs andilva (2012 and Malléeet al.(2012 publishedpapers
about the topic and the lack in regulation. They specifically pointed out that in a lot
of cases steel failure is decisive and that fabricators using the experimental based
design method preferably because of its highersload comparison to the
simplified design method.

In parallel some researchers treated the evaluation and designiosfisd
rebar connections in case of fire, for which in many times the same injection
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mortars were used for bonded anchors. For exaniphoteau et al(2011])
investigatedthe influence of heating type and heating rate on the fire test for
determination of bond stress versus temperature curves for a specific product
according toEAD 33008700-0601 (2015. He could find an influence on the
evaporation effects which did not lead to significantly different test results. In the
last years several additional research work was published which deals with post
installed rebars or bonded anchors in case of figjnte methods and the
influencingfactors, e.g.Lahouar et al(2018 and AFMansouri et al(2020.
Subsequently the idea of a simplified method for the calculation of the fire
resistance concerning bond failure on the basis obdmelstresstemperatus-
curve (BSTFCurve) rose. The research idea and first results were published by
Patil and Thielg(2015, Lakhani and Hofmani2017 as well as Reichert and
Thiele(2017).

Methodology

First a clarification of the influences on injection anchors in case of fire
should give a basis for calculations and experimental tests. Two main influences
were outlined, the temperature itself and the stress distribution in concrete slabs
which represets the anchorage ground. The temperature distribution along the
anchorage depth was determined by transient thermal simulations with the finite
element tool ANSYS. With the help of temperature distributions caused by
uniform temperaturime curves (UTTCsin concrete slabs and the thermal and
mechanical properties of concrete under increased temperatures the stress
distribution in concrete slabs could be calculated. A sequential calculation by
using an Excel sheet was used.

Furthermore, temperature te$ts the determination of BSTurves were
conducted which could replace real fire tests as far as possible. Two test setups
were used. Firstly, temperature tests using a heating ringr @38 according to
EAD 33008700-0601(2015 were executed. Secondlyhew designed test setup
using a heating device (cartridge) (HEst) in the inner of the anchor rod and
with a shortened embedment depth was established. Several influencing factors
like type of test execution, duration of temperature load, geometryypadof
anchor rods, compression stresses in test members and moisture were examined.

Impact on Injection Anchors in Case of Fire

The main impact on anchors in case of fire is the extreme temperature load,
with temperatures above 10@) As a consequen, restrained forces in the
concrete occuandpossibly also influence the sustainability of injection anchors
under fire exposure. As a first step in the investigation of the load bearing capacity
of injection anchors the impacts on them are described.

For the determination of temperature profiles along the embedment depth for
an arbitrary anchor a transient thermal simulation was used. An anchor with
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specifiedanchor diameter and embedment depthwell as a concrete cylinger
were modeled. The datatput was taken at the interface between anchor and
concrete seeFigure 2(right). The mortar layer was neglected in the simulations.
For confirmation of the simulation results temperature measurements on anchors
with the same length and diameter in a real fire teste carried out. The
temperatures were measured at three points with thermocouples. The thermocouples
were positioned with a distance of mon from the surface, at half of the
embedment depth and at a distance omt® from the end of the embedment
depth For the example shown kgure 2andFigure 3with an embedment depth

of 80mm, it leads to a measurement atrdth, 40mm and 7Gnm distance from

the heated surface. In both simulation and real fire test the UTTC was applied. The
comparison between the measured and simulated temperatures siayunar?
andFigure 3confirm each other. That memthe simulation of temperatures along

the embedment depth with transient thermal simulations is possible with a good
comparison to the test results. Further investigations with simulated and measured
temperatures showed the following influencing factors the temperature
distribution of anchors:

- Anchor diameter: Bigger anchor diameters lead to higher temperatures at
the same point of embedment depth (Thiele et al. 2017).

- Anchorage depth Anchors with bigger embedment depth can emit more
heat to theconcrete. A bigger embedment depth therefore leads to smaller
temperatures at the same point of embedment depth (Thiele et al. 2017).

- Moisture: With rising temperatures the combined water in concrete
evaporatesThis phenomenon leads to a cooling effect. Location, time and
amount of released water are unknown and it is not possible to replicate
this effect with simulations (Reichert 2020).

