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Abstract

The formation of blisters in reactive resin coatings on concrete is a widely known phe-
nomenon that is also a subject of debate in the literature. In particular, blisters forming after
curing of the coating can lead to extensive damage. This study was focused on the investi-
gation of blistering between the concrete substrate and the resin coating. The hypothesis
is that the cementitious material and the overlying reactive resin coating form a system
that leads to damage under certain boundary conditions regarding material composition,
as well as moisture and mass transport. Systematic investigations were carried out in
an extensive testing program with various substrate mortars that differ in cement type,
water—cement ratio, and aggregate. As coating systems, two different EP primers were
used with a transparent EP topcoat. The long-term testing was conducted on potential
blistering of composite test specimens stored under various (practically relevant) conditions
prior and after the coating. It was found that a higher moisture content of the substrate
reduces blistering of the EP coating system. EP systems containing benzyl alcohol do not
automatically tend to blister. Furthermore, condensation in the substrate provides sufficient
amounts of water to cause blistering and ASR can contribute to blister formation.

Keywords: resin coating; epoxy; concrete; transparent coating; blistering; blister area ratio;
leaching tests; osmotic processes; ASR

1. Introduction

Reactive resin coatings have been used for many decades to protect concrete com-
ponents from damage caused by mechanical influences and/or corrosive media. Since
the 1970s, the occurrence of blistering of resin coatings on concrete is known (e.g., [1,2]),
and numerous studies have been carried out to clarify the causes. The problem is highly
significant as in these cases the entire coating system must be replaced, resulting in con-
siderable economic losses. A distinction is made between blisters that form in the fresh,
uncured coating system and those that appear when the coating has cured. The period for
the formation of such subsequent blisters extends from a few days to possibly years after
application or curing. In the following, only subsequently formed blisters that result from
moisture in the substrate are discussed.

In the literature, there is a disagreement about the causes of blister formation. Gen-
erally, the origin of the damaging causes has been looked for in the coating systems, the
concrete substrate, as well as in external influencing factors and transport processes. Ex-
amples include high solvent content in the coating systems, hydrostatic pressure, excess
pressure due to capillary action, corrosion phenomena or osmotic processes. However,
osmotic blister formation in particular is highly controversial because it has not yet been
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proven or disproven beyond doubt [3], although Schulenberg [4] was able to demonstrate
that cement mortars can act as semipermeable membranes.

The following paragraphs examine influencing factors and observations in connection
with blister formation.

According to Wolff [5], possible causes for blistering from primers and epoxy resin
coatings are cross-linking defects or perforations in the primer. Specifically, he refers to
segregation phenomena (e.g., due to chromatographic effects), the use of non-reactive
solvents, and incorrect mixing ratios. The latter was not considered by Schaper and
Waichter [6] to significantly increase damage. However, they found that a high degree
of cross-linking before the onset of moisture penetration contributes significantly to the
prevention of blistering. Experiments conducted by Schéper et al. [7] showed that blistering
did not occur in sanded primers despite particularly unfavorable conditions. Wolff [5], on
the other hand, saw perforation of the primer as a possible cause of damage due to the
use of excessively coarse sanding. However, Schaper and Wichter [6] were able to show,
through comparative tests with glass beads, that at least the grain shape and thus possible
perforations of the primer have no significant influence on blistering. Another influence
on the appearance of delamination of epoxy coatings is their tendency to swell when they
come into contact with water, thereby changing their properties (e.g., adhesion, elasticity,
and glass transition temperature), which can promote local delamination and subsequent
bulging [6,8]. Organic solvents can cause damage to coatings even in low concentrations [9].
Gaiser [10] already considered this to be state of the art in 1991. Even though solvents
are no longer frequently used [11], solvent-based epoxy resin systems are still available
on the market due to their better workability and lower costs. It is also common practice
to add solvents during the application of a coating system to improve workability or to
increase the penetration depth of the primer into the concrete. According to Wolff and
Raupach [12], benzyl alcohol has a particularly negative effect in this regard. Reactive
diluents are considered relatively unproblematic, as they only insignificantly alter the
properties of the cross-linked end product [13]. Nevertheless, unreacted reactive diluents
have been found in blister fluids [14,15] and are suspected to act as blister nuclei [16,17].

The findings on the influence of concrete compressive strength on blister formation
in reactive resin coatings differ greatly. Particularly in older publications, increased blis-
tering is observed with increasing concrete strength class (above C35/45). Stenner and
Machill [18], on the other hand, identified concrete of lower strength classes (C30/35 and
below) as particularly promoting blistering. In the numerous studies in laboratories and
reports on blister formation in buildings, many cement-based substrate materials were
considered that varied in composition and compressive strength. The following provides
an overview of the influences of strength and w/c ratio on blister formation as reported
in the literature. Rheinwald [19] found that blisters mainly occur on concretes of strength
classes B35, B40, and B45 (corresponding to C30/37, C35/45, respectively); less frequently
in concretes of lower strength (B25 (corresponding to C20/25)). In a later publication,
Rheinwald [20] described an example of an affected underground car park with concrete of
strength class B35 (corresponding to C30/37). According to Fiebrich [17], higher-strength
concretes (B55 (corresponding to C45/55)) show more blistering with solvent-based epoxy
(EP) systems. Hensel [21] found that fiber cement panels and B55 concrete were more
susceptible than B15 (corresponding to C12/15). According to Raddatz and Stenner [14],
pressure cannot build up in low-strength concrete because its porosity is relatively high
and the pressure can be equalized in the pore system. Stenner and Machill [18] observed
blistering only with B25 (corresponding to C20/25) and no blisters with B55 (corresponding
to C 45/55), even after 28 months. Yuasa et al. [22,23] compared concretes with w/c ratios
of 0.4 to 0.8 and found that low w/c ratios and thus higher strengths result in reduced
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blistering. Wolff [24] considered C50/60 less critical in terms of alkali diffusion toward the
coating due to its lower capillary porosity than C20/25, which has a high capillary porosity.
Bode et al. [3] observed blistering in C25/30 and determined alkali-silica reaction (ASR)
as the cause. According to Schdper and Wachter [6], concrete with w/c ratios below 0.6
prevents blistering by reducing capillary suction.

Several studies have examined the influence of storage and pretreatment of concrete
prior to coating. According to Yuasa et al. [22], concrete samples that are stored under
water are less susceptible to blistering than samples that are initially stored dry and then
wet. Schiper and Kreye [25] also saw an increased likelihood of blistering in heavily
dried-out concrete (moisture content < 4%) that is suddenly exposed to moisture. This
is explained by increasing capillary pressure due to rising water. However, this pressure
cannot develop to the same extent in capillary pores that are already filled with water. In
other cases, a too-high moisture content of the concrete prior to coating was identified as a
cause for blistering, e.g., [26]. It has long been known that coatings on shot-blasted concrete
surfaces show less blistering than on untreated surfaces. The weaker cement-rich surface is
removed, which significantly improves the adhesive bond between the concrete and the
coating [17,26]. It can also be assumed that accumulations such as carbonates, sulfates, or
components of concrete admixtures are removed from the surface, which can significantly
reduce possible interactions with the coating.

