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ABSTRACT

The paper presents a study about the glass transition of commercially available epoxy resins used for
structural strengthening of concrete members for instance by means of Carbon Fiber Reinforced Polymer
(CFRP) strips. Prior to an experimental investigation with a dynamic mechanical analysis (DMA), an
overview on differences between definitions for the glass transition temperature Ty is given. Several
testing recommendations are listed in this respect. Subsequently, DMA tests on three commercially
available products are presented. A first focus is put on the different evaluation methods for one specific
test result. It is visible that considerable differences in the finally adapted glass transition temperature
might arise if one or the other procedure is followed. Additional parameters, such as curing procedure,
specimen age, temperature history, and ultimate temperature during heating are considered, too. In all
the above mentioned cases, differences in the glass transition can be found. Higher specimen age, higher
ultimate temperature during testing, accelerated curing, as well as a lower heating rate implicate higher
glass transition temperatures, showing that the glass transition temperature is not a fixed material
characteristic. In a final step, the relevance for Ty for civil engineering applications is described. The
various design code provisions for defining the service temperature in structures related to T are pre-
sented. The overall aim of the investigation is to show that structural engineers and end users have to be
aware of the different influential parameters on the final results regarding the glass transition temper-
ature, which also highlights the need of a potential deeper product investigation in case technical data
sheets lack detailed information.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

subjected to an increased temperature. For civil engineering ap-
plications, accidental situations like fire could lead to a deficient

In civil engineering applications [4—6], epoxy resins are mostly
used to bond a composite material, mainly Carbon Fiber Reinforced
Polymer (CFRP) strips and sheets, to a concrete, metallic, or timber
substrate. The two-component epoxy resins are usually mixed on
site and require a certain curing time before being able to develop
sufficient strength and stiffness [7]. The duration of this necessary
curing time is generally depending on the product itself as well as
on the outer temperature under which the cross-linking of the
polymer chains has to take place. Fully or partly cured epoxy resins
are prone to lose their stiffness and strength again when being
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material and eventually serious structural safety problems. In
general, high service temperatures influence the bond of a CFRP/
epoxy/concrete system [8] and long-term creep behavior [9—13].In
order to describe a product's application range in terms of tem-
perature stability, the producer or distributor declares a glass
transition temperature denominated as T. In most of the cases,
however, technical data sheets completely lack further information
on which curing, testing, and subsequent evaluation parameters for
the determination of T; were followed. Whereas epoxy resins are
usually cured under the ambient temperature, which should
generally not be lower than 10°C due to a significantly decelerated
curing process [7], it is known that an exposure to high tempera-
tures in the range of 70—100°C can considerably reduce the
necessary curing duration in order to achieve a target level of
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Nomenclature
0 shift angle
a elastic stress
a’ viscous stress
e strain amplitude
a age
AC accelerated curing
DMA dynamic mechanic analysis
E' storage modulus
E” loss modulus
RT room temperature curing
temperature
t time
T glass transition temperature
T, onset temperature at the tangent intersection
Ts temperature at maximum tan(é) value
Ty temperature at maximum E” value
T; temperature at the inflection point of E’
Tmax maximum temperature
Thin minimum temperature
tan(6)  ratio between loss and storage modulus

strength or stiffness [14—16]. This accelerated curing is for instance
used for the application of a gradient anchorage for prestressed
CFRP strips. In this procedure, the prestressing force is gradually
decreased at both strip ends over several segments, interrupted by
short localized accelerated adhesive curing steps [14,17,18]. The
anchorage's mechanical response is in this case highly depending
on the epoxy stiffness at a given temperature. To summarize, a
degradation in stiffness (and possibly strength) of the resin due to
elevated temperature can lead to a loss of anchorage capacity for a)
initially unstressed strips but afterwards stressed under load dur-
ing service, or b) for initially stressed strips in a gradient anchorage.

