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Abstract

The improvement in mechanical and adhesion properties of polymer resins have allowed to
progressively substitute cast-in place rebars by polymer-based anchors in some applications, by
providing equivalent or even higher mechanical properties at ambient temperature. However, a
temperature increase has the effect of weakening the bond and leads to a significant decay in the bearing
capacity of the adhesive anchors.

This paper presents a study of the phenomena that occur at high temperature in an adhesive anchor when
exposed to high temperatures by means of two pull-out test procedures and by thermomechanical
characterization of the polymer resin. Results showed that the resin glass transition is the responsible
for the decay in the fire resistance of adhesive anchors. The paper highlights the non-conservative aspect
of the current design method used to calculate the fire resistance of chemical anchors and proposes to
consider the pull-out curves as input data.

Keywords: Chemical anchor; Fire resistance; Epoxy adhesive; Glass transition temperature; Pull-out
tests; Design method.

1. Introduction

The epoxy resin was discovered for the first time by Pierre Castan in 1936 [1]. Its applications were
restricted to industrial purposes until 1955. Since then, epoxy resins were used in almost every industrial
purposes and even in bridges construction in USA and then in Paris in 1963 [2]. Over the years, the use
of epoxy resins in concrete structures was constantly increasing for different applications such as cracks
and joints filling, bonding concrete to concrete, metal to metal and steel to concrete [3]. The use of
epoxy resins in bonding steel to concrete, and more specifically in bonding steel rods into already
existing reinforced concrete, had offered a multitude of possibilities for retrofitting, extension and
reparation of existing structures [4] [5]. Post-installed rebars using epoxy resins have then allowed to
substitute cast-in-place rebars by offering equivalent or even higher bearing capacities at service
temperature [6] [7].

Over the past two decades, several experimental research work has been conducted in order to determine
the different parameters affecting the mechanical properties of bonded post-installed rebars by means
of pull-out tests [8] [9]. Numerous researchers were interested in the study of the relationship between
the geometry of the chemical anchor and its mechanical behavior. These studies showed that the load
bearing capacity increases linearly by increasing the embedment length up to 75 mm for anchors
diameter equal to 10 mm and that the bond strength reaches its maximum when the bond thickness is
equal to 2 mm [10]. More precisely, there is less risk of creep failure when the diameter of the hole is
close to the rod diameter [11]. Design documents have been developed based on these studies in order
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to ensure a minimum level of safety when using chemical anchors, equivalent to that for cast-in-place
rebars [12].

Other researchers were interested in the study of the environmental effects on the mechanical behavior
of chemical anchors. Obtained results showed that the load bearing capacity of chemical anchors
depends on the atmosphere to which the anchor is subjected [13] [14]. A particular attention was paid
to the study of the mechanical behavior of chemical anchors at high temperature due to the sensitivity
of polymer resins to elevated temperatures. In fact, the major problem with polymer resins was viscosity,
which is responsible for creep phenomenon at high temperature [15] [16]. Studies had shown that epoxy
resins have generally a constant stiffness up to 50°C [17]. However, several epoxy resins used in civil
engineering melt between 20°C and 80°C. This means that the glass transition of these resins may occur
during their service lifetime [18]. Studying the mechanical behavior of an adhesive joint at different
temperatures is therefore necessary to determine the temperature range in which it can provide its
maximum bond strength [19].

Very few regulations and technical documents exist today proposing methods to assess and to design
chemical anchors at high temperature:

The CFA Guidance Note [20] proposes to measure the fire resistance of chemical anchors by performing
pull-out tests under ISO 834-1 fire exposure [21]. The obtained results depend on the anchor diameter,
the distance between the anchors, the distance to the edge and the applied tensile load. If the measured
fire resistance is not satisfactory, the document proposes to increase the embedment length, which permit
to delay the temperature increase along the anchor and consequently increases the fire resistance
duration.

Some research studies [22] showed that it is possible to design post-installed rebars according to the
Eurocode 2 method (section 8.4.2) [23] proposed for cast-in-place rebars, since both anchoring systems
can develop equivalent mechanical performances at ambient temperature [6] [7]. However, this design
method cannot be used anymore when chemical anchors are subjected to fire, due to the significant
decay in the mechanical properties of the resin at high temperature. Nevertheless, Muciaccia et al. [24]
proposes a design method for chemical anchors in fire situation, based on the Eurocode 2 design method,
by introducing a reduction factor k¢; (@) allowing to adjust the bond strength depending on temperature

D).
kfi(g) = Tm(g)/fbm,rqd <1 1)
Where,

- kf;(9) is areduction factor at increased temperature

- tn(0) is the bond strength at the temperature 0
fom,rqa 1S the required bond strength (10 MPa for cast-in-place rebars)

The bond strength of post-installed rebars is thus calculated by multiplying the bond strength at 20°C
by the reduction factor k¢; () following equation (2).

fpa(0) = kfi(0) - fpazoec)/Ym fi (2)
Where,

- fpa(0) is the bond strength at the temperature 0
- fpaczoec) 1s the bond strength at 20°C, equal to 2.3 MPa according to Eurocode 2 [23]

- Ym i is a material safety factor in case of fire exposure, taken equal to 1.0


https://doi.org/10.1016/j.ijadhadh.2017.07.004

Final version of the paper published in International Journal of Adhesion and Adhesives, 78, October 2017, p. 200-211
[https://doi.org/10.1016/j.ijadhadh.2017.07.004]

The EAD (European Assessment Document) [25] proposes to assess the fire resistance of chemical
anchors by performing pull-out tests at constant load on post-installed rebars bonded into confined
concrete cylinders. The design method consists in describing the decay in the bond resistance under
heating effect by fitting the bond resistance vs anchor temperature curve by an exponential trend
function if the measured bond strength is less than 10 MPa, and by cutting the curve at 10 MPa if the
measured bond strength is greater than or equal to 10 MPa, as described in (3).