The concept of osmotic blistering with water supplied from the substrate has long
been discussed in the literature, e.g., [3,4,9,22,27-39]. In general, the following four factors
are described as prerequisites for this: (1) the presence of liquid water, (2) formation of a
semipermeable membrane, (3) presence of water-soluble substances as the cause of the con-
centration difference, and (4) formation of a pressure-tight cell. Wolff et al., who published
various papers on blistering, ruled out osmosis as the cause for blistering [5,12,40]. How-
ever, their underlying argument is flawed, as it assumes that the necessary semipermeable
membrane is only permeable to the solvent, which is incorrect. Schulenberg [4] conducted
experiments in which the measured concentrations of dissolved salts in the concentrated
solution were lower at the end of the experiment than at the beginning (Figure 1), which
can be explained by the transport of ions toward the deionized water and by interactions
of the dissolved ions with the sample. At the same time, water molecules migrate from the
half-cell of the pure solvent toward the concentrated solution and dilute it. Schulenberg [4]
has shown that cement mortar with a water-to-cement ratio of between 0.45 and 0.60 acts
as a semipermeable membrane and can cause osmotic pressures of up to 0.1 N/mm?.
Furthermore, it was found that the semipermeable membrane is not a distinct layer of the
sample, but rather that the entire mortar body acts as such a membrane.
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Figure 1. Diffusion experiment with w/c 0.6; concentration curve of bromine (circle) and potassium
(cross) in the chamber of the pure solvent (blue) and the concentrated solution (black); based on
Schulenberg [4].
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Another type of osmotic blistering occurs when the moisture pressure acts from the
coated side. In that case, the coating itself acts as a semipermeable membrane. Blisters can
form between the topcoat and the primer, or between the coating system and the substrate.
Causes of this include, among others, the selection of an unsuitable coating material,
improper application, loss of elasticity, and deterioration of mechanical properties, as well as
surface damage of the coating material during use, e.g., [41,42]. This is undoubtedly a major
problem, particularly in tank construction, swimming pools, and water treatment plants.
However, in this study, we examined cases in which moisture acts from the substrate side.

Wolff [5] did not see any significant influence of osmotic transport processes on the
blistering of coating systems, but, like Giinter [16], suspected excess pressure in the capillary
structure, which is sufficient to cause local delamination if the bond between the concrete
and the primer is weakened in certain areas. In tests with standing water, Glinter [16]
found overpressures of around 0.3 N/ mm?. Aher et al. [39] contradicted the above: in
their study, no air overpressure in the concrete/coating interface due to capillary water
absorption in the substrate could be detected. There is a consensus in the literature that
most pressures that can arise under a coating (approximately 0.3 N/mm? for capillary
pressures [16]) do not exceed the adhesive strength (at least 1.5 N/mm? [43]) of properly
applied coatings [5,16]. However, local disturbances in the interface can cause stresses
10 times higher to develop in the area of this disturbance [44]. In order to determine the
critical pressure as a function of the defect radius, Giinter [44] applied the so-called blister
test to coated mortar panels. The smaller the defect diameter, the greater the pressure below
the coating had to be to form a blister. However, according to Giinter’s calculations, the
capillary pressure is sufficient to achieve stresses of 3 N/mm? between the concrete and the
coating in the case of a defect with a diameter of 1 cm, thus forcing blister formation and
growth. The maximum stresses he specified were reached after a maximum of 2 months
and then remained constant for several months.

Pfaff and Gelfant [32] examined coatings on concrete damaged by blistering for signs
of damaging alkali-silica reaction (ASR). However, no evidence of this damage mecha-
nism was found. Some authors cite the ASR as a rare but possible cause of blistering on
coating systems [28,37,45,46]. However, some only see this in combination with osmotic
processes [28]. Rheinwald [45], on the other hand, makes a strict distinction between
the two phenomena, but admits that the distinction is sometimes very difficult to make.
Molkenthin et al. [46] also point out that the significance of ASR in damage cases is often un-
derestimated. They investigated whether interactions occur between the reaction products
of ASR and solvent-based or aqueous primers, but were unable to establish any connection.
They attributed this to the insufficient contact time between the solvents and the silicic
acids. Wollff et al. [47] observed that a coating can bulge locally in the form of blisters
due to near-surface ASR in concrete on an offshore structure where reactive aggregates
were used. However, the literature dealing with blistering generally does not address the
aggregate used in concrete and its alkali sensitivity. The silicates required for ASR do not
necessarily have to come from reactive aggregates. Other possible sources of silicate are
setting accelerators or surface hardeners based on water glass. There are studies that show
that the use of reactive aggregates can trigger ASR under a coating, which subsequently
induces bulging of the coating or blistering [3,34]. The use of water glass-based surface
hardeners resulted in more extensive delamination without bulging [34]. In the case of ASR,
increased reactivity of the ASR gel can be expected as temperatures rise [3,48,49]. With
constant humidity and rising soil temperature, it can therefore be assumed that damage
will occur more quickly and more severely [3]. Molkenthin et al. [46] used laser-induced
breakdown spectroscopy (LIBS) in their investigations to obtain an elemental mapping of a
sample cross-section. They found an accumulation of potassium ions beneath the coating.
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Such alkali enrichment on the surface can trigger or promote ASR and may explain the
damage to the concrete, which is often limited to the area close to the surface.

The carbonation of concrete begins upon contact with air. The hydroxide ions present
in the cement stone react with the carbon dioxide in the air and form carbonate salts
such as (Na,K)HCO; and CaCOj3, with an increase in volume and a decrease in pH value.
Hensel [21] considers that carbonates are partly responsible for the osmotic pressures that
develop under coating systems, as they can form a semipermeable layer for alkali hydrox-
ides by narrowing the pores. Hofmann [50] used energy-dispersive X-ray spectroscopy
(EDX) to detect calcium carbonate in samples damaged by blistering, particularly in the
blister area, which suggests a connection with the cause of the damage. Schéaper et al. [7],
on the other hand, found no blistering whatsoever in carbonated concrete of strength class
C50/60 with an average carbonation depth of 5 mm.

The key aspect of this study was systematic long-term testing on blistering of compos-
ite test specimens stored under different conditions prior to and after coating. The results
of previous research into blistering in the composite system of cementitious material and
reactive resin coating are, in some cases, highly contradictory. Analysis shows that either
the boundary conditions of the experiments were very different or the experiments and
their results and interpretation were not described in sufficient detail, meaning that the
causes of the differing results cannot be identified. The aim of this study was to resolve
the contradictions in the literature through systematic model experiments, thereby ruling
out certain aspects or confirming others with greater certainty. Unlike many other studies,
this research was focused exclusively on blisters forming between the substrate and the
coating system when moisture is present from within the substrate or from beneath it.
The study was based on osmotic processes, whereby, in the aforementioned case, it is
not the coating system or the primer that acts as a semipermeable membrane, but rather
the osmotic processes take place within the substrate itself [4]. The aim was to clarify
how the environmental conditions influence blister formation in order to more reliably
derive prevention strategies. To achieve this, four varying mortars were used to record the
effects of different base materials. In addition, two different coating materials were used to
identify their effects. The materials were extensively characterized and the manufacturing
conditions were kept constant in order to record or to rule out any influences from these
factors, respectively.

2. Materials and Methods

The experimental program involved initial investigations into the properties of the
reactive resin systems and cementitious materials used as substrates for corresponding
coatings. Subsequently, composite samples of coated substrate slabs were examined for
blister formation under various boundary conditions that simulated practical environmen-
tal conditions. For this purpose, the samples were exposed to different storage conditions
before and after the coating. Transparent coating systems enabled immediate visual de-
tection of signs of delamination and provided insights into the location and timing of
blister formation.

2.1. Materials

As substrate materials for the composite samples, different mortars were used as
substitutes for the concretes typically used in practice, as they are more homogeneous.
With the help of mortars of different properties, the main influencing factors from the
cementitious material on blistering of the resin coating could be recorded.

Two types of Portland cement were used for the substrate mortars. One was an
ordinary Portland cement (CEM I 42.5 R) with a high alkali content, and the other was
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a Portland cement with a low effective alkali content (CEM I 42.5 R-SR 0). These two
cement types were selected specifically to investigate the effects of ASR on blister formation.
Table 1 shows the most important properties of the cements and Table 2 their chemical
compositions, which were determined using inductively coupled plasma optical emission
spectrometry (ICP-OES, see Section 2.2.1).

Table 1. Properties of cements.

Density Specific Surface Sodium Equivalent
(kg/m®) (cm?/g) ©)
CEMI425R 3100 4300 1.23
CEMI425R-SR0 3200 4090 0.54

Table 2. Chemical composition of cements.