- Fixture: Presence and size of a fixture has a high influence on the
measued temperatures in fire tests. This shielding effect can just be
simulated in parts, because it is also influenced by moisture and air streams
(Reichert 2020).

Figure 2. Comparison of théVleasired andSimulated Temperatures/er Time
(left), Model of theAndhor (right)
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Figure 3. Comparison oMeasuied andSimulated TemperatureserEmbedment
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Besides temperature profiles for anchors the transient thermal simulation
allows the determination @émperature distributions in the concrete. Due to the
relatively small thenal conductivity of concrete (230 W/mK at 20°C) and the
very high temperatures during a case of fire (>1@)ahere isa high difference
in temperature between the fire safed cold side results. This leads to a bending
of concrete slabs when they are exposed to fire from one sidd-mplye 4(left)
shows the free thermal strdif of concrete concerning the actual temperature in a
concrete slab (dotted line) and the total stthinof the slab regarding Bernoulli
hypothesis (see Equation (1) line 1). In the following, the difference between these
strains is called the stregeneating straind’}, see Equation (1) line 2 and 3, see
Hosser and RichtgR2013. They depend on time in the UTTC, thickness of the
slab and percentage of reinforcement. A typical qualitative distribution is shown in

where (s Total strain
v Diameter of anchorage
Curvature
Height of the section
Stressgenerated strain
Ch Free thermal strain

SN X &

Figure 4 (right). It shows positive strains on the edge areas and negative
strainsin the middle of the slab.

06 =Eg+ k-2

Sres = 80 + Sth (1)

E5=Eps—Ep =&yt k-z-¢y

where:(Jes  Total strain
G Diameter of anchorage
k Curvature
z Height of thesection
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G Stressgenerated strain
Uh Free thermal strain

Figure 4. Total andFree Thermal Straingm Concrete Slalfleft), Stress Generating
Strairs inConcrete Slalfright)
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Figure 5. ReductionFador of Concrete Strengt over Stran (left), Obtained
Streses inConcrete Slalfright)
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In consideration of the lodokearing behavior of concrete at a particular
temperature Higure 5 left) the calculation of the concrete stresses in the cross
section of the concrete slab is possible. The procedure is also described by Reick
(2001).Figure 5(right) shows a typical distribution, which indicates high concrete
compressiorstresses on thé&old sidé of the slab, small compression stresses
(due to the very high temperatg) on the fire exposed side of the concrete slab
and a cracked area in the middle of the cross section. The influence of the
compression stresses and the inner cracks on the fire resistance of injection
anchors is unknown and requires further research.

The presented calculation of the restrained forces caused by the temperature
distribution in concrete slabs under fire exposure neglects the influence of anchors
on the temperature distribution. Due to the high thermal conductivity of steel
(54W/mK at 20°C) the temperature of the anchor itself and the surrounding
concrete is higher than the temperature of the remaining concrete cross section. It
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could be followed that in the surrounding area of an anchor due to the higher
temperatures bigger thermal straimscur and lead to a reduction of tension
stresses, as well as an increase of compression stresses.

Experimental Investigation of Bond Failure

As described in Introduction, the fire resistance of -pualled rebar
connections can be evaluated accordingA® 33008700-0601(2015. The test
setup used to determine the BSUirve for an injection mortar is shownkigure
6. The test setup consists of a rebar installed in a steel coated concrete member
according to the fabricatords manual
be heated Y a heating device. In the test executed in the framework of this
research an electrical heating ring with a maximum temperature GC6@@s
used. The heating ring leads to a temperature distribution similar to the reality,
which indicates that the tenpgure increase is initialized through the concrete
and a constant temperature distribution along the embedment depth follows. In the
HR-Tests according to EAD 330080-0601 (2015 a transient test execution is
scheduled, that indicates that the anchdoasled by a constant load while the
concrete member is heated, $égure 8 (left). The test ends by failure of the
anchor. The mortar temperature at the time of failure (measured with two
thermocouples at position TE1 and TE2) can be related to the bond stress with
which the anchor was loaded. With a minimum number of 20 tests th€B&E
can be defined.

Figure 6. HR-Test Setup according BAD 33008700-0601 2015
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Besides that a new test setup was developed to study the load behawigr
of injection anchors under increased temperatureskigeee 7. The test setup
enables a direct heating of the anchor rod due to a heatimgigearinside the
concrete. This follows the curcumstances in reality where the temperature increase
in the mortar is also initialzed through the anchor rod. Furthermore the new test
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setup allows a measurement of the anchor displaceggent the unloadeside of
the anchor, which shows the slippage of the anchor.