_(a.exp(=b.0) if  fprest <10 MPa
fom(8) = {10 MPa if  fotest =10 MPa ©)

Where,

- fbtest 1S the bond strength measured by pull-out test
- fum(0) is the mean bond resistance at the temperature 6
- a,b are the exponential fitting curve constants

This paper complements these existing documents by proposing and comparing between two test
methods allowing to assess the mechanical behavior of chemical anchors at high temperature. The first
method called “pull-out tests at stabilized temperature”, consists in heating the anchor to a target
temperature and then applying a tensile stress until the total extraction of the rebar. While the second
method, called “pull-out tests at constant load”, consists on applying a constant tensile load to the anchor
and then heating the test specimen until failure. The goal of this paper is to explain the difference in
results between these two test procedures by interpreting the physical, chemical and mechanical
phenomena that occur at high temperatures at the scale of the materials and at the scale of the anchor.
This paper draws a specific attention to the non-conservative aspect of designing rules proposed today
by existing documents for the fire safety of chemical anchors.

The first part of this paper focuses on the study of the temperature effects on physical, chemical and
mechanical properties of the resin, and on the description of the experimental procedures chosen to study
the mechanical behavior of post-installed rebars at high temperature. While the second part is devoted
to the comparison between the two test procedures and to the study of the temperature effects on the
stiffness and on the failure mode of chemical anchors. The paper concludes with a critique of the non-
conservative aspect of the current design methods and by suggesting solutions for a safer design of
chemical anchors in fire situation.

2. Materials and experimental procedure
2.1. Specimen
Three materials: steel bar, concrete and epoxy resin, were used in this work.

The steel bar used was a 12 mm Diwidag type rebar, anchored in the concrete with two different
embedment lengths: 40 and 60 mm (Table 2 and Table 3). The Young’s modulus measured by tensile
tests was Es= 222 GPa (Figure 1). The ultimate tensile stress value and the yield stress value were
determined (o,,:s= 680 MPa, o,,= 560 MPa). The surface of the steel rebar was then degreased using

acetone before being anchored in order to remove impurities that may disturb the adhesion with concrete.
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Figure 1: Tensile tests on 12 mm diameter Diwidag rebar

The concrete specimen was a cylinder (16 cm diameter, 25 cm height), bordered by a 2 mm thick steel
layer to avoid cracks on the exterior lateral side of the cylinder. The concrete had an average compressive
strength 27.8 MPa at 28 days, determined by compressive tests performed on concrete cubes. Cylinders
used for testing had been cured for more than two months in the laboratory conditions (20°C, 65% RH)
after being cured for 28 days at ambient moisture and temperature.

The selected adhesive was a bi-component epoxy resin. At least two days were left for the mortar to
cure in laboratory conditions before performing tests.

The anchor hole was drilled in the center of the hardened concrete cylinder just before the resin injection
and was cleaned according to the resin supplier’s indications. The diameter of the hole was 4 mm larger
than the rebar diameter in order to get 2 mm thick adhesive layer, and 20 mm deeper than the embedment
length to reduce heat loss. Indeed, moving the embedded part away from the concrete surface allow to
reduce thermal losses and consequently allow to reach more quickly the desired temperatures when
heating. In addition, an adhesive tape was applied on the free part of the anchor, as described in Figure
2, in order to break the adhesion on the free part, to set the exact embedment length and to decrease the
stress concentration at the top of the anchor [26].

Two thermocouples were installed in the embedded part of the steel rebar: At the deepest part of the
anchor (TC1) and at 10 mm from the top of the embedded part (TC2) (Figure 2). These two
thermocouples measured the temperature along the rebar embedded part during pull-out tests.

Concrete
cylinder
TCl1 \‘Q
N -
§ || Embedded
TC2 \\\ part
Adhesive tape \:§
Concrete surface § -+ TFree part
X

Steel rebar

Figure 2: Position of thermocouples and adhesive tape on the anchor
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2.2 Temperature effects on physical and chemical properties of the resin

2.2.1 Thermo-Gravimetric analysis (TGA)

A TGA test was performed on a small sample of the epoxy resin (3 mm x 3 mm x 2 mm) used for pull-
out tests. The test procedure consisted in measuring the mass loss of the resin sample during heating
from 20°C to 800°C with 20°C/min heating rate. The purposes of this test were to determine the
temperature of deterioration of the material and to estimate the amount of mineral charges contained in
the resin. The initial mass of the resin sample was 51.3 mg.
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Figure 3: Mass loss and derivative mass loss Vs resin temperature curve

Curves in Figure 3 show the mass variation and its derivative versus the heating temperature. Results
obtained from TGA test show 57.6% of mass loss between 20°C and 800°C. The mass loss curve
highlights a rapid decrease in the sample mass starting from 320°C followed, by an inflection point at
347°C, identified through a first peak (FP) on the derivative mass curve. This first peak (FP) could
indicate the oxidation of the tested material, while the second peak at 394°C (SP) may reflect changes
in the chemical composition of the resin under heat effect. The remaining mass at the end of the test
represents 42.4% of the sample’s initial mass. This remaining mass is composed of ashes and essentially
of silica added to the resin in order to increase its mechanical properties [1].

TGA test results show a negligible mass loss between 20°C and 150°C, equal to 0.1 mg, representing
0.2% of the initial mass of the resin. This mass loss can be attributed to the vaporization of water
contained in the resin components and does not reflect any change in the chemical composition of the
resin.

In conclusion, from TGA test results, one can confirm that no changes in the resin chemical composition
has taken place during pull-out tests (between 20°C and 150°C).

2.2.2 Differential Scanning Calorimetric test (DSC)

A DSC test campaign was carried out on the epoxy resin used for pull-out tests in order to determine its
glass transition temperature, to highlight the presence of post-cure phenomenon and to study the
preheating influence on the crosslinking degree of the polymerization reaction.
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Four resin samples were prepared for the DSC test. Three of these four samples were preheated at
various temperatures as described in Table 1, and then cooled to ambient temperature for 72 hours before
performing the tests.