Glass transition is usually investigated by either Differential
Scanning Calorimetry (DSC) or Dynamic Mechanical Analysis (DMA).
It is important to notice that both DSC and DMA, since two different
testing methods, usually provide slightly different results for
identical curing conditions. For a DMA, a certain number of testing
and evaluation parameters have to be considered. This paper pre-
sents in a first step a few internationally known testing recom-
mendations and their respective suggestion on how to eventually
evaluate the glass transition. In a second step, DMA tests and the
results on three commercially available products often used in
practice are presented. The main goal is to show influences of the
curing conditions (room/ambient temperature and accelerated
curing) with regard to the above mentioned gradient anchorage.
Further material parameters, such as specimen age and heating rate
during the DMA test are included in the analysis. Then, different
methods for evaluating the glass transition and the effect of
different test and curing parameters are discussed. In a final sec-
tion, suggestions regarding temperatures at service level for
strengthened civil structures by various structural design codes are
presented. Finally, recommendations on how industry and design
engineers shall proceed with glass transition and maximum service
temperatures are given.

2. Glass transition and testing recommendations
2.1. General remarks

The expression glass transition temperature can be misleading,
stating that exceeding a very precise temperature value leads to a

sudden change in material properties. This description has only
limited applicability, since the transition from a solid to a rubber-
like or viscous state is a continuous process over a certain tem-
perature range of easily 10—20°C [19]. The previous indication of a
temperature range is of qualitative nature, and should not be taken
as absolute values for all adhesive types. A schematic representa-
tion of the elastic modulus decrease as a function of the tempera-
ture under laboratory testing condition is given in Fig. 1. It can be
observed that the initial decrease of the elastic modulus occurs at a
moderate rate, followed by a clearly higher rate between a certain
glass transition-range. It has to be stated that the exact behavior
under outer ambient conditions might differ due to different tem-
perature scenarios.

2.2. Dynamic mechanical analysis (DMA) and definition of T

Dynamic Mechanical Analysis (DMA), which will be the exper-
imental technique primarily applied and discussed in this manu-
script, is used to assess the material property degradation under
elevated temperature and cyclic loading. A resulting sinusoidal
force is measured and correlated against the input strain. Then, the
viscous and elastic properties of the sample are determined. If the
sample behaves as an ideal elastic solid, then the resulting stress is
proportional to the strain amplitude (¢, Hooke's Law), and the stress
and strain signals are in phase. If on the contrary the sample be-
haves as an ideal fluid, stress is proportional to the strain rate (de/dt,
Newton's Law). In this case, the stress signal is out of phase with the
strain, leading it by 90° (phase angle ¢). For viscoelastic materials,
the phase shift angle () between stress and strain occurs some-
where between the elastic and purely viscous state. The stress
signal generated by a viscoelastic material can be separated into
two components: an elastic stress (¢’) that is in phase with strain,
and a viscous stress (¢”) that is in phase with the strain rate and 90°
out of phase with the strain. The elastic and viscous stresses are
sometimes referred to as the in-phase and out-of-phase stresses,
respectively.

Fig. 2 presents several key curves that are often encountered
when discussing glass transition temperatures with DMA results,
i.e. the evolution of the dynamic or storage modulus E’, the loss
modulus E”, and the loss factor tan(¢) = E”/E’ (also representative
for the material's damping characteristics) with regard to the
temperature. A first possibility is to define T, as the temperature

A Glass transition-range

Elastic modulus

Idealized behavior

>
g Temperature T

Fig. 1. Schematic elastic modulus loss of an epoxy resin with increasing temperature.



486 J. Michels et al. / Composites Part B 77 (2015) 484—493

corresponding to the inflection point of the dynamic modulus curve
as presented in a). This definition is for instance followed by the ISO
6721-11 [20]. As presented in Fig. 2b, the intersection point be-
tween the two tangent lines defines a value for Tyse, marking the
beginning of the storage modulus loss of the material and consid-
ered as the glass transition temperature by ASTM E1640 [21], DIN
EN 61006 [22], and DIN 65583 [23]. The latter, mainly used in
aerospace industry, also presents an alternative definition by
decreasing the initial storage modulus slope by 2% and choosing the
intersection with the modulus curve as the representative glass
transition temperature. In Fig. 2c the evolution of the viscous (loss)
modulus E” is given. Eventually, in research activities, the loss factor
tan(d) (see Fig. 2d) is mainly adopted for the evaluation of T
[24—30]. Occasionally, the temperature at maximum loss modulus
is considered [31].