Chemical Component CaO SiO, Al,O3 FeyO3 SO3 MgO K,O Na,O LOI *
CEMI1425R (wt.%) 63.3 20.2 4.8 2.6 3.0 1.5 1.31 0.37 2.7
CEM1425R-SR0 (wt.%) 61.5 19.8 44 6.9 2.2 0.8 0.6 0.15 2.7

* LOI—Loss on Ignition.

The clinker phases, as shown in Table 3, can be calculated from the chemical composi-
tion using the Bogue equation [51]. The values shown are reference values; deviations from
100% occur because free lime, gypsum, and foreign oxides are not taken into account in
the formulas.

Table 3. Clinker phases of cements.

CsS C,S C3A C4AF
CEMI425R (%) 59.6 13.0 8.3 79
CEM142.5R-SR0O (%) 54.1 15.9 0.0 21.0

As coating systems, two commercially available epoxy (EP) resin primers with the
same EP topcoat were used. The authors have found that most damage cases occurred with
similar systems that were used in this study. EP1 is a solvent-free, colorless two-component
(resin and hardener) epoxy resin containing benzyl alcohol as reactive thinner. It is a proven
product and is used in practice for primers, scratch coats, mortar and leveling layers. EP2
is a colorless two-component epoxy resin containing no benzyl alcohol. As it has very
low-emission properties, it is especially suitable for application in living quarters. The EP
topcoat is also a solvent-free two-component epoxy resin with low-emission properties. It
was applied without any filler in order to be able to visually assess any reactions taking
place underneath the transparent coating system. The solid content and the density of the
EP resins are presented in Table 4.

Table 4. Properties of the EP resins.

EP1 EP2 EP Topcoat
Solid Content (%) 99 99.8 100
Density (kg/m?3) 1100 1100 1080

The resin and hardener of the primers, as well as of the topcoat, were mixed mechani-
cally at approximately 400 rpm using a slow-running laboratory mixer. Mixing time was 2
to 3 min until a homogeneous, streak-free mass was formed. To avoid mixing errors, the
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resin/hardener mixture was then transferred to a clean container and mixed again briefly.
Mixing of the EP resins and sample preparation was always conducted at 20 °C.

The substrate mortars varied in terms of cement type, water-to-cement ratio (w/c),
and aggregate. Table 5 summarizes the composition of the mortars and their designations.

Table 5. Mix designs of the substrate mortars.

Sample ID CE(I;(/IgI/ :11123.)5 R CEM (Ik4gZ/nS1 3I}-SR 0 wic Ratio Vol. Aggriigaattiz-to-Binder
M1 500 - 0.55 3.51
M2 - 500 0.55 3.51
M4 - 500 0.40 3.51
M7 500 - 0.55 3.51

Mortars M1 and M2 varied in cement type. Based on M2, another mortar was de-
signed with a lower w/c ratio—M4. In all these mortars, CEN Standard Sand EN 196-1
(0.08/2.0 mm) [52] was used as aggregate. This is a standardized sand with a constant grain
size distribution, produced from natural quartz sand with particles of a generally rounded
shape. It is mainly used for standardized cement testing and was selected for this study
to ensure homogeneous substrate mortars throughout the investigations and to rule out
any unintended influences from aggregates on blister formation. Mortar M7 was designed
specifically to investigate the influence of alkali-silica reaction on blister formation by
substitution of the aggregate fraction 1.6/2.0 mm with soda-lime glass balls with a diameter
of 2 mm and with a density of 2580 kg/m?. In Table 6, the chemical components of the glass
balls according to the data sheet are summarized. To ensure comparability, the mortars
were designed with an identical volumetric aggregate-to-binder ratio of 3.51.

Table 6. Chemical components of the glass balls, %.

SiOz Na20 A1203 Kzo B203 BaO CaO MgO
69 13 4 3 1 2 5 3

The substrate mortars were prepared using a Zyklos Rotating Pan Mixer from Pemat
Mischtechnik GmbH (Freisbach, Germany). Initially, the dry components, i.e., cement and
aggregates, were mixed for 120 s. The water was then added and mixed for a further 120 s.
After a standing time of 120 s, the mortars were mixed for another 120 s and, after a further
standing time of 120 s, the mortars were placed in the appropriate molds. The samples
were covered to prevent desiccation and stored at 20 °C for 24 h and then demolded.
Subsequently, the substrate mortar slabs were stored under different conditions prior to
coating (see Section 2.2.3).

2.2. Methods
2.2.1. Properties of the Substrate Mortars

The consistency of the fresh mortars was characterized by determining the slump flow
in accordance with DIN EN 1015-3 [53] (two measurements) and the air void content by
means of the pressure method in accordance with DIN EN 1015-7 [54] (one measurement).
The flexural and compressive strength of the hardened mortars was determined in accor-
dance with DIN EN 1015-11 [55]. The flexural strength was determined as an average value
from three samples and the compressive strength as an average from six samples.
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The degree of hydration (DOH) of the cement pastes of mortars M1, M2 and M4 at
a certain time (2d,7 d, 14 d, 28 d, 56 d and 91 d after casting) was determined from the
chemically bound water content, which was determined by measuring the loss of ignition
(LOI). Prior to testing, the sealed samples were stored at 20 °C. The reference basis is the
maximum water content bound by the cement during complete hydration, myy, max, which
was calculated according to Equation (1), taking into account the composition of the clinker
phases of the cements used and their water binding capacity [56]. The degree of hydration
could then be calculated according to Equation (2) [56].

myy, max = XC35'Mw, €35 + XC25Mw, €25 + XC3A MW, C3A + XC4aF My, c4af, (1)

with

myy, max: Maximum water content bound by cement, g.
xj: proportion of clinker phase i, g/g.
myy, i: water binding capacity of clinker phase i, g.

DOH = — Wt 100%, @)

MW, max
with

DOH: degree of hydration, g.
myy, +: chemically bound water at time t, g.
My, max: Maximum water content bound, g.

The composition of the pore solution was also analyzed in the cement pastes of mortars
M1, M2, and M4 (The paste of M7 is the same as M1.). Prior to the extraction of the pore
solutions, the sealed samples were stored at 20 °C. The pore solutions were obtained at
2d,7d,14d,28d,56d,91d and 182 d of hydration by mechanically pressing samples
of the pastes using a high-pressure press in the laboratory. The liquid was then filtered,
the pH value was determined using a digital laboratory pH meter and the solutions were
analyzed by means of ICP-OES, using an ICP-OES ACTIVA-M from HORIBA Europe
GmbH (Oberursel, Germany).

2.2.2. Properties of the Coating Systems

The composition of the EP resins and hardeners was determined by means of gas
chromatography/mass spectrometry (GC/MS), using an Agilent 8890 GC system and
5977B MSD (Santa Clara, CA, USA). A very small sample of each resin and hardener was
dissolved in dichloromethane. After filtration, approximately 1 uL of the solution was
analyzed. The GC/MS setup was as follows: (1) fused silica column, length of 30 m, inner
diameter of 0.25 mm, and film thickness of 0.25 pm; (2) temperature range of 40-300 °C;
(3) heat rate of 10 K/min; (4) column flow (helium) of 1.2 mL/min; and (5) injection
volume 1 pL. For the qualification of chemical compounds, Agilent (Santa Clara, CA, USA)
MassHunter Version 10.0 software was used.

On the resins and hardeners of the coating systems, the viscosity was determined
using a Brookfield DV III-Ultra Viscosimeter from AMETEK GmbH/B.U. Brookfield
(Hadamar/Steinbach, Germany). The measurements were carried out with a SC4-29
spindle at a shear rate of 15 s~ ! and with a sample volume of 13.5 mL. Measurements took
place 10 min and 25 min after mixing, respectively. An average value was calculated from
three individual measurements.