Figure 7. HP-Test Setup
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M16)
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Due to the direct heating different types of test procedures are possible.
Beside transient tests, like in the 8t setup, also pullout tests at constant
temperatureseeFigure 8right) or creep tests at constent load and temperature can
be executed.

Figure 8. TestProcedure forPull-Out Testgleft) andTransient Test&ight)
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Influenceof Test Setup

In Figure 9test results from the transient tests and pullout tests executed in
both types of test setup with two mortar types are shown. It can be seen that the
type of test setup can have a significafluence on the BSTCurves. In the HP
Test setup higher failure temperatures occurred for same loading thanTiestR
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Figure 8. Comparison of BSTurvesDetermired with Different Typesof Test
Setupon Two Mortar Systeméeft: Polymer Resiyright: Epoxy Resin
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temperature in the surrounding concrete increases slowly. This leads to a

temperaturgrofil with high temperatures in the inner part of the concrete member

(up to 400°C) and low temperatures at the shell surface (amhbmepérsture,
about 20°C) and prevents deformations. According to the considerations made
above compression stresses inside the concrete member occur. This could have a
positive effect on the load capacity of the injection anchor and could be the reason
for the differences in the obtained B&Trves in the HA'est and HRTest.
Besides this explanation the heating rate, the heating direction including insulating
properties of the mortar and moisture streams as well as gemoetry and size of the
anchor could be geason for the differences in the obtained EB3ifve.

Influence of Duration of the Temperature Load

The HRTest setup allows a direct and instimhperature load on the anchor,

as well as the option of holding the temperature at a specified levéheQwo
types of resin intrduced before the influence oflaration of the temperature load

was investigated. Therefore, pullout tests in theTidBt setup were conducted at

200°C. In the executed tests the times after reaching the specified tempdrature o

200°C t and beginning of the pullout test (seeFigure § left) differ between
Omin and 120min. As the reference value the average value daesteesults for
to-t; equal to Onin was used. The relationship beéwehe bond stresses and the
temperature duration is shownRigure 10
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Figure 9. Relation ofBond Stresand theBond Stressn Reference Testver
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It can be seen that the obtained bond stress in the presented pullout tests
decreases witthe increase of temperature duratigty.tFor the polymer resin the
obtained bod stresses are constant up todaration of 30min and drops
subsequently at 50% of the bond stress in the reference tests. In the tests with epoxy
resin a drop to 75% can already be seen afterrair8@uration of temperature
before the start of test execution.

As a reason for the phenomentiown n Figure 10 two main explanations
can be given. Firstly, during the heating on the antheitemperature distribution
in the concrete member amges. With an increase of temperature duration, the
temperatures in the concrete member are getting uniform. This reduces the
restrainedforces caused by the temperature profile. Secondly, time dependent
chemical effects in the mortar could change thd lo@aring behavior with the
increase of time.

Influence of Geometry of Anchor Rod

The HRTest discribed irEAD 33008700-0601 (20195 was developed to
determine the fire resistance of powmtalled rebar connections. Therefore,
reinforcement bars were used in the test setup. If the@®Jes determined with
this test method are to be used and transferred onto the injection anchors the
influencing factor of geometry and diameter of the anchor rod has to be excluded.

To investigate the influence of anchor type, which means the difference in
using a threaded rod and reinforcement bars,TE&s with different anchor types
were executedTwo different types of rebars with differences in the related rib
area & were used. All values are normalized by @08)*“. Also a threaded rod
and a prestressing steel by the company GEWI were used. All anchor rods had an
anchor diameter of IlAm. Theobtained BSTCurves are shown ifgure 11
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Figure 10. Comparison of the BSTurvesObtaned onDifferent Type®f Anchor
Rodsin the HRTests
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It can be seen that the type of anchor rod does not influence the main bond
stress1 temperature behaviour. For temperatures near to normal ambient
temperatures the transient tests with threaded rods lasted longer waidntae
bond stress while with rebar type 2 lower failure temperatures can be detected.
With the increase of temperature the BSOrves converge. For temperatures
above 100C no difference in the BSTurves can be seen.