3. Experimental investigation
3.1. Specimen preparation and curing configurations

Three commercially available products, namely S&P Resin 220 by
S&P Clever Reinforcement AG, Sikadur 30 and Sikadur 30 LP by Sika,

were used for the present study. All products are two-component
pre-batched thixotropic epoxy resins. To the authors' knowledge,
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no particular additional fillers are used by the producers. The three
products will be described as Resin 1, Resin 2, and Resin 3, respec-
tively, throughout the whole manuscript. Two different curing
conditions and ages were taken into account. Table 1 summarizes
the glass transition temperature according to the literature [31] or
suppliers' data sheets [2,3]. Additional information about physical
and mechanical properties are given in Table 2.

For curing purposes, the epoxy was mixed under room tem-
perature conditions and filled in a square mold (shown in Fig. 3).
Specimens intended for curing at room temperature were subse-
quently stored in a climate chamber with a constant temperature of
21°C and a relative humidity of 50%. The remaining specimens
designated for accelerated curing were installed under a specif-
ically designed heating device usually used in structural retrofitting
applications [14,18,32].

The heating procedure is kept identical to the above mentioned
application for the gradient anchorage [14,33], i.e. an epoxy tem-
perature of about 90°C for 25 min, composed of a temperature
ramp of about 4—5 min followed by a more or less stable temper-
ature plateau during 20 min. For both room temperature and
accelerated curing configurations, a schematic temperature evo-
lution in time is given in Fig. 4. Subsequently, the specimens are
also placed in the aforementioned climate chamber at 21°C until
testing at either 3 or 28 days. Prior to testing, the cured elements
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Fig. 2. Schematic representation of several key temperature values during the glass transition.
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Table 1

Glass transition temperature Tg according to the literature and suppliers’ data sheets.

Epoxy T[°C]

Resin 1: S&P Resin 220
Resin 2: Sikadur 30
Resin 3: Sikadur 30 LP

54.5—62.1 (depending on the chosen heating rate during the test) [31]
62 (after 7 days at 45°C) [2]
45 (after 7 days at 23°C) or 72 (after 2 h at 80°C) [3]

Table 2
Mechanical and physical data according to the suppliers' data sheets [1-3].
Density [g/cm?] Comp. strength [MPa] E-modulus [MPa] Pot life [min]
Resin 1 1.7-1.8 at 23°C >70 >7100 25’ at 23°C
Resin 2 1.65 at 23°C 85—95 after 7 days at 35°C 9600 (Compression), 11,200 (Tension), after 14 days cure at 23°C 90 at 20°C, 20 at 35°C
Resin 3 1.8 at 20°C >85 after 7 days at 25°C 10,000 after 14 days at 25°C 60 at 25°C, 30 at 55°C

were taken out of the mold and cut into small specimens with di-
mensions of about 45-5-3 mm?>.

3.2. Test program
The complete test program with the investigated parameters is

presented in the left half of Table 3. The applied temperature pro-
files during the DMA testing are graphically presented in Fig. 5.

Component A

Component B

Epoxy resin

— Mixing +
filling in the square
mould

80 mm - 80 mm,
thickness=3mm

.
Resin Mould
- ul | 2257
|
Room Temperature Accelerated curing for

25 minutes + room
temperature curing
(see Figure 4)

Curing at 21°C

Fig. 3. Procedure for the experimental campaign.

3.3. Test setup

Three-point bending with simple supports as shown in Fig. 6a
was chosen as loading configuration. The instrumentation (Type
‘RSA 1II' by TA Instruments) is shown in Fig. 6b. Dynamic me-
chanical testing involves the application of an oscillatory strain to a
specimen over a specific temperature range from a lower (Ty,) to
an upper value Ty and back to Trypn (Fig. 5). Loading frequency was
in this case 1 Hz. To run on all temperatures below room temper-
ature, liquid nitrogen was used to cool the inner part of the climate
chamber.