The degree of curing (DOC) and the glass transition temperatures, Tg, of the EP
primers were determined using a differential scanning calorimeter (DSC) Q200 from TA
Instruments (Eschborn, Germany). An amount of 20 mg of the primers was put into

https://doi.org/10.3390/ constrmater6030030


https://doi.org/10.3390/constrmater6030030

Constr. Mater. 2026, 6, 30

9 of 29

aluminum pans and measurements took place on the uncured coating systems directly
after mixing (5 min). Further samples were cured at 20 °C in aluminum pans and were
measured after 6 h, 12h,24h,2d,3d,4d,7d, 14d, 21 d, 28 d and 56 d, respectively.
The temperature range was —40 °C to 300 °C at a heat rate of 10 K/min. From the DSC
measurements, the residual enthalpy of the samples at each time point can be obtained and
the degree of curing can be calculated from

AH .

with

DOC: degree of curing, %.
AH: residual enthalpy, ] /g.
AHR: reaction enthalpy, J/g.

Determination of the tensile properties of the coating systems took place in accordance
with DIN EN ISO 527-1 [57] on samples of the type 1B. Measurement of tensile strength
and elongation took place 4 d, 7 d, 14 d, 28 d and 182 d after preparing the samples and
the test speed was set to 2 mm/min. Prior to testing, the samples were stored at 20 °C and
53% RH and under water, respectively. An average value was calculated in each case from
five samples.

Water absorption and water diffusion coefficient of the EP systems were determined
in accordance with DIN EN ISO 62 Method 1 [58] on samples with the dimensions
60 mm x 60 mm X 1 mm after immersion in water at 23 °C. Prior to the immersion in
water, one series of the samples was cured for 28 d and then dried in an oven at 50 °C
until the mass of the specimens was constant to within £0.1 mg/24 h. A second sample
series was immersed in water after 4 d of curing and a third series after 28 d of curing, both
without prior drying. An average value was calculated in each case from three samples.

Water-vapor transmission properties of the coatings were determined as an average
value of three specimens in each case with the wet-cup method according to DIN EN ISO
7783 [59] on circular self-supporting samples with a 100 mm diameter. Prior to testing the
samples were conditioned at 20 °C and 53% RH for 28 d. The samples were then sealed to
the rims of cups and the assemblies were stored at 20 °C and 53% RH. By means of saturated
ammonium dihydrogen phosphate (NH4H;POy) solution, the relative humidity in the
cups was maintained at 93%. The mass loss of the assemblies was determined at regular
intervals and the rate of flow of water vapor, G, through the specimens was determined
so that the water-vapor transmission rate, V, could be calculated (Equation (4) [59]). On
one hand, measurements took place on samples of the complete coating systems, i.e., two
primer layers (2 x 0.3 mm) plus topcoat (1.5 mm). In this case, the water-vapor diffusion-
equivalent air layer thickness, s4, was calculated (Equation (6) [59]). On the other hand,
individual self-supporting sample layers (1 mm) of the primers and the topcoat were
measured. The water-vapor resistance factors, 1, could be calculated (Equation (7) [59]):

G
v :pﬁ-g, @
0

with

V: water-vapor transmission rate, g/(m?-d).
G: rate of flow of water vapor, g/h.
A: area of test specimen, m?.

p%: factor to correct V to standard atmospheric pressure.
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The atmospheric pressure, p, at the measurement location during the test can be
calculated with sufficient accuracy [59]:

) h
E = p - —, 5
p, P07 0.085 ©
with
p: atmospheric pressure, Pa.
h: height above sea level, m.
po: standard atmospheric pressure, Pa, (pg = 101,325 Pa).
_ ba-Apy
Sq4 = T, (6)

with

sq: water-vapor diffusion-equivalent air layer thickness, m.

da: water-vapor permeation coefficient of air at standard temperature and pressure,
g/(m-d-Pa).

Apy;: difference between the partial water-vapor pressure in the test cup and that in the
test enclosure, Pa.

Sd
= — 7
w= 7)
with

w: water-vapor resistance factor.
sq: water-vapor diffusion-equivalent air layer thickness, m.
d: dry-film thickness, m.

Leaching tests were carried out by immersion of free test specimens of the primers
with the dimensions 60 mm x 60 mm x 1 mm in different test fluids. Three different
test fluids were used: (1) deionized water, (2) synthetic pore solution (SPS; 400 mmol/L
potassium, 100 mmol/L sodium, saturated with calcium hydroxide, pH = 13.7) similar to
the pore solution which was obtained from the substrate mortars (see Section 3.1), and
(3) synthetic pore solution (170 mmol/L potassium, 17 mmol/L sodium, saturated with
calcium hydroxide, and pH = 13.4), which was based on a pore solution used by Wolff [5].
The samples were stored in the test fluids after 4 d and 35 d of curing and the containers
were stored at 20 °C and 30 °C, respectively. After 3 d, 28 d and 56 d of leaching, eluates
of the solutions were prepared as follows: (1) approximately 1 mL of the solution was
taken from the container; (2) approximately 3 mL of dichloromethane were added; (3) the
inhomogeneous mixture was shaken vigorously; (4) the dichloromethane was transferred to
another vial; (5) anhydrous sodium sulfate was added to bind any water; and (6) decanting.
Approximately 1 pL of each eluate was then analyzed using GC/MS with the same setup
as described above.

2.2.3. Composite Test Specimens

For the long-term tests on blistering under different conditions, substrate slabs of the
dimensions 300 mm x 300 mm x 60 mm were produced from the mortars described above.
After demolding, one part of the specimens was stored at 20 °C/65% RH and the second
part was stored under water for 7 weeks. For surface preparation (removal of cement
skin and loose material, exposing the aggregate at the surface), the slabs were blasted
with slag. For better handling, the slabs were then divided up into smaller test specimens
(150 mm x 150 mm x 60 mm), which have proven themselves useful in preliminary works
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by the authors. The specimen series was subsequently stored for another week under the
following conditions:

1. 20 °C/65% RH (total storage time 8 weeks; designation 20/65).

2. Underwater storage at 20 °C (total storage time 8 weeks; designation H,O).

3. COy-enriched atmosphere at 20 °C (after 7 weeks at 20 °C/65% RH; designation CO,).

4. Exposition of the surfaces to be coated to a potassium hydroxide solution for 24 h
and storage at 20 °C/65% RH until equilibrium moisture content was reached (after
7 weeks at 20 °C/65% RH); (designation as KOH).

The moisture content of the mortars was determined gravimetrically using the drying
method, where a sample was weighed and dried in an oven until its weight remained
constant. The weight loss corresponds to the amount of water that has evaporated and the
moisture content, um, could be calculated according to

m

— m,
U = — Y 100%, (8)
Mry

with

um: moisture content, %.
my,: initial mass before drying, g.
myyy: dry mass, g.

The surface tensile strength and the adhesive strength of the coatings to the substrate
plates were determined with the pull-off test in accordance with the DAfSTb Guideline
for the protection and repair of concrete structures [43]. To obtain a defined test area, a
ring groove with a diameter of 50 mm and a depth of approximately 10 mm was sawed
into the surface of the (coated) substrate slabs. The area was cleaned and a dolly was
applied with polymethyl methacrylate (PMMA) adhesive SILIKAL RI/21 from Silikal
GmbH (Mainhausen, Germany). The tensile test was performed using a tensile tester F15D
EASY M2000 from Baustoffpriifsysteme Wennigsen GmbH (Wennigsen, Germany) and a
constant load increase rate of 100 N/s was applied. An average value was calculated from
five individual measurements.

The substrate slabs were coated 8 weeks after manufacturing. The quantities (layer
thicknesses) used were based on the consumption values specified in the technical data
sheets of the coating materials and corresponded with practical applications. The primers
were applied in two layers with a single-layer thickness of 0.3 mm. The transparent topcoat
was then applied with a layer thickness of 1.5 mm. The materials were applied with small
paint rollers with a curing time of 24 h for each layer. To ensure that comparable quantities
were applied, and thus that uniform layer thicknesses were achieved, the coating was
applied on a scale. Before coating the side surfaces of composite test specimens were sealed
with butyl tape, a polyethylene film and a tear-resistant fabric. After 4 d of resin curing, the
specimens were placed into different storage conditions.