In the frame work ofThiele et al.(2017) and Reichert(2020 further
investigations on the influence of anchor type and anchor diameter were done. The
result is that the influences which can be determined at ambient temperature
decrease with the rise i nhdiduepcecaat ur
therefore be neglected for the definition of the fire resistance.

Influence ofCompression Stresses Concrete Members

Due to the findings concerning the restrained forces caused by temperature
profiles the hypothesis assumes that compressive loading could have a positive
influence on the sustainability of injection anchors. To investigate this assumption,
pull-outtests n the HRTest setup were conducted under compression stress on the
concrete member. Therefore, cubic concrete members instead of cylinders were
used. A biaxial compression stress of 5%, 40% and 70% was applied on the shell
surfaces whiles thpull-outtestwas executed=igure 12shows the test results at a
temperature of 200°C. Again, in the left figure a polymer resin and in the right
figure an epoxy res were used.
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Figure 11 MaximumBond Stressn Pull-Out Testswith Biaxial Compression
Stressleft: Polymer Resijright: Epoxy Resin
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The results are showing a different behaviour for the two mortar types tested.
While thetests conducted with the polymer resin show an increase of about 20%
in the compressive strength, while from 5% to 70% of the tests conducted with the
epoxy resin show no influence. In the frame work of the research by Reichert
(2020) this type of test wgaexecuted also at 20°C, 100°C, 300°C and 400°C. The
behaviour detected at 200°C can be confirmed from the further tests. This shows
that that the influence of compression stresses depends on the mortar type used in

the tests.
Influence of Moisture

The nvestigation of the impacts on anchors in case of fire showed that the
moisture in concrete influences the temperature profiles in a relevant way. When
the differences in the test results between the test execution in thiedtBetup
and HRTest setup we found, the question rises up that moisture could be an
influencing factor also in this case. The reason for this hypothesis is that in the
HR-Tests water evaporizations can be observated during the tests, which indicates
the existance of moisture stremnktvaporated water is moving from hot to cold
concrete areas until it reaches the concrete surface and is condensing there. The
assumed moisture stream flows first in radial direction to the core of the cylinder
and subsequently longitudinal through thertar layer, se€igure 13the left part.

For investigation of the influence of moisture streams through the mortar layer a
test series with injection anchors installed in steel members instead of the use of
concrete were conducted, de8gure 13 To recreate a bond surface, an internal
thread was generated. The anchors were set in the internal thread, so that the
contact surfaces with interal threambrtar and mortaexternal thead occur. The

tests were carried out as the transient tests at the same heating rate.
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Figure 12 Left: Assumption oMoisture Streamin the HRTest, Right: Rebar
Instdled in Steel Test Member
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Figure 14shows the test results compared to the test results conducted in the
HP-TestSetup and HR estSetup with the polymer resin. It can be seen that the
transient testexecuted on the steel members to exclude the influence of concrete
moisture show the inhanced test results compared to the tests executed on concrete
members in the HRest. Nevertheless the comparison to theTidBt shows
lower failure temperatures fon¢ same load level. Despite the small number of
tests, the test resutls indicate that the moisture of the concrete has a negative
influence on the test results in the HBSts.

Figure 13 TestResllts in Steel Test Members Cpared toTransient Testsvith
the HRTestSetup and HR estSetup
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In addition to these tests by Reichert (2020) also the transient tests in-the HR
test setup with different moisture contents were executed and compared. Therefore,
different forms of storge were used. Tests in dried concrete at 80°C and 110°C as
well as concrete members with storage in water bath or at normal ambient

269



Vol.7, No.4 Reichert & ThieleEvaluation of Fire Reistance Concernirdy

temperaturevere done. The different types of storage lead the moisture contents to
vary between 0.3% and ®%. The resultshowed no significant influence of
moisture content on the BSJurve.

Summary of Influences on the BSilrve

This paper resulted in the framework of the research described in by Reichert
(2020). The work includes several more tests to describe the influences on the
BST-Curve for injection anchor§.able 1summarizes all influencing factors and
findings.

Table 1. Influences on the BSCurve

Test . Result
Influence Execution
setup

Type of testsetup can have significant influence
the BSFCurve

Up to 100% higher bond stress with the same fai
Test Setup HP/HR | Transient | time

Statement: Reason can be due to the restra
forces caused by temperature distribution or

effectscaused by moisture stream.