4. Results and discussion

The presented evaluation techniques for T; were applied for all
the tested specimens. As an example, Fig. 7 shows the storage
modulus, loss modulus, and tan(é) evolution as a function of the
applied temperature for Resin 1 after an accelerated curing proce-
dure followed by a room temperature curing for 3 days. All results
are summarized in Table 3. Due to both increasing and decreasing
branches of the temperature, each test shows two values for each
evaluation technique. It has to be stated that for each curing and

100

| approx 5' [ approx. 20 I j i
‘ 90°C : ]

80

&0 ‘Approximate epoxy temperature

profile for accelerated curing

40

Temperature T [°C]

Total accelerated curing Subsequent RT curing, 1

duration 25' 3 and 28 days
20 e e e
| Room temperature curing, 3 and 28 days —® |
o b v v o e b
0 10 20 30 40 50

Time t [min]

Fig. 4. Curing temperatures for room temperature (RT) and accelerated curing (AC).
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Table 3

Varying parameters and summary of all DMA test results with the respective evaluation methods (*upper row: increasing temperature branch, **lower row: decreasing
temperature branch) - for notations of T, see Fig. 2.

Curing Age [days] Tmin [°C] Tnax [°C] Rate [°C/min] Ts [°C] T [°C] T, [°C] Ty [°C]
Resin 1 RT 3 -20 100 2 *53.1 46.6 428 457
72,7 58.0 50.7 56.0
Resin 1 RT 3 -20 150 2 55.1 466 424 4638
785 65.0 503 65.8
Resin 1 AC 3 -20 100 2 64.8 523 372 51.8
716 59.3 438 61.8
Resin 1 RT 28 -20 100 2 67.9 56.6 436 56.5
75.4 60.2 49.4 64.0
Resin 2 RT 3 -20 100 2 513 457 438 465
68.7 59.6 492 59.2
Resin 2 RT 3 -20 100 0.5 56.0 423 412 462
732 65.4 53.1 64.5
Resin 2 AC 3 20 100 2 62.6 52.8 444 54.4
703 61.6 52.8 62.4
Resin 2 RT 28 -20 100 2 54.7 483 465 494
69.8 60.7 497 61.0
Resin 3 RT 3 -20 100 2 59.2 475 451 49.1
84.9 75.0 613 75.6
Resin 3 AC 3 -20 100 2 735 57.6 457 589
88.9 79.4 67.7 79.6
200 ————— testing condition, only one specimen has been tested. Variability of
L ——T =-20°C-T__=100°C - Ramp=2°C/min & . .y P . y
: min max the results was in this case not considered.
- H----- T =-20°C-T__ =150°C - Ramp=2°C/min
min max
I -—-— T _=20°C-T__=100°C - Ramp=0.5°C/mi . .
i min max amp min 4.1. Influence of the evaluation method and temperature history
150 (— . —
1 . . . .
3 [A : : 1 A first very important observation from Table 3 is the fact that
r DN ‘ : 1 different evaluation methods result in large differences in the re-
g? i Lo / o j 1 sults. These large discrepancies are of very high importance when
= 100 ! ”Z’r‘j;i’gg . j B talking about a glass transition temperature in general. In Section
o oy AN : ] 2.2, it was reported that different testing recommendations
2 A / ’ N Decreasi 1 sometimes use different definitions for the glass transition tem-
§_ \ ;0 N egrrss;ng 1 perature. The general tendency for all the tested specimens is that
g '\\ s \\ ‘ 1 the highest values are obtained when choosing T; as the evaluation
~ 50 A AN . temperature for Tg. In such a case, a difference of more than 10°C to
| j Mo | for instance the values for T; and Tj can be observed. The most
\ ] ® \ | conservative approach is choosing the onset point T, at the tangent
\ : N ] intersection. This first observation confirms that every statement
\ . . . .
0 0 SO SO N about a specific value for T, should always include precisions about
‘ v : N the chosen evaluation method, which in most cases is not indicated
‘ ! I I ‘ . by the producer or distributor.
— — ‘ The second information obtained is that the decreasing branch
0 100 200 300 400 500

of the temperature exhibits higher values for the glass transition
temperature T, than the first increasing branch. In Figs. 8—11 as
Fig. 5. Temperature profiles during DMA testing, Well.as in Table 3, this. effect is conﬁrmed for all the perfgrmed test
specimens under the influence of various parameters. This is due to
an improved cross-linking of the polymer chains after the first
heating step of the DMA analysis. Similar observations with DSC-

Time t [min]

Loading

Data aquisition
~ ~——r.