In addition to dry-stored reference samples, specimens were placed into footbaths
(Figure 2) with different temperatures to investigate blister development with rear moisture
penetration. Such temperature differences can occur, for example, through the use of
underfloor heating or in parking garages. The storage conditions were as follows:

1. 20 °C/65% RH (dry, reference; designation REF);

2. 20°C/65% RH with a foot bath of 20 °C (designation FB20);
3. 20°C/65% RH with a foot bath of 30 °C (designation FB30);
4. 20°C/65% RH with a foot bath of 10 °C (designation FB10).
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/ coated composite specimen (150 mm x 150 mm x 60 mm)
on spacers
—foot bath

A A

Figure 2. Illustration of foot bath storage.

In storage conditions REF and FB20, three slabs of each combination were stored; in
storage conditions FB30 and FB10, one slab of each combination was stored.

After an observation period of 14 months, the specimens with mortars M1, M2 and
M4 that were initially stored dry at 20 °C/65% RH (REF) were transferred to a footbath of
20 °C for comparative reasons.

The designation of the composite specimens follows the following scheme: [sub-
strate mortar]_[primer]_[storage before coating] [storage after coating]. For example,
M1_EP2_20/65_FB20 is a specimen of substrate mortar M1 coated with primer EP2 and
EP topcoat. The substrate slab was stored at 20 °C/65% RH before coating and placed in
20 °C/65% RH with a foot bath of 20 °C after coating.

Of the composite specimens, high-resolution images were taken at regular intervals to
provide insights into the location and timing of blister formation. In the images, the blisters
were marked and binary images were produced. The images were processed with Adobe
Photoshop Version 26.11.2 from Adobe Inc. (San José, CA, USA) and Image]J 1.54r (Wayne
Rasband and contributors, the National Institutes of Health, Bethesda, MD, USA) [60].
The processing of these images and the differential images produced from them allowed
conclusions to be drawn about the growth rate of the blister area and number.

Where possible, any blister fluids were extracted and their organic and inorganic
compounds were analyzed by means of GC/MS and ICP-OES, respectively. Sample
preparation for GC/MS analysis and setup of GC/MS took place as described above.

The quantitative pore size distribution of the substrate mortars was determined
by means of mercury high-pressure porosimetry. Small samples of approximately
10 mm x 10 mm x 10 mm were examined with an AutoPore I1I-9400 mercury porosimeter
from Micromeritics (Norcross, GA, USA). With the porosimeter used, pore radii from
approximately 5 nm to 200 pm can be detected.

There are cases in practice where blistering of resin floors occurred without apparent
rear moisture penetration. This is where high humidity supply, i.e., vaporous water and
possibly condensation, comes to mind. To investigate this circumstance, an experimental
setup was developed (Figure 3), where a coated substrate specimen was subjected to
different levels of humidity on both sides. On the coated side (upper side), the chamber was
equipped with a container of silica gel as desiccant; the humidity was kept at approximately
11% RH. On the uncoated side of the specimen (underside), a water container was placed
to keep the humidity in that chamber at 100% RH. The substrate specimens were cast
in plastic tubes with a diameter of 126 mm and then cut into disks of 30 mm thickness.
After a hydration time of 8 weeks, the substrate disks were coated and equipped with two
temperature and humidity sensors in boreholes: one under the coating and one near the
uncoated surface. The specimens were then sealed into the test setup and stored at 20 °C.
The temperature and also the relative humidity inside the samples were continuously
recorded until equalization to approximately 100% RH under the coating was reached.
After a certain period of observation for possible blistering, the setup was equipped with a
fan-cooled heat sink in order to be able to cool the specimen to under dew point temperature
to induce condensation.
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Figure 3. (a) lllustration and (b) photograph of experimental setup with different levels of humidity.

To investigate whether ASR contributed to blister formation, a thin section measuring
48 mm x 35 mm was prepared from a suitable area on the surface of the test specimen of
mortar M7 with blistering under the coating. The finished thin sections had a standard
thickness of approximately 25 pm with an area of 48 mm x 35 mm. The samples were
vacuum-impregnated with a synthetic resin containing a yellow fluorescent dye to improve
contrast. The polarizing microscope examinations were performed using a Nikon Eclipse
LV 100 ND microscope, and the thin sections were photographed using a Nikon digital
camera, Nikon Metrology Europe NV (Leuven, Belgium).

3. Results and Discussion
3.1. Properties of the Substrate Mortars

The results for the fresh mortar tests are shown in Table 7. Due to its lower w/c, mortar
M4 had a much lower slump and was therefore more difficult to compact and work with.

Table 7. Fresh mortar properties.

Slump Air Void Content  Fresh Bulk Density
Sample ID (mm) (%) (kg/m?)
M1 210 1.8 2250
M2 214 1.9 2260
M4 114 49 2260
M7 208 21 2240

The properties of the hardened mortars are presented in Table 8. As the cement paste of
M?7 has the same composition as that of M1, the DOH of M7 was not determined separately.

The measured pH values and compositions of the pore solutions of the pastes of M1,
M2, and M4 are presented in Table 9. The paste of M7 has not been examined separately,
as it has the same composition as M1. The composition of the SPS for the leaching tests
is based on the ratio of the concentrations of sodium and potassium Na/K, which is
approximately 1/4.
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Table 8. Hardened mortar properties.
Compressive Strength Flexural Strength Bulk Density DOH Cement Pastes
Sample ID (28 d) (28 d) (28 d) 91 d)
(N/mm?) (N/mm?) (kg/m?3) (%)
M1 37.8 6.0 2100 83.8
M2 315 5.7 2100 77.8
M4 411 6.2 2200 70.4
M7 47.9 6.4 2300 nd. *
* n.d.—not determined.
Table 9. Measured pH and concentrations in pore solutions of cement pastes M1, M2, and M4.
Sample Time pH Na K Ca Si S Cl
ID (d) ) (mmol/L)
M1 2 13.74 83 391 1.8 0.45 22 8.7
7 13.75 115 467 14 0.66 4.8 nd. *
14 13.72 125 497 1.3 0.90 5.8 n.d.
28 13.72 134 526 14 0.56 7.8 43
56 13.72 148 577 12 0.77 12.3 5.3
90 13.81 144 549 1.0 1.06 12.6 6.2
180 13.74 148 549 1.0 1.07 15.4 54
M2 2 13.48 41 190 4.0 0.22 0.4 24
7 1343 54 222 2.9 0.43 0.5 n.d.
14 13.44 63 244 22 0.78 0.9 n.d.
28 13.50 65 248 2.3 0.49 1.2 n.d.
56 13.49 72 257 1.6 0.73 1.7 04
90 13.56 74 278 1.9 0.48 21 04
180 13.49 77 274 13 0.82 2.9 0.5
M4 2 13.53 60 280 1.6 0.89 14 2.0
7 13.58 81 355 1.7 1.24 23 n.d.
14 13.60 86 358 1.6 0.95 3.5 n.d.
28 13.64 88 373 1.5 0.95 4.2 0.5
56 13.58 93 383 15 0.79 5.2 0.5
90 13.66 103 419 1.0 1.96 6.9 0.5
180 13.59 146 403 0.7 3.14 7.9 04
* n.d.—not determined.
The water absorption coefficients, w, of the mortars M1, M2, and M4 were determined
by the project partner (see “Funding” Section) and are shown in Table 10.
Table 10. Water absorption coefficients of mortars M1, M2, and M4.
M1 M2 M4
Water absorption coefficient (kg/(m?2-h??)) 1.57 (£0.02) 2.07 (£0.07) 1.19 (£0.01)

3.2. Properties of the Coating Systems

When examining the composition of the EP systems by means of GC/MS, bisphenol A
diglycidyl ether was found to be the main component of the resins. C12-C14 alkyl glycidyl
ether was also detected, particularly in the primers, where it is used to reduce viscosity. In
the EP hardeners, various amines and diamines, such as m-xylylenediamine, isophorone
diamine, bisphenol A-epichlorohydrin-isophoronediamine copolymer, polyoxypropylene-
diamine, and trimethylhexamethylenediamine were detected. Furthermore, in the hardener
of EP1, benzyl alcohol was detected, which typically serves as a plasticizer or diluent. These
investigations served as the basis for the leaching tests. The results obtained here can be
used to identify any components that may have been leached out of the cured EP systems.
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In Table 11, the viscosity parameters of the uncured EP systems are summarized. As
expected for resin systems used for coatings, the viscosities of both the primers and the
topcoat are relatively high, although the viscosities of EP1 and EP2 differ by approximately
50%. Generally, the viscosity parameters match the values given in the datasheets.