The increase of load duration leads to the decr

Duration of of bond stress by up to 50%.
temperature HP Pullout | Statement: increase of duration leads to decreag
load restrained forces in the concrete member or t

dependent chemical effects in the mortar.
Type of anchor rod (rebar/threaded rod or diamg
can have an influence on the B8Qrves but the
Geometry of . overall behavior stays the same.

anchor rgd HR Transient Statement; Inﬂuenc>e/ of anchor type can be class
as small. It occurs mostly feemperatures < 100°(
and is productkpecific.

The increase of the compressive stress on con

;(r)elzgrsssmn member leads to an increase of bond stress by
concrete HP Pullout | 20%.

Statement: The effect is product specific and dif
member

with temperature.

Tests with theconcrete moisture between 0.3
3.0% show no significant influence.

Tests on the steel member (0% moisture) lea
Moisture HR Transient | higher BSCCurves up to thievel of the HPTest
Statement: Concrete members always have a res
moisture (also dried), and the moisture streq
couldhave an influence on the BETirve

Calculation of Bond Failure in Case of Fire
The information about temperature profiles of an anchor and theCB8/Es

of the used mortar can be used to calculate the fire resistance for an injection
anchor. Therefore, the time in the UTTC for which the fire resistance should be
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calculated, has toebchosen. In the example explained later the fire resistance for
an anchor with an M16 threaded rod andr80 embedment depth after adin

of fire is calculated. The first step of the calculation is to read out the temperatures
@ for each embedment dep@, seeFigure 15(left figure). Subsequently, the
temperature informatio® can be related to a bond str@;(or reduction factor

of bond stress) with the help of the BETirve, sed-igure 15.The two pieces of
information can be used to link every stéph® embedment dep@ to a bond
stress@. This is done inFigure 16.It shows that for the first 3%m of
embedment depth the temperature is higher than the limit temperaiyre/fich
means no loads can be transferred. In the rear part of the embeedptarstresses

up to 2N/mmz2 can be transferred according to the ESifve. The integral of the

bond stress over the embedment depth results in the fire resistg®>doNthe
chosen time in the UTTC, see Equation (2).

Figure 14. Temperaturdrofiles for M1880 (left), BSTCurve for théUsed Mortar
(right)
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To confirm the calculation method the predicted fire resistances are compared
with the results from the real fire test8gure 17 shows comparisons of two
different mortar types: on the left side a polymer system, and on the right side an
epoxy system. The prediction where the BRifve determined on the tigant
tests in the HRest setup was used is presented with the black dashed line. The
prediction where the BSTurve determined on transient tests in thetéf? setup
was used is presented with the green dashed line. It can be seen that the prediction
isin any case on the safe side. Meanwhile the quality of accordance differs greatly.
Especially for durations of fire longer than 60 minutes the predicted resistance
drops to values of almost or even zero while the anchors are able to carry small
loads formuch longer. The results also show that the prediction based on the BST
Curves determined in the HRests sometimes overestimates the fire resistance.

Figure 16. Comparisorof the Prediction of the Fire Resistancelal est Results

Within the scope of this research influencing factors on this prediction method
were investigated. Four main aspects were considered as follows.

- Temperature Profiles: This example is presented before the temperature
profiles determined without considering shielding influences of a fixture.
Having regard to this and vaporization of water lower temperatures can be
anticipated. This could be one reason for the resulthesafe side. An
overall implementation of these effects in the temperature profiles is in the
aut horsdé opinion neither feasible nor

- The BST-Curve for the temperatures higher than Ta: Caused by the
test procedure for determination of the BSQrves the information about
the bond resistance of mortars above the temperatygeisT missing.
Nevertheless, fire durations up to I8 can be monitored by fire tests
with small loads < 05 N/mm2). A "grainto-grainsupport could be a
reason fothat. The determination of a minimum bond strength, felated
to the grain diameter could be a solution. This needs further research.

- Determination of the BST-Curve: The previously shown studies on
determination of the BSCurves indicated many infuces on the
resulting curve. Especially the type of test execution shows a great impact.
The restrained forces caused by temperature distribution in the test slabs of
the real fire tests could be a reason for predictions on the safe side. For an
explicit statement to the influence further research to this topic is necessary.
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