Fig. 6. a) Three-point bending setup, b) RSA Il dynamic testing instrumentation.
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Fig. 7. Experimental results for Resin 1 after an initial accelerated curing (AC) followed
by a 3 days curing at room temperature.

based tests have been shown by Moussa et al. [34]. In terms of
practical applications in structural engineering, this implies that an
epoxy resin cured at outer temperature on a construction site might
see its temperature characteristics change towards higher glass
transition temperatures if one applies post-curing [35]. Neverthe-
less, this improvement requires an unstressed and unloaded
externally bonded CFRP reinforcement, as otherwise load carrying
capacity of the strengthened structure might be lost due to a
temporary stiffness reduction of the resin during post-curing as a
consequence of a decreased storage modulus.

It is also important to remember that a certain human factor
might influence the evaluation, especially when it comes to intro-
ducing tangent lines into a modulus—time graph. In order to avoid
strong influences at this level, the same user should be in charge of
evaluating all the data sets later for comparison purposes.

In the following subsections, the tan(¢)-evaluation is retained
for all other parameter investigation. An overloading of the dia-
grams is consequently avoided. Using this evaluation puts the

manuscript in line with the large majority of scientific research
activities. From Table 3, the effect of the different testing and curing
parameters is observed for the different evaluating techniques for
T,. Hence, the approach with choosing one fixed evaluation method
for the following parameter analysis seems justified.

4.2. Influence of the product type and curing procedure

Fig. 8 shows a comparison between Resin 1, 2, and 3 for
different curing conditions. All specimens were 3 days old at the
moment of testing. A first observation is the fact that Resin 3
exhibits a higher glass transition temperature after a normal
curing procedure at room temperature. An accelerated curing
procedure results for all three types in a relative increase of about
20% in Tg eventually displaying the highest value of 73.5°C for
Resin 3. This increase after an accelerated curing at high temper-
ature is a direct consequence of a stronger chain cross-linking.
Secondly, the glass transition temperatures on the decreasing
branch are very similar for both RT and AC curing procedures in
case of Resin 1 and 2. Resin 3 again exhibits higher values for Tg.
Lastly, it can also be observed that for all three resin types, the
difference between the glass transition temperature on the
increasing and decreasing temperature phase for one curing
configuration is still present, nevertheless the relative differences
between both stages decreases when an initial accelerated curing
phase is introduced (AT; > AT», see Fig. 8).

4.3. Influence of the maximum temperature during testing

Two different temperature peaks of 100 and 150°C (Fig. 5) are
considered in Fig. 9. It can be seen that during the increasing
temperature branch, both obtained results of 53.1 and 55.1°C are
almost identical. In case the test was run up to 150°C, the resulting
glass transition temperature also increased by about 8%. All other
methods show the same tendency as for the tan(é)-method, as
shown in Table 3. This increase in T, with higher exposure tem-
perature is in accordance with the observations made by Moussa
et al. [34].

4.4. Influence of the specimen age

Two tests performed on Resin 1 after 3 and 28 days, respectively,
are presented in Fig. 10. Glass transition temperature T visibly in-
creases with growing age, being shifted from 53.1 to 67.9°C. The
subsequent heating of the specimen above its glass transition range
implicates in both cases an increased value for T; on the decreasing
ramp. The relative difference between the increasing and
decreasing temperature branch becomes smaller with growing age.
Similar results presenting in increase of T, in time were presented
by Moussa et al. [36], in which specimens cured under laboratory
conditions for several years were investigated. Another continuous
rise in the glass transition temperature over the years was also
observed by Chatterjee and Gillespie [37].