Table 11. Viscosity parameters of uncured coating systems 10 min and 25 min after mixing, and from
datasheets.

Viscosity (10 min) Viscosity (25 min)  Viscosity (Datasheet)

Sample ID (mPa-s) (mPa-s) (mPa-s)
EP1 842 1308 800
EP2 464 653 500

EP topcoat 1084 1454 1000

The evaluation of the DSC measurements of the EP primers shows typical parabolic
curves for residual enthalpy over curing time (Figure 4a). The degrees of curing were
calculated with Equation (3) and are displayed in Figure 4b together with the development
of the glass transition temperature over curing time. When measuring mostly cured EP,
DSC often cannot detect any significant residual enthalpy, as only a few bonds are still
being formed. However, as the formation of these bonds further increases the network
density, the glass transition temperature, T, continues to rise (Figure 4c). The increase in
glass transition temperature indicates further curing, even if no residual enthalpy can be
detected [61-63].
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Figure 4. Development over time of (a) residual enthalpy and (b) DOC and Tg of the EP primers
after different curing times; (c¢) Tg from DSC measurements over DOC from residual enthalpy
measurements for different curing states.

The tensile properties of the EP systems after different times of curing and storage
at 20 °C and 53% RH and under water, respectively, are presented in Figure 5. Water
absorption, i.e., the storage of water molecules in the polymer network, can act as a
plasticizer, which can lead to a reduction in the mechanical properties of the resin. This
effect is reversible when the material dries out, e.g., [64,65]. In this study, water storage
only had a significant influence on the development of tensile strength in EP1, where a
decrease could be observed.

Figure 6 shows the water absorption of the EP resins. All the systems initially show a
linear increase according to Fick’s 1st law. While EP2 and EP topcoat subsequently show a
slight further increase in mass, EP1 shows a decrease in mass. This is due to the leaching
of benzyl alcohol from the polymer [66]. As expected, the pre-dried samples show the
highest water absorption, while the samples that were allowed to cure for 28 days prior
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to immersion show the lowest water absorption. Water diffusion coefficients, D, were
derived for the samples without prior drying (Table 12). The diffusion coefficients of
samples that cured for 28 d before immersion are lower than those for samples that cured
for only 4 d. Literature values vary considerably (e.g., D = 0.54-10~ 1 cm? /s at 40 °C [67],
D =2.0-10"8 em?/s [66], and D = 0.53-10~? cm?/s at 20 °C [68]) as the water diffusion
coefficient depends on temperature, cross-linking density and additives.
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Figure 5. Development over time of tensile strength (solid line) and elongation at tensile strength
(dashed line) of (a) EP1, (b) EP2 and (c) EP topcoat after storage at 20 °C and 53% RH (cross marking)
and under water (dot marking).
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Figure 6. Water absorption of (a) EP1, (b) EP2 and (c) EP topcoat, immersion in water after prior
drying (dry), after 4 d of curing and after 28 d of curing.

In Table 13, the determined water-vapor resistance factors, , for individual EP resins
are shown. From these factors, the water-vapor diffusion-equivalent air layer thicknesses,
sq, for the complete coating systems were calculated with Equation (7) and compared to
the determined values. The calculation of s4 from the individual layers of the EP primers
and topcoat determined p, generally resulted in higher s4-values than the determination
of sq on the complete coating systems. The reason for this is most likely the difficulty of
producing a uniform layer thickness of 0.3 mm for the primers. This problem will also
occur in practice. Generally, the determined s4-values are close to the limit value s4 <5 m,
which is considered “permeable to water vapor”; sq > 50 m is considered “not permeable
to water vapor” [69].
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Table 12. Water diffusion coefficients, D, of coating systems, immersion after 4 d and 28 d of curing.

D, Immersion After4 d D, Immersion After 28 d

Sample ID (-:10-10 ¢m?/s) (-10-10 ¢cm?/s)
EP1 46.1 37.3
EP2 7.0 26

EP topcoat 4.8 56

Table 13. Water-vapor resistance factors, , for individual EP resins and water-vapor diffusion-
equivalent air layer thickness, s4, for complete coating systems, measured and calculated in p.

Sd Sd
Sample ID (l_l) Sample ID Determined Calculated
(m) (m)
EP1 4060 EP1 + EP topcoat 53 19.8
EP2 23,450 EP2 + EP topcoat 5.7 31.5
EP topcoat 17,400 - - -

In the leaching tests, benzyl alcohol was the only organic component that could be
detected in all three test fluids with EP1 samples; no leached components could be detected
in the storage fluids with EP2 samples (Figure 7). Furthermore, no influence from the test
fluids, the storage temperature or the storage time could be detected: even at 30 °C and
after longer storage, no other organic compound could be found than benzyl alcohol in
samples with EP1. It can therefore be assumed that, at least in these investigations, no other
components from the coating materials, especially EP2, can be responsible for blistering.
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Figure 7. Gas chromatograms of eluates from leaching solutions with EP1 and EP2 in (1) deionized
water, (2) synthetic pore solution (400 mmol/L potassium, 100 mmol/L sodium, saturated with
calcium hydroxide, pH = 13.7), and (3) synthetic pore solution (170 mmol/L of potassium, 17 mmol/L
of sodium, saturated with calcium hydroxide, pH = 13.4), stored at 20 °C, samples taken after 28 d
of leaching.
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3.3. Composite Test Specimens

The moisture content of the mortars during coating is displayed in Table 14. Mortar
M4 has the lowest moisture content, which can be explained by its lower w/c ratio of 0.4
compared to 0.55 in M1, M2, and M7.

Table 14. Moisture content of mortars during coating.

Storage Before Coating M1 M2 M4 M7
Moisture content 20/65 5.7 4.1 3.6 5.5
(wt. %) H,O 71 7.7 5.5 6.7

The surface tensile strength of the mortars and the adhesive strength of the primers on
the mortars are shown in Table 15. Generally, the surface tensile strength of all mortars can
be considered as very high (mean value > 1.5 N/mm? [43]), which is a prerequisite for a
durable bond of coating and concrete. The adhesive strength of the coating systems on all
mortars also meets the minimum requirement of 1.5 N/ mm? (mean value) [43]. Overall,
EP1 tends to have higher adhesive strength than EP2, apart from on specimens that have
been stored under water before coating. The adhesive strength of EP2 is highest on slabs
that have been stored under water before coating and lowest on slabs that have been stored
in a COy-enriched atmosphere at 20 °C. For EP2, there is no significant influence from
mortar composition visible.

Table 15. Surface tensile strength of mortars M1, M2, M4, and M7, and adhesive strength of EP1 and
EP2 on M1, M2, M4, and M7 after different storage periods before coating.