The DSC test procedure consisted in heating the resin samples up to 200°C with a 20°C/min heating
rate, measuring the heat flow released or absorbed during heating and compare it with a reference sample

(empty crucible).

Conditioning Conditioning
temperature time
20°C i
(Ambient temperature)
. 3h
50°C 3h
82°C 3h
108°C

Table 1: Conditioning properties of test specimens
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Figure 4: Heat flow vs heating temperature curve for resin sample cured at room temperature

Results obtained from the DSC test machine were curves showing the difference in variation of the heat
flow between the test sample and the reference during heating. Figure 4 shows the test results of the
epoxy resin sample cured at room temperature. The solid curve shows the heat flow variation between
20°C and 200°C. This curve presents an endothermic peak between 60°C and 80°C, reflecting an
important absorption of energy and indicating a possible change in the physical state of the resin.
Therefore, the glass transition temperature must be between these two temperatures. In fact, the glass
transition temperature is defined as the temperature at which the physical state of the resin changes from
the hard state into the molten state.

To determine the precise value of the glass transition temperature, the inflection point method described
in [27] was adopted. This method consists in determining the position of the inflection point on the heat
flow variation curve, and considering the corresponding temperature as the sample glass transition
temperature. The position of the inflection point has been easily identified thanks to the derivative curve
of the heat flow (dashed line). Thus, the right position of the inflection point corresponds to the position
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of the maximum of the dashed curve. By applying this method, it was possible to determine the glass
transition temperature value for each sample tested, as reported in Figure 5.
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Figure 5: Glass transition temperature Vs conditioning temperature

Without thermal conditioning, results show that for a polymerized resin at room temperature, the glass
transition temperature is around 62°C. This glass transition temperature increases gradually by
increasing the conditioning temperature until reaching a maximum value around 82°C. At this stage,
the glass transition temperature remains constant and becomes independent on the thermal history of the
material.

The DSC curves revealed also the presence of an exothermic heat flow between 90°C and 170°C. The
amplitude and the duration of the exothermic heat flow decreased by increasing the sample conditioning
temperature. The release of an exothermic flow indicates a reaction between the hardener and the resin,
and therefore indicates the presence of a post-cure phenomenon. The decrease in the amplitude and the
duration of the exothermic heat flow when the conditioning temperature increases can be explained by
the progress of the polymerization reaction upon heating. Thus, the more the reaction approaches to its
maximum crosslinking degree (reached at high temperature), the more the amount of reagent mixture is
low, producing consequently a lower exothermic peak.

By measuring the difference of the quantity of heat flow released and absorbed between the exothermic
and endothermic peaks on each profile, it was possible to establish a comparison criterion to compare
the degrees of crosslinking of the polymerization reaction for the different conditioning temperatures.
Results obtained are shown in Figure 6.
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Figure 6: Post-cure peaks Vs conditioning temperature
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The results comparison have shown a decrease in the quantity of heat flow released and absorbed when
conditioning temperature increases. The resin cured at room temperature had the largest quantity of
exchanged heat flow among the four samples tested. This result indicates that this resin sample presents
the lowest degree of crosslinking. Figure 6 shows that the samples preheated at 82°C and 108°C have a
similar amount of exchanged heat flow, which is close to zero. This results confirm that for these two
resin samples, the polymerization reaction had almost reached its maximum degree of crosslinking.
Therefore, practically no post-cure phenomenon could be observed on these two samples and
consequently the heating of these two samples during the DSC test could no longer contribute to the
advancement of the polymerization reaction.

In conclusion, DSC tests have shown that there is a curing temperature, less than or equal to 82°C, at
which the resin reaches its maximum degree of crosslinking.

2.3 pull-out test procedures

Pull-out tests were performed in a heated environment by applying a tensile load to the rebar using a
hydraulic jack.

The concrete cylinder was positioned above a large 20 mm thick confinement steel plate, containing 4
holes: A central 20 mm diameter big hole, through which passed the rebar, and three small holes (10
mm diameter) designed for displacement sensors. This confinement steel plate was placed above three
cylindrical hard steel supports. The connection between the jack and the specimen was ensured by a nut,
which transmitted the tensile force to the rebar (Figure 7).

As described in the introduction, two test procedures were performed to study the mechanical behavior
of chemical anchors at high temperature:

e Pull-out tests at stabilized temperature: This test procedure was used by Pinoteau [28] and by
Muciaccia et al. [24] in order to determine a bond strength capacity for selected target
temperatures. The procedure consists in heating the concrete cylinder until the temperature
measured by TC1 and TC2 reaches the target temperature and remains constant for at least 2
hours. After that, a tensile load is applied until the debonding of the steel rebar.

This test procedure was performed for different target temperatures ranging from 16°C to
130°C.

e Pull-out tests at constant load: This test procedure is provided by the EOTA [25] and consists
in applying a constant load before heating the specimen. Once the target load is reached, the
specimen is heated progressively up to the failure point, determined by the extraction of the
steel rebar. The failure temperature is considered as the mean value of TC 1 and TC 2. These
tests were carried out with different loads ranging from 7 kN to 41 kN.

For each test procedure, the rebar displacement was measured through three Linear Variable Differential
Transformer (LVDT) sensors, positioned at 63 mm below the concrete surface. The sensors measured
the relative displacement between the concrete surface and the rebar (at 63 mm of free length).
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Figure 7: Pull-out experimental device

2.4 Heating device

The concrete cylinders were electrically heated by a cylindrical heating device controlled by a PID
controller (Proportional-Integral-Derivative controller). Temperature at the surface of the concrete
cylinder was controlled by two thermocouples placed between the lateral surface of the concrete
specimen and the heating device. Heating rates applied for pull-out test campaigns varied between
4°C/min and 13°C/min.