4.5. Influence of the heating rate

Alast comparison is performed by analyzing the influence of the
heating rate, i.e. the rate at which the temperature is increased
during the DMA test (Fig. 5). In Fig. 11, it becomes obvious that a
slower temperature increase at 0.5°C/min results in slightly higher
glass transition values than for a faster rate at 2°C/min. The dif-
ference between both is however small with a value below 10%. The
observation is indeed contrary to information available in the
literature [38—39]. However, both references cover a larger range of
heating rates, which are also mostly higher than the ones used in
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AC
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8
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N Decreasing temperature
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Curing condition

(b) Resin 2

(a) Resin 1
100 ;
L Influence of curing condition
Resin 3 - Age 3 days
10— \

N
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@

8

T [°C]

Increasing temperature
N Decreasing temperature

I | N\

AC

Curing condition

(c) Resin 3

Fig. 8. Influence of the curing procedure for three different epoxy resin types.

this paper. In order to obtain more sound information on the
behavior of the investigated resins, additional tests at several
different heating rates have to be performed.

5. Service temperatures in civil engineering

For a structural designer, it is of utmost importance to define a
maximum service temperature a FRP-retrofitted structure can be
exposed to. In several design codes dealing with strengthening
existing (concrete) structures, limit temperatures are defined for
the epoxy resin in order to avoid stiffness degradation. Usually the
allowable service temperature is based on the glass transition
temperature of the used epoxy. The former section shows the dif-
ferences between the assessment of the glass transition tempera-
ture itself with regard to testing recommendations. This section
discusses the differences in the structural design guidelines
defining the allowed service temperature. Table 4 summarizes

several design guidelines with their respective testing method and
recommendation as well as their definition of the maximum
allowable temperature under service.

In the fib-Bulletin 14 [40] published in 2001, it was described
that T, for an applied epoxy should be equal or larger than 45°C or
maximum shade air temperature in service has to be lower than
T,—20°C. As testing method, DSC based on EN 12614 [41] is indi-
cated. The British TR 55 [42] suggests the same testing recom-
mendation when using DSC, but gives an additional testing code for
DMA [20]. The maximum allowed service temperature is obtained
by subtracting 15°C to the previously determined value of T,. The
guideline also discusses, similar to Stratford and Bisby [43], the
effect of using different definitions for the T, on the final result.
Clear indications in terms of testing are also given by the Italian
CNR-DT 200 R1/2013 [44], the maximum allowed service temper-
ature, in case no special insulation is used, is also limited to
Te—15 °C. The same limitation is again given by the American ACI
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100

T
t Influence of maximum temperature Tmax - Resin 1

3

T [°C]

increasing temperature
N decreasing temperature

I Y

100 150

Maximum temperature T [°C]
max

Fig. 9. Influence of the maximum heating temperature.

440 [45]. Several other design codes are however much less precise
in their indications: Swiss SIA 166 [46], Canadian ISIS [47], and
Australian HB 305 [48] do not list precise information neither on
how to obtain the glass transition temperature nor on how to
consider environmental temperature. The structural designer is
listed as responsible person to define limits according to the
product's characteristics. The DAfStb-Richtlinie [49] refers to the
usually applied national approvals.

Ferrier et al. [10], based on creep investigations, stated that Tg
should be higher than 55°C, or otherwise the service temperature
should be limited to T;—15°C in case of lower glass transition
temperatures. Klamer [50] showed that the previously defined
margin of —20°C as defined by the fib-Bulletin 14 [40] can be
reduced to —10°C.

The listed explanations clearly show that obvious differences
between national design guidelines for structural strengthening

100

]
t Influence of specimen age t

L Resin 1 - RT Curing

8

T .[°C]

M increasing temperature
N decreasing temperature

I | N\

3 28

Specimen age t [days]

Fig. 10. Influence of the specimen age.

100

T
r Influence of temperature ramp

Resin 2 - Age 3 days

O

8

T [°C]

B Increasing temperature
N Decreasing temperature

[ [ \N\N\\\Y
2 0.5

Temperature ramp [°C/min]

Fig. 11. Influence of the temperature heating rate [°C/min].

with composite materials exist. For instance, both the American ACI
440 [45] as well as the British TR 55 [42] limit the maximum service
temperature to the value of T;—15°C. However, according to the
respective testing recommendations, either the value of the onset
temperature T, (ACI 440) or the inflection point T; (TR 55) has to be
considered for evaluating Tg. From Table 3, it becomes obvious that
for one product differences of more than 10 °C can arise depending
on the chosen design code. The obtained values for instance for T,
and T; are located between approximately 40 and 55°C, in most
cases however below 50°C.