Storage Before

. Primer M1 M2 M4 M7
Coating
Surface tensile
strength - - 3.1 (£0.3) 3.6 (£0.6) 3.6 (£0.3) 3.6 (£0.3)
(N/mm?)
20,65 EP1 2.8(£03)  27(+02)  33(£0.1)  3.0(£0.5)
EP2 31(£04)  3.1(£03)  28(+02)  3.0(£0.3)
, EP1 28 (£05)  32(£02)  3.6(+0.3) n.d.
Adhesive strength H0 EP2 3.6(£02)  3.8(+02)  40(£01)  37(+1.4)
(N/mm?)
o EP1 27(£07)  3.0(£02)  35(£03)  3.6(%0.2)
2 EP2 25(£04)  23(£02)  29(£05)  3.1(+04)
KOH EP1 30 (£03)  3.0(£03)  32(+02)  3.3(£0.3)
EP2 28(£03)  27(£05)  32(+03) 3.6 (£0.3)

3.4. Long-Term Investigations

In the long-term studies, it was observed whether and when blisters would be formed
on the individual slabs. All the blisters that occurred in these investigations formed in the
interface between the coating and the substrate mortar. Figure 8 shows an overview of the
blistering of the two coating systems on the mortars at different storage conditions, before
and after coating, with the placement of the composite test specimens into the footbath 4 d
after coating. It can be observed that, apart from one exception, without backward moisture
penetration, no blistering occurred. A higher water content, i.e., underwater storage prior
to coating, had a positive effect in terms of less blistering. Furthermore, blistering occurred
regardless of the benzyl alcohol content in the primers. Additionally, the substrate mortar
with a lower w/c = 0.4 tended to have less blistering.
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Figure 8. Overview of blistering of EP1 and EP2 on M1, M2, M4, and M7 with different storage
conditions before and after coating; observation period 18 months.

After an observation period of 14 months, the specimens M1, M2, and M4 that were
initially stored dry at 20 °C/65% RH (REF) were transferred to FB20 and monitored for
blistering that occurred (Figure 9). Once again, it was observed that no blistering occurred
in samples that were stored under water prior to coating. The same applies to samples with
KOH storage before coating. It is assumed here that exposure to KOH solution increased
the moisture content in the substrate, thus producing the same positive effect as in the
samples stored under water. Furthermore, no blistering occurred in samples with EP1,
thus disproving statements in the literature that benzyl alcohol in EP coatings almost
automatically leads to blistering.

Storage before | 56 H20 co2 KOH
Storage coating
after coating EP1 EP2 EP1 EP2 EP1 EP2 EP1 241
o [ e
then FB20 renmnes
M4

Figure 9. Overview of blistering of EP1 and EP2 on M1, M2, and M4 in FB20 after initial 14 months of
dry storage (REF); observation period 12 months in FB20.

Figure 10 shows an example of images of blistering at different times of storage in
FB20 and a corresponding binary image that was used to analyze the number of blisters
and the blister area ratio.

(b) (©)

Figure 10. Image of blistering of M2_EP2_20/65_FB20 after (a) 34 d and (b) 111 d of storage in FB20;
(c) binary image of (b); edge length of images corresponds to 150 mm.
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In Figure 11a, the number of blisters and the corresponding blister area ratio of EP2
on the different mortars for an observation period of 23 weeks are displayed. All the
specimens were placed in 20/65 prior to coating and in FB30 4 d after coating. On all
mortars, blistering starts within approximately four weeks after placement in the footbath.
On M1, the number of blisters increases over the entire observation period. However, the
blister diameters are only small (approximately 2 to 10 mm) and the blister area ratio is also
small. The blisters on M2, on the other hand, have very large diameters (approximately
8 mm in the beginning to >30 mm at the end of the observation period) and the blisters
merge, which is represented by the decreasing number of blisters. On M4, blisters form
over a period of approximately three months; individual blisters with similar diameters
(approximately 8 to 10 mm) form and they grow only slowly. On M7, individual blisters
with a diameter of approximately 5 mm form with a very small blister area ratio. Within
this observation period, there is no evidence for blistering caused by ASR. The largest
blister area ratio was found on M2 and could similarly be observed with both primers and
all footbath temperatures.
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Figure 11. Comparison of number of blisters and blister area ratio of (a) all substrate mortars,
(b) storage conditions before coating and placing in FB20 4 d after coating, and (c) storage conditions
before coating and placing in FB20 14 months of drying after coating.

When looking at the reasons for the pronounced blister formation on M2, only the
higher water absorption coefficient of M2, compared to M1 and M4, could be identified
from the substrate properties as having most likely a particularly large influence on blister
formation. No other indications from the fresh and hardened mortar properties or the
surface tensile strength (see above), and even the evaluation of the pore size analysis (see
below), could yield any further clues.
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In Figure 11b,c, the blistering of EP2 on M2 is compared with regard to different
storage conditions before coating and with samples placed into FB20 4 d after coating and
after 14 months of dry storage after coating (REF, see Section 2.2.3). In samples that were
stored at 20 °C/65% RH prior to coating (20/65), the blisters formed within approximately
four weeks after placing in FB20, with larger diameters of approximately 10 to 20 mm in
samples that were placed in FB20 after coating and smaller diameters of approximately 2 to
8 mm in samples that were placed in FB20 after dry storage. In both cases, the blisters merge
and blister area ratios of up to almost 50% are reached. For the samples that were stored in
a COy-enriched atmosphere at 20 °C before coating (CO5,), a significant difference in the
time frame of blister formation can be observed. In specimens that were stored in FB20
after coating, blisters (diameter of approximately 2 to 5 mm) formed within approximately
5 months, whereas this time period in samples that were placed in FB20 after 14 months of
drying was only approximately 2.5 months, and more blisters formed. Furthermore, the
blisters grew faster (to a diameter of max. 20 mm) in the dry stored samples. An influence
of carbonation on blister formation can be observed in terms of a later onset of blistering
and smaller blister area ratios. For both 20/65 and CO, storage before coating, the blister
area ratio keeps growing until the end of the observation period and beyond, especially
in the dry stored samples. This confirms statements in the literature that an increased
likelihood of blister formation increases with concrete that has previously dried out and
then been subjected to rear moisture penetration [25]. Underwater storage before coating
(H,O) has a positive effect on both sample series. In the samples that were placed in FB20
4 d after coating, as well as in samples that were stored dry for 14 months after coating, no
blistering occurred.

In Figure 12a,b, the blistering of the two coating systems with primers EP1 and EP2 on
M2 is compared with regard to the storage conditions prior to coating. In samples that were
stored at 20 °C/65% RH prior to coating (20/65), blisters formed within approximately
2 weeks of storage in FB30. In samples with EP1, blisters with larger diameters of up to
30 mm formed and in the samples with EP2, more blisters with slightly smaller diameters
of approximately 2 to 15 mm formed. With both coating systems, large blister area ratios are
reached with approximately 65% for EP1 and 50% for EP2. This similar blistering behavior
of EP1 with benzyl alcohol and EP2 without benzyl alcohol contradicts many statements in
the literature that reactive solvents, and benzyl alcohol in particular, have a negative effect
and that the omission of the latter can prevent blister formation [9-12]. For the samples
that were stored in a CO,-enriched atmosphere at 20 °C before coating (CO;), a significant
difference in blister formation could be observed for EP1 and EP2. In samples with EP1,
individual large blisters (diameter approximately 25 mm) were formed within 2 weeks
of storage in FB30, whereas blistering in samples with EP2 started later (3 weeks) and
smaller blisters (diameter of ca. 8 mm) formed over a period of approximately 2 months.
In samples that were stored under water before coating (H,O) with EP1, blisters formed
within 3 d of placing in FB30. However, in this case, there was no bulging of the blisters.

In Figure 12¢, the number of blisters and the blister area ratio of EP2 on M7 after dif-
ferent storage conditions before coating are shown. Blistering starts within approximately
3 weeks of storage in the footbath, similar to M1. Initially, individual blisters with similar
diameters form and grow slowly. After about 5 to 6 months, blistering begins again, which
is particularly pronounced in samples pretreated with KOH. This subsequent blistering
also occurs in samples that have been stored under water before coating. It can be assumed
that blistering in this case is caused in particular by ASR, which is known to occur after a
certain period of storage. This is confirmed by the thin section examination, in which ASR
gel was found in the area of the blisters (Figure 13a).
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Figure 12. Comparison of number of blisters and blister area ratio of (a) EP1 and (b) EP2 after different
storage conditions before coating, and (c) number of blisters and blister area ratio of EP2 on M7 after
different storage conditions before coating.

coating blister

(a) (b)

Figure 13. (a) Thin section of blistering on M7_EP1_20/65_FB30 with ASR gel in the area of the
blister; (b) image of blistering without bulging M2_EP1_H2O_FB30; edge length of slab = 150 mm.