2.5 Acquisition and control

The control of the jack was performed using a PID controller that also recorded load and jack
displacement. The acquisition of the heating device temperature, the anchor temperature, the rebar
displacement and the applied load were performed every second for pull-out tests at stabilized
temperature. This acquisition frequency gave the precise load values reached when failure occurred.

However, for pull-out tests at constant load, acquisition frequency was set at one recording every 5
seconds because of the test long duration. This acquisition frequency was sufficient to determine the
average temperature of the anchor when failure occurred.

2.6 Shear stress

The design of chemical anchors at high temperature is based on determining the bond strength value. In
previous experimental work [28], it has been demonstrated, by means of strain gauges installed along
the anchor, that the shear stress distribution follows an exponential law when the embedment length is
equal to 10 times the diameter of the anchor. Strain gauges have shown also that for these embedment
lengths, the bottom of the anchor is very weakly stressed.

Indeed, previous studies have shown that there is a critical embedment length value (l¢) from which the
majority of the load applied to the anchor is transferred to the surrounding material by shear stresses

9
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[29]. Usually, the embedment length is chosen equal to 10 times the anchor diameter, which is generally
greater than I, [30]. In fact, it has been demonstrated that the increase of the anchorage depth beyond
the critical value (Ir) does not induce any modification on the distribution profile of shear stresses [31].
The exact value of the critical embedment length |.r could be obtained by a shear-lag analytical model
[29] [32].

However, for small embedment lengths, strain gauges showed that all the anchor presents the same level
of shear stress. It was reported in [10] that for small embedment lengths (< 75 mm for 10 mm diameter
steel rebar), the shear stress distribution can be considered as uniform. This assumption was confirmed
in [6], where it was observed that for a constant steel rebar diameter, the maximum tensile load varies
linearly with the embedment length. Thus, for small embedment lengths, the shear stress value can be
calculated directly from the tensile load applied to the steel rebar according to equation (4) by assuming
a uniform shear stress distribution along the anchor.

F

T=— (4)

T mdl
Where,
- T is the shear stress [MPa]
- F is the applied load [N]

- d is the diameter of the steel rebar [mm]
- L is the embedment length of the steel rebar [mm]

The shear stress expression (4) will be used further in this paper to establish the relationship between
the bond resistance and the bond failure temperature.

3. Results and discussion
3.1 Temperature effects on bond resistance

In order to assess the temperature effects on the bond resistance, a test program was established for the
two test procedures presented in the Paragraph 2.3. The test program is given in Table 2 and Table 3.
These tests tend to establish a relationship between the bond resistance and the anchor temperature.

TEST EMBEDMENT BOND
PROCEDURE LENGTH [mm] TEMPERATURE [°C]
60 16
40 21
L 40 25
x 40 26
K 40 38
i 60 39
S 60 40
! 40 45
a 40 50
E 60 58
= 60 61
E 60 66
60 70
60 73
60 80

10
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60 88
60 91
60 101
60 103
60 107
60 113

Table 2: Test program for pull-out tests at stabilized temperature

TEST EMBEDMENT APPLIED  BOND STRESS
PROCEDURE LENGTH [mm] LOAD [kN] [MPa]
40 41.27 27
A 40 38.39 25
< 60 46.07 20
2 60 45.31 20
E 60 35.91 16
< 60 27.48 12
2 60 23.27 10
S 60 17.47 8
60 12.68 6
60 6.96 3

Table 3: Test program for pull-out tests at constant load

Two different embedment lengths were used in this two test programs. In most cases, weak embedment
lengths were used for pull-out tests at low temperatures in order to avoid steel yielding.

3.1.1 Pull-out tests at stabilized temperature

The objective of this test procedure was to establish a relationship between the bond resistance and the
temperature of the anchor. This relationship can be used further in the design of chemical anchors in fire
situation.

Figure 8 shows the results obtained from pull-out tests at stabilized temperature. The bond resistance
was directly calculated from the maximum tensile load reached during tests using equation (4).
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Figure 8: Bond resistance and Relative bond resistance vs Bond temperature for pull-out tests at stabilized temperature
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Results obtained from tests showed an almost constant bond resistance for temperatures comprised
between 20°C and 50°C, with a slight increase at 24°C and 26°C. This results confirm that epoxy resins
provide constant mechanical performances at normal operating conditions, as mentioned in [17]. The
slight increase in bond resistance at 24°C and 26°C could be attributed to the resin post-cure
phenomenon. In fact, exposing polymers to heat over time leads to increase the degree of cross-linking
of the chemical reaction between the resin and the hardener, as explained in Section 2.2.2. The increase
of the cross-linking degree tends consequently to improve the mechanical performances of the polymer.
This post-cure effect was not observed on specimens at 16°C and 21°C as they were tested at ambient
temperature and did not receive any thermal conditioning.

Beyond 50°C, the resin lost about 30% of its bond strength. Starting from this temperature, the curve
decreases with a convex trend. The pull-out tests showed that when the anchor temperature reached
130°C, the resin had lost around 96% of its initial bond resistance. This resistance drop, observed starting
from 50°C, can be attributed to physical and chemical phenomena that occur in the resin at high
temperature.

3.1.2 Pull-out tests at constant load

The main goal of this test procedure was to associate a failure bond temperature to different values of
shear stress applied on the adhesive joint. Obtained results can be injected further in finite element codes
to model the mechanical behavior of chemical anchors in fire situation. In addition, this test procedure
is very interesting to study because it reproduces the real manner in which behaves chemical anchors in
a structure subjected to fire, and may reveal the presence of interesting phenomena such as creep. Creep
is a mechanical phenomenon defined as an irreversible deformation of the material under a constant
load. Therefore, creep is responsible for the material yielding and leads to the deterioration of its
mechanical properties.

The heating rate was identical for all pull-out tests at constant load. The applied load values were chosen
in order to apply a quantity of 3, 6, 8, 10, 12, 16, 20, 25 and 27 MPa of bond stress in the adhesive joint,
calculated using equation (4).