In 2013, temperature measurements under a 4 cm-asphalt layer
on a pedestrian bridge in Riimlang (Switzerland) have been per-
formed in the framework of a research project at Empa. The outer
temperature was at that moment about 33°C and the asphalt layer
was directly exposed to the sun. At the time of measuring, tem-
peratures under the mentioned asphalt layer were about 55°C, a
value that can also be assumed for the epoxy resin in case a
strengthening would be located at this place. Compared to the
previously mentioned values, structural integrity with commer-
cially available resins would not be assured according to several of
the described guidelines.

6. Conclusions & recommendations

The presented investigations have shown that the glass transi-
tion temperature is not a defined material property, but it depends
on several curing and testing parameters. This is critical since it is
used for the definition of a maximum service temperature for civil
structures. Several conclusions can be drawn:

e The measured glass transition temperatures of three commer-
cial epoxies used in structural strengthening without post-
curing for structural applications showed rather low values in
the region of 40—50°C, which are in the range of service tem-
peratures that might occur in civil structures.

Generally all tests confirm the expected behavior that the glass
transition temperature increases after an accelerated procedure
as a result of a higher cross-linking of the polymer chains.
Glass transition temperature rises with the epoxy's age. Hence,
laboratory testing should, if possible, accommodate this
circumstance. A too conservative approach by testing specimens
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Table 4
Structural design guidelines with corresponding testing recommendations for the assessment of T, and definition of allowed temperature under service.

Guideline Reference for testing Service temperatures
fib bulletin 14 [40] DSC: EN 1504-4 [51], EN 12614 [41] Tg > 45°C or maximum shade temperature < T,—20°C
TR 55 [42] DSC: EN 1504-4 [51], EN 12614 [41] T,—15°C

DAfStb Guideline [49]

DMA: ISO 6721 [20]
None - Reference to the national
product certifications

SIA 166 [46] None

CNR [44] DSC: ISO 11357-2 [52], ASTM E1356 [53]
DMA: ISO 11359-2 [54], ASTM E1640 [21]

ACI 440 [45] DMA: ASTM E1640 [21]

ISIS Canada [47] None

HB 305 [48] None

Service limits depending on T defined in the national approvals

Maximum service temperature to be declared by the supplier according to
the resin's thermomechanical properties
T;—15°C, otherwise special insulation is required

Tg—15°C for dry environments, in other situations special testing is required
Maximum service temperature to be declared by the engineer based on the
resin's thermomechanical properties provided by the supplier

Engineer should consider glass transition in the design

at a too young age compared to a later usage in practice would
be wrong from both an engineering and economic point of view.
A specimen age of 28 days could be reasonable for testing when
service temperature is the relevant factor. In case other tem-
perature scenarios (for instance mastic asphalt application) have
to be considered, the age of the testing specimens should be as
close as possible to the epoxy's age installed on site at the
relevant date.

The curing procedure as well as the maximum temperature
during the DMA testing was also revealed to be important. The
designer should verify whether a post-curing of the epoxy resin
is possible. If so, significantly higher values for the glass tran-
sition can be obtained. It is believed that post-curing allows for
more structural safety due to initially lower values of T, for only
cold-curing adhesives.

Since the heating rate also plays a role in the final results, one
should try to obtain as much information as possible about the
real temperature scenario that might occur on the structure and
how fast the respective situations can appear. This can help to
define an adequate temperature increase in time for the spec-
imen testing and thus obtain meaningful results.

Large differences in values depending on the evaluation tech-
nique (tan(é), maximum slope of the storage modulus, etc.) are
obvious. The indication of a glass transition temperature in a
technical data sheet for a certain adhesive should therefore al-
ways be complemented with information about the chosen test
parameters and evaluation method. It is further important for
the structural designer to judge the suitability of an adhesive for
a specific application.

Considering the knowledge of the glass transition of an epoxy,
the structural designer has to evaluate its suitability for a spe-
cific strengthening application considering the structure's
temperature exposure.

In future, guidelines should be unified in order to clarify the
procedure on how to determine Ty and how to set it in relation
with the outer service exposure temperature.
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