Another phenomenon was observed in which blisters formed without bulging. This
could be observed in all the mortars and in all the storage conditions before and after
coating without any system. These blisters did not contain any liquid and could only be
detected due to the use of a transparent topcoat (Figure 13b). It is assumed that in practice,
blisters of this kind also occur and cannot be detected, as most coating systems contain
fillers or pigments. Therefore, it is highly likely that many cases of blister formation or
delamination go undetected.

From these results, it can be derived that blistering of EP coatings on concrete depends
especially on the treatment of the substrate material before coating, i.e., dry storage (here,
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20/65 and CO,) in particular can lead to severe blister formation; with higher moisture
contents, blistering can be avoided.

Only from individual blisters of M2_EP1_20/65_FB30 and M2_EP2_CO2_FB20, very
little fluid could be extracted and examined. The results of ICP-OES measurements are
displayed in Table 16, and the results of GC/MS examination are shown in Figure 14. As
there was not enough fluid, examination of the pH value could not be carried out with a
pH meter but was conducted with litmus paper directly on the composite test specimen.
The concentrations of potassium and sodium of the blister fluid are very similar to those
in the pore solution of M2. As in the leaching tests, the only organic compound identified
in the blister fluids was benzyl alcohol. As there could not have been detected any other
(unreacted) components of EP1 in the blister fluids, it can be assumed that the coating on
the composite test specimens was fully cured. From composite test specimens with EP2, no
blister fluid could be obtained.

Table 16. Measured concentrations in blister fluids.

Time pH Na K Ca Si S Cl

Sample ID @ © (mmol/L)
M2_EP1_20/65_FB30 200 >13 80 230 0.2 42 10.2 1.3
M2_EP1_CO2_FB20 200 >13 95 307 0.2 22.1 30.5 1.8
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Figure 14. Gas chromatograms of blister fluids taken from M?2_EP1 20/65_FB30 and
M2_EP2_CO2_FB20.

Quantitative pore size distribution of the substrate mortars was determined on com-
posite specimens with and without blistering. Samples were taken from directly under the
coating (approximately 10 mm) and from the center of the substrate slabs. For quantitative
comparison, the pore size ranges were classified according to Romberg [70] with gel pore
radii ranging from 1 to 10 nm and capillary pore radii from 10 nm to 100 um. The following
figures (Figures 15-17) show the pore size distribution and classification of pore size ranges
of mortars M1, M2, and M4 taken from different storage locations before and after coating.
Generally, M1, M2, and M4 had a very similar distribution of gel and capillary pores,
though the distribution of gel pores of M2 fluctuated slightly more than that of M1 and
M4. However, these results indicate no obvious influence on blistering /no blistering from
the pore size distribution. None of the mortars clearly shows whether blistering occurs at
higher or lower levels of capillary pores. Therefore, in this study, no influence from the
type of cement or w/c on blister formation could be derived.
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Figure 15. (a) Pore size distribution of samples taken from composite specimens M1 and (b) cor-
responding pore size ranges according to Romberg [70] with solid columns where no blistering
occurred and hatched columns where blistering occurred.
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Figure 16. (a) Pore size distribution of samples taken from composite specimens M2 and (b) cor-
responding pore size ranges according to Romberg [70] with solid columns where no blistering
occurred and hatched columns where blistering occurred.
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Figure 17. (a) Pore size distribution of samples taken from composite specimens M4 and (b) cor-
responding pore size ranges according to Romberg [70] with solid columns where no blistering
occurred and hatched columns where blistering occurred.
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In the test setup with different levels of humidity on the coated and uncoated sides,
samples with EP1 on mortar M2 were investigated. After the sealing, equalization to 95%
within the substrate directly under the coating took approximately 35 d. The samples
were then observed for 6 months and no blistering could be detected within this period
(Figure 18b). The setup was then equipped with the fan-cooled heat sink and the (dry)
chamber on the coated side of the specimen was cooled to under the dew point temperature
of 21.2 °C. Condensation occurred inside and on the underside of the specimens (Figure 18a).
Thus, fluid water was available and blistering occurred within approximately 3 months of
cooling (Figure 18c). From these results, it can be concluded that condensation in substrate
materials can provide sufficient amounts of water to cause blistering in resin coatings.

(b) (c)

Figure 18. (a) Condensation on the underside of composite test specimen EP1 on M2 in test setup with
different levels of humidity on the coated and uncoated side; (b) composite test specimen (g 126 mm)
with 95% RH in boreholes before cooling; (c) composite test specimen (g 126 mm) after approximately
3 months, with blisters clearly visible in the indicated areas.

4. Conclusions

From the results presented and discussed above, the following conclusions can be
drawn with regard to blistering of EP resin coatings on concrete:

1. Blistering of EP coatings on concrete depends especially on the treatment of the
substrate material before coating, i.e., dry storage (here 20/65 and CO,) in particular
leads to severe blister formation, when rear moisture penetration occurs.

2. Insamples with lower moisture contents in the substrate, rear moisture penetration
almost always leads to blistering. Avoidance of rear moisture penetration in practice
can help to prevent blistering of resin coatings on concrete.

3. Higher moisture contents in the substrate prior to coating have a positive effect
in terms of less to no blistering when rear moisture penetration occurs shortly
after coating.

4. Underwater storage before coating can also prevent blistering, when rear water
penetration occurs after a longer period of drying after coating. In practice, this
means that adequate curing of the cementitious substrate material can help to avoid
blistering of resin coatings on (young) concrete.

5. The EP systems containing benzyl alcohol are not automatically vulnerable to blister
formation: in samples, where rear moisture penetration was applied after 14 months
of dry storage, no blistering occurred with EP containing benzyl alcohol.

6. Insome cases, blistering occurred without bulging. This could only be detected due
to the application of a transparent topcoat. It is therefore assumed that, in practice,
some cases of blister formation and/or delamination go undetected, as in most cases
the coating systems contain fillers or pigments.
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7. The composition of the mortar has an influence on blister formation in that a higher
water absorption coefficient leads to more blister formation.

8.  Condensation in samples with high relative humidity in the pore system provides a
sufficient amount of water to cause blistering.

9.  ASR contributes to blister formation.

10. No other organic compounds than the benzyl alcohol (where applicable) were
detected in leaching tests in deionized water and synthetic pore solutions at
different temperatures.

11.  Benzyl alcohol was the only organic compound found in blister fluid from EP contain-
ing benzyl alcohol.

12.  The inorganic composition of the blister fluid from EP containing benzyl alcohol is
very similar to the pore solution of the corresponding mortar.

Limitations

In this study, mortars were used as substitute materials for the concrete used in
practice. These are more homogeneous, and smaller test specimens can be produced. Since
the work was conducted as part of a collaborative project, the requirements of the project
partners also had to be taken into account; in their experiments, only test specimens of small
dimensions could be used. Furthermore, in concretes, in addition to a larger maximum
aggregate size, admixtures and additives are typically used, and their potential effects on
blister formation should explicitly be excluded in this study. Based on the findings obtained
here, it is not expected that the use of a larger maximum aggregate size would have yielded
fundamentally different results.

The time periods and points for the formation of blisters specified in this study may,
of course, vary for other laboratory tests with substrate samples of different dimensions, as
moisture transport and also the residual moisture present in the substrate depend, amongst
others, on the thickness of the substrate (e.g., [39,71]). The same applies in practice, as
concrete components to be coated are usually thicker than 60 mm. The influences on
blistering of reactive resin coatings on concrete are highly complex. Due to the wide
variety of coated structures (e.g., the composition and thickness of the concrete, its moisture
content, the material of the coating system, the layer structure, the use of solvents, as well
as external factors, such as surface treatment, temperature, and the timing of rear moisture
penetration—to name just a few factors), the timing and the range of blister formation in
practice will inevitably differ from that observed in this study. However, this does not
affect the study’s main findings.
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