Results obtained from pull-out tests at constant load are shown in Figure 9.
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Figure 9: Bond stress vs bond failure temperature curve for pull-out tests at constant load
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Results show that for this epoxy resin, the bond failure occurs at 27°C for a quantity of 27 MPa bond
stress, which is lower than the temperature obtained in the previous test campaign (pull-out tests at
stabilized temperature). Failure temperature increases by decreasing the applied bond stress (115°C for
3 MPa). Test results showed also that the chemical anchor had lost more than 65% of its initial bond
resistance when bond temperature reached 63°C.

The tests carried out highlighted the presence of a thermal gradient between the top and the bottom of
the embedded part, recorded by TC1 and TC2 (Figure 2), when heating the concrete cylinder. The
presence of a thermal gradient between the two ends of the anchor have naturally a strong effect on the
stress distribution along the adhesive joint and therefore affects the fire resistance of the chemical
anchor. Indeed, in addition to the small heat loss generated by the contact between the concrete surface
and the confinement plate, the thermal gradient comes essentially from hydro-thermal phenomena when
heating concrete, such as vaporization and water migration towards the center of the test specimen [4].

3.1.3 Results comparison between the two test procedures
Comparison of results from the two different test procedures puts into light 3 observations:

1- Similar bond resistances were obtained from the two pull-out test procedures for temperatures below
36°C. These close results could be explained by the weak effect of resin post-cure and creep phenomena
at low temperatures. Indeed, the resin temperature remains close to room temperature, and therefore the
impact of heat is relatively weak in accelerating the polymerization reaction and in increasing the resin
crosslinking degree, as explained in Section 2.2.2. Consequently, the effect of post-cure phenomenon in
improving the bond resistance is very slightly pronounced for these temperatures. In addition, the resin
creep is negligible for temperatures close to room temperature [1], thus, there is no significant bond
strength degradation due to creep at low temperatures.

2- For bond temperatures between 36°C and 80°C, the superposition of pull-out curves (Figure 10)
reveals an important gap between results from the two test procedures, especially at 50°C. In fact, bond
resistance at stabilized temperature is higher than bond resistance at constant load. This significant
difference could be a consequence of thermal, chemical and mechanical phenomena that may occur in
a loaded and heated adhesive joint, such as post-cure, creep and water migration.

In fact, during pull-out tests at stabilized temperature, the resin temperature remains high and constant
for at least two hours, according to the test procedure. The increase in resin temperature activates the
post-cure phenomenon by supplying more energy and flexibility to epoxy molecules to react with the
hardener and to form a more developed molecular network. Furthermore, the exposure to high
temperatures for a long period evaporates the free water contained in the resin and thus creates an
additional empty volume facilitating and accelerating the crosslinking between epoxy molecules,
leading consequently to increase the bond resistance. On the other side, this gap is possibly accentuated
by the resin creep phenomenon which may appear during pull-out tests at constant load and causes a
decrease in the mechanical properties of the adhesive joint.

However, above 60°C, the gap decreases progressively when increasing the bond temperature. These
results may be explained by two chemical phenomena:

- The achievement of the resin post-cure: The polymerization reaction reaches its maximum cross-
linking degree and therefore the heating of the resin does no longer contribute in improving the bond
resistance. DSC tests showed that post-cure ends at a temperature less than or equal to 82°C (Figure 6).

- The resin glass transition: The change in the resin physical state due to heat acts negatively on the
adhesive mechanical properties by decreasing its stiffness and its strength capacity. The glass transition
temperature of the epoxy resin used in pull-out tests was determined by DSC tests and was around 62°C
(Figure 5).
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This two phenomena reacting together may explain the gradual narrowing gap between the two test
campaign results when bond temperature exceeds 60°C.

3- For bond temperature higher than 80°C, results from the two test procedures meet again and the gap
disappears progressively. This observation could be related to phenomena already mentioned such as
the achievement of the post-cure with the end of the bond strengthening by supplying heat, the resin
glass transition accompanied by the decay in the bond resistance, and finally the instantaneous creep.

Instantaneous creep is directly related to the resin glass transition which transforms the mechanical
behavior of the resin from elastic to viscoelastic. This change in mechanical properties leads to an
identical bond reaction to instantaneous or long-term loading. Therefore, the resin’s creep becomes

independent of the applied load duration and hence, the mechanical response of the bond becomes the
same for both test procedures.
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Figure 10: Results superposition from the two pull-out test procedures
3.2 Temperature effects on the anchor stiffness

Through the measurement of rebar displacements during pull-out tests at stabilized temperature, it was
possible to study the evolution of the mechanical properties of chemical anchors at different
temperatures. Curves in Figure 12 show the variation of the bond stress vs the rebar slip for chemical
anchors tested at the chosen target temperatures. The bond stress was calculated from the tensile force
applied to the rebar, by knowing the embedment length and using equation (4). The rebar slip is the
relative displacement between the concrete surface and the steel rebar at the beginning of the anchor
(relative displacement between point 1 and point 2 in Figure 11), and was calculated using equations (5)
and (6). For technical reasons, it was not possible to install the LVDT sensors exactly at the beginning
of the anchor. Therefore, LVDTSs were positioned at a distance Lo from the concrete surface (Figure 11).
The rebar slip was then calculated from the displacement measured by the LVDTSs, by subtracting the
elastic elongation of the rebar along Lo, as described in equation (5).
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6 = ALyypr — AL, )
FL
AL, =—2 (6)

Where,

- &isthe rebar slip

- AL,ypr is the mean displacement measured by the three LVDT sensors

- AL, is the elastic elongation of the free unbounded part of the steel rebar

- Eis the Young’s modulus of the steel rebar obtained by tensile tests (Figure 1)

- Fisthe applied tensile load

- Sisthe cross section of the steel rebar

- L, is the free distance between the top of the anchor and the LVDTs’ support (Figure 11)
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Bond stress vs rebar slip curves (Figure 12) confirm the change in mechanical response of chemical
anchors under temperature effect. Indeed, results show that anchor stiffness and bond resistance
decrease when temperature increases. Observations highlighted that the anchor mechanical response
varies with the temperature to which the anchor is exposed. For this reason, curves in Figure 12 were
divided into three groups depending on the sensitivity of the anchor mechanical response to
temperature.

= Group 1: Pull-out tests performed at temperatures between 20°C and 50°C (Figure 12.a).

At this temperature range, the anchor stiffness and the bond resistance remain constant and independent
on bond temperature. This observation confirms that epoxy resins show a constant mechanical behavior
at normal operating temperatures, as mentioned in [17].

Load / unload pull-out tests were carried out on chemical anchors at ambient temperature and allowed
to detect the presence of four mechanical zones on each of curves belonging to this first group.

- Zone 1: A linear portion along which the bond stress increases linearly with the slipping of the
steel rebar. In this zone, the anchor shows the same stiffness up to a certain bond stress value. This
means that the adhesive joint deforms elastically and therefore deformations are reversible, which means
that no damage or cracking occurs in the adhesive bond (Figure 13.a).

- Zone 2: A nonlinear portion: Adhesive bond yielding and crack initiation. (Figure 13.b).
For high bond stress values (around 22 MPa), the rebar slip becomes important and increases non-
linearly with the applied bond stress. Removing the tensile load applied on the steel rebar does not allow
to reach the initial slipping values any more, as shown in Figure 13.b. These observations indicate that
the adhesive joint is yielded and the bond deforms irreversibly. At this stage, cracks appear in the
adhesive joint and dissipate the energy induced by shear forces. Crack formation is highlighted by the
progressive decrease in the anchor stiffness shown by the change in the slope of the straight lines in
Figure 13.b between cycles 4 and 6. At the end of this step, the bond stress reaches its maximum value
(bond resistance) and stop increasing.

- Zone 3: A third portion of damage propagation and bond failure (Figure 13.c).
The cracks formation and propagation continue under the tensile force effect until total bond failure.
When the total bond failure occurs, the bond stress decreases and the rebar starts to rip out. The rebar
slip recorded in this portion is therefore quite important (around 6 mm for the tested specimen presented
in Figure 13.c).

- Zone 4: Rebar slipping and frictional resistance zone (Figure 13.d).
The adhesive bond is now completely damaged. The rebar extraction continues under the tensile load
effect and the shear stress value remains almost constant until the total extraction of the steel rebar. The
shear stress, which continues to exist despite the bond failure, may be explained by the frictional forces
created by the contact between the failed adhesive joint and the concrete surface.
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Figure 13: The four mechanical zones of a chemical anchor loaded at a temperature lower between 20°C and 50 ° C
a) Elastic zone, b) yielding and crack initiation zone, c) damage propaqgation and bond failure zone, d) Slipping and frictional
resistance zone

= Group 2: Pull-out tests performed at temperatures between 50°C and 105°C.

For these temperatures, the mechanical behavior of chemical anchors becomes highly dependent on
temperature, and the resin becomes more and more viscoelastic as the anchor temperature exceeds the
resin glass transition temperature (Section 2.2.2). The more the temperature increases, the more the
mechanical properties of chemical anchors decrease (Figure 12.b). At high temperatures (near to 100°C),
it becomes difficult to distinguish the four mechanical zones described in group 1. The change in the
mechanical behavior of chemical anchors under high temperature effect induced a change in the failure
mode (Section 3.3).

= Group 3: Pull out tests performed at temperatures higher than 105°C.

Under high temperature effect, the resin melts and loses its resistance properties. Consequently, the
anchor resists very weakly to pull-out forces. The different mechanical behavior zones observed on the
previous curves disappear and leave its place to a single zone (Figure 12.c). The anchor resists to pull-
out forces only by friction with concrete surface. So it can be said that, at this temperature range, the
resin is unable to provide mechanical strength to the anchor.

3.3 Temperature influence on failure modes

Pull-out tests revealed the existence of three possible failure modes, depending on the anchor
temperature:

= Steel rebar/resin interface (cohesive failure mode)
= Resin/concrete interface (adhesive failure mode)
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= Mixed failure mode

The steel rebar/resin interface failure mode was observed for low bond temperatures (lower than 50°C).
As shown in Figure 14.a, this failure mode is characterized by the debonding of the resin from the surface
of the steel rebar and reflects the high resistance of the adhesive bond to pull-out forces until its failure.
This failure mode can be explained by the brittle elastic behavior of the epoxy resin at low temperatures
[1], which leads to the cracking of the adhesive joint under shear stresses.

Mixed failure mode (adhesive and cohesive mode) was observed along the embedment length for pull-
out tests performed at temperatures comprised between 50°C and 75°C. This mixed failure mode
appeared in almost cases when performing pull out-tests at constant load due to the presence of a thermal
gradient along the anchor. Indeed, this failure mode is characterized by a resin/concrete interface failure
at the top of the anchor (the hottest part), and by a steel/resin interface failure in the bottom of the anchor
(at the coldest part) as shown in Figure 14.b. In fact, when heating the test specimen, the top of the
anchor is heated more quickly than the bottom due to the high thermal conductivity of the steel
confinement plate, which supplies an additional heat flux to the anchor. In addition, hydro-thermal
phenomena that occur at the center of the test specimen during heating slow down the temperature
increase at the bottom of the anchor, as described is Paragraph 3.1.2. Consequently a thermal gradient
appears along the anchor and therefore, the top of the anchor reaches firstly the glass transition
temperature, the resin melts and the failure occurs at the adhesive bond. However, the temperature at
the bottom of the anchor remains below the resin glass transition temperature, and consequently, at the
bottom of the anchor, the resin maintains its mechanical properties and resists to the shear stress, and
thus failure occurs at the steel/resin interface.

Above 75°C, only resin/concrete interface failure mode was observed. This failure mode can be
explained by the total glass transition of the resin and its physical state change from solid to vitreous
state, since the anchor temperature exceeds the resin glass transition temperature (Paragraph 2.2.2). At
this temperature range, the resin present a very low mechanical properties and resists weakly to the
applied tensile force. Consequently, pull-out tests lead to the total extraction of the adhesive joint as
shown in Figure 14.c.

Solid resin Steel rebar

Adhesive tape

— Steel rebar
Adhesive tape

—— Total extraction of
the adhesive joint

Adhesive tape .
Concrete cylinder

| |
Molten resin Solid resin

Mixed failure mode

Figure 14: Examples of different failure modes observed during pull-out tests.
a) Steel rebar/resin interface (21°C), b) Mixed failure mode (65°C), c) Resin/concrete interface (100°C)
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3.4 Incompatibility of anchor displacements in the current design method
The current method used for the design of chemical anchors in fire situation [25] is based on two steps.

The first step consists in the determination of the temperature distribution along the anchor at different
moments of fire exposure, using thermal calculations. Thermal calculations can be done either by finite
element analysis, or by analytical calculations using finite difference method based on Fourier equations
(7), (8) and (9). These two calculation methods require the knowledge of the variation of the thermal
properties of the materials composing the chemical anchor depending on temperature (A(0),

C,(0) and p(0)).

a0 %0 . .
p(6). Cp (Q)E = /1(9)-ﬁ + dcon t Qray (7)
Geon = h. (Oext — Osur) (8)
C.Iray =0.¢&. (ngt - 954ur 9)

Where,

p is the material density [kg/m?]
- C, is the material specific heat [J. K*. Kg™]

- Ais the material conductivity [W. m™. K]

- B isthe temperature of an element of the anchor at position x and at time t [K]
- {eon IS the convective heat flux per unit area [W.m?]

- histhe heat transfer coefficient [W.m2K™]

- 4rqy is the radiative heat transfer per unit area [W.m?]

- o is the Stefan-Boltzmann constant [W.m?K*]

- ¢ isthe emissivity of the material

- B, is the exposure temperature [K]

- B4, is the temperature at the surface of the material [K]

At the end of this first step, a temperature map is obtained, allowing the knowledge of the exact
temperature values on every element of the anchor and at different moments of fire exposure.

The second step consists in associating a bond resistance value to each element of the anchor using
previous thermal calculation results and using the relationship between the bond resistance and the
anchor temperature obtained by pull-out tests (Figure 10). The anchor’s load bearing capacity at time t
is therefore obtained by summing the bond resistances along the entire embedment length following
equation (10), as described in the example in Figure 15.

F, = 2nr fOL Tmax(0(x, £) )dx (10)
Where,

- F; isthe load bearing capacity of the anchor at time t [N]

- risthe radius of the steel rebar [mm]

- L is the embedment length [mm]

- Tmax 1S the bond resistance obtained by pull-out tests [MPa]

- B(x,t) is the temperature of the element of the anchor at position x and at time t.
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This design method supposes that failure occurs when the anchor’s load bearing capacity F; becomes
equal to or lower than the applied tensile load.

In this design method, the calculation of the anchor’s load bearing capacity is mainly based on the
knowledge of the thermal distribution along the anchor and on considering the maximum shear stress to
which can resist each element. It means that this method does not consider the true evolution of the shear
stress distribution along the anchor during fire exposure, which can be determined either by analytical
calculations using a shear-lag model [33], or by a numerical analysis using finite element modeling [22].
Nevertheless, this assumption seems to be sufficient to predict the time collapse since the failure occurs
when the shear stress saturates along the anchor, i.e. when the shear stress reaches the bond resistance
at all the elements of the anchor. However, by assuming that each element of the anchor provides its
maximum shear stress capacity during fire exposure, all the elements of the anchor should reach their
maximum shear stress capacity at the same value of relative displacement &', and consequently, the
anchor should present an elastoplastic mechanical behavior (Figure 15.a).

The example in Figure 15.a shows an application of the design method described above. The considered
chemical anchor is composed of three elements. Each element has a temperature 6, , different from the
temperature of the two others. Knowing the temperature distribution along the anchor, a bond resistance
Timax 1S @ssociated to each element using results obtained from pull-out tests. The load bearing capacity
of the anchor (F}) is therefore calculated by summing the bond resistances of the three elements
composing the anchor.

Bond stress vs rebar slip curves obtained from pull-out tests at stabilized temperature are shown in
Figure 16. The rebar slip was calculated according to equations (5) and (6), as described in Section 3.2.
Results in Figure 16 show that in reality, the chemical anchor present a mechanical behavior totally
different from the elastoplastic behavior, and that the maximum shear resistance of a chemical anchor
is not reached at the same value of rebar slip for different temperatures. Thus, for a given relative
displacement value §,, the anchor elements do not all provide their maximum shear stress capacity
(Figure 15.b). Consequently, the anchor’s load bearing capacity FZ, obtained by summing the bond shear
stress values for different temperatures and corresponding to a relative displacement &, is lower than
that provided by the design method ( F}).

20


https://doi.org/10.1016/j.ijadhadh.2017.07.004

Final version of the paper published in International Journal of Adhesion and Adhesives, 78, October 2017, p. 200-211
[https://doi.org/10.1016/j.ijadhadh.2017.07.004]

‘ Tensile force F
Chemical anchor 6,4 0, 03
(Steel rebar + adhesive bond + concreteﬂ

T T T Relative displacement &
0, < 0,< 6, - 1 2 3 0
a) b)
Bond resistance T Bond resistance T
,Tlmax. I Timax |
H H HI
‘TZmax‘ T2max ~_
: H H_' ~—
.TBmax' B Tamax.| .. [,
; 0,
i i > : - - - =
S5 8y Relative displacement § 8o Relative displacement &
L L
Fl = Zm"f Tonax (0 (x))dx F? = Zm"j Tmax(0(x))dx
0 0
1 _ 2
F¢ =217 (Tymax + Tamax*T3max) Ff =211 (11 + TamaxtT3)

F! > F?

Figure 15: Example of incompatibility of displacements in the current design method
a) Anchor’s mechanical behavior suggested by the design method / b) Real anchor’s mechanical behavior

To illustrate this point, let’s consider for example a slab connected to a wall using only one chemical
anchor of 16 mm diameter and 135 mm embedment length. The anchor is placed at 100 mm from the
surface of the slab directly exposed to 1SO 834-1 fire [21] and subjected to a tensile force equal to 40
kN. The temperature evolution along the anchor is obtained by thermal calculations. Calculated
temperature values are used next in calculating the evolution of the anchor’s load bearing capacity
during fire exposure. Table 4 presents a comparison of the evolution of the anchor’s load bearing
capacity at different moments of fire exposure calculated using the current design method and by
considering different values of anchor slip during test.

Fire Current
exposure design
duration method

2mm  25mm 3 mm
slip slip slip
[KN] [KN] [KN]

[min] [KN]
0 191 175 149 139
30 191 175 149 139
60 183 172 148 128
90 114 104 92 77
120 54 40 38 37

Table 4: Comparison of the anchor's load bearing capacity values obtained using the current design method and by
integrating the anchor slip criterion

As results show in Table 4, the current design method suggests that after 120 minutes of fire exposure,
the anchor still able to resist to an amount of pull-out force equal to 54 kN, which means that the load
bearing capacity of the anchor still greater than the applied tensile load. Therefore, the actual design
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methods predicts that the anchor is able to resist to an ISO fire exposure for at least more than two hours.
However, when taking into account the post-peak behavior of the pull-out curves by considering a value
of 2 mm anchor slip, calculations show an important decay in the anchor’s load bearing capacity up to
40 kN. Therefore, for this anchor slip value, the anchor’s load bearing capacity after two hours of ISO
fire exposure has become equal to the applied tensile load. Thus, the anchor failure should occur exactly
after two hours of fire exposure.

Additional calculations made considering 2.5 mm and 3 mm anchor slip values showed that the anchor’s
load bearing capacity decreases by increasing the slip value for the same fire exposure duration.
Therefore, for these anchor slip values, calculations show that the anchor is not able anymore to resist
to two hours of 1SO fire exposure.

In conclusion, the current design method overestimates the fire resistance of chemical anchors by
supposing that each element of the anchor provides its maximum shear stress capacity when failure
occurs and by not taking into account the pre and post peak behavior of pull-out curves. Consequently,
this design method is not conservative and cannot ensure a safe use of chemical anchors in fire situation.
It is therefore necessary to consider a displacement criterion and to use bond shear vs rebar slip curves
at different temperatures to design the fire resistance of chemical anchors instead of considering only
the relationship between the bond resistance and the anchor temperature.
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Figure 66: Bond stress vs rebar slip curves showing the real mechanical behavior of a chemical anchor at different
temperatures

4. Conclusion

Thanks to its high mechanical properties at normal operating temperatures, bonded post-installed rebars
have gradually substitute cast-in place rebars and provided new technical solutions to build sustainably
and more efficiently. However, the fire resistance of chemical anchors present the weakest point of this
anchoring technique.

Pull-tests at stabilized temperature and at constant load were performed in this study in order to assess
the mechanical behavior of chemical anchors in fire situation. Measurements of anchor temperature,
steel rebar displacement and applied tensile load were carried out on each of these tests. Measurements
revealed a strong dependence of the mechanical behavior of chemical anchors on temperature.
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From this study, the following conclusions can be derived:

Chemical anchors made with the epoxy resin used in this study present an almost constant load
bearing capacity and stiffness at normal operating temperatures (6 < 50°C). Beyond these
temperatures, the mechanical properties of the anchor rapidly decrease.

Results obtained from the two pull-out test procedures were very close at normal operating
temperatures. Nevertheless, these results diverge at higher temperatures (6 > 50°C). This
divergence could be related to creep, water migration and post-cure phenomena. At
temperatures higher than 80°C, results meet again and bond resistance continues decreasing
when heating.

The heating of the chemical anchor until a given temperature leads to improve its mechanical
properties by activating the post-cure phenomenon. However, beyond a certain temperature, the
polymerization reaction reaches its maximum level and the heating becomes dangerous by
leading to the glass transition of the resin.

The exact value of the glass transition temperature of the resin cured at room temperature was
determined by DSC tests. This Tg value was found around 62°C. The superposition of DSC
results with pull-out tests results showed that the resin glass transition is the main factor
responsible for the decay in fire resistance of chemical anchors.

The TGA test results showed that no changes in the resin chemical composition occur at
temperatures lower than 150°C. These results exclude the involvement of any chemical
transformation phenomenon in the decay in fire resistance of chemical anchors. Nevertheless,
TGA test highlighted a small resin mass loss (around 0.2%) at temperatures comprised between
20°C and 150°C caused possibly by water vaporization, which according to a previous study
[4] affects the stress redistribution along the anchor.

The interpretation of results obtained from pull-out tests at constant load showed the influence
of creep phenomenon in decreasing the mechanical properties of chemical anchors. This
phenomenon could not unfortunately be quantified directly from these pull-out tests because of
its interference with other phenomena such as post-cure and water vaporization.

This paper succeeded in identifying the main phenomena affecting the mechanical behavior of
chemical anchors in fire situation through various tests carried out at the scale of the materials
and at the global scale of the anchor.

The current method used to design chemical anchors in fire situation were criticized in this
study. This paper highlighted a non-conservative aspect of the current design method due to the
choice of the bond resistance criterion in determining the load bearing capacity of the anchor
during fire exposure.

This paper suggests a new design criterion based on the relative displacement of the anchor
during pull-out tests, allowing to improve the current design method and to ensure a safer use
of chemical anchors in fire situation.
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