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Abstract: In some occasions, outdoor steel structures like wind towers, bridges, winter
sports facilities, and so on are subjected to extreme environmental conditions with the
presence of ice and/or with below-zero temperatures. Sometimes in these situations,
surface protection of the steel structure is usually designed using hot-dip galvanizing to
improve its durability. In these special circumstances, the structure’s connections are also
exposed to adverse climatic agents. International standards and codes such as Eurocode
3 or EN1090-2 do not provide indications for these cases. In this experimental research,
24 specimens of non-slip joints with hot-dip galvanized faying surfaces and HV M16 and
M20 bolts have been studied. Twelve specimens were subjected to fourteen twelve-hour
freeze-thaw cycles, with temperature oscillation and periodic immersion in water. Next, six
of the connections were subjected to a slip test under monotonic load at a temperature of
—20 % 0.5 °C and the other six at room temperature. The results were compared with joints
kept at room temperature and not subjected to freeze-thaw cycles for the same period of
time. The main conclusion of this piece of research is that the short-term slip resistance
behavior of joints with hot-dip galvanized surfaces is not reduced for the cases studied.

Keywords: slip resistant connections; freeze-thaw cycles; low temperature; hot-dip galvanized;
faying surface; preloaded bolts

1. Introduction

When a steel structure is subjected to vibratory, dynamic loads or with changes in
direction loads caused by cyclic, seismic, impact, or wind forces, the use of slip-resistant
connections should be considered to improve service conditions and reduce local deforma-
tions. Specifically, European standard Eurocode 3 Part 1.8 [1] establishes that slip-resistant
pre-loaded bolted joints must be used when slip of connection is not acceptable. This code
defines in section 3.4.2, five categories of connections, three of them for shear forces named
A, B, and C, and the other two, D and E, for tension loads. Each type of connection must be
verified with a specific criterion in order to check it. Slip-resistant bolted connections are
considered category B when they are designed for serviceability limit state or category C
when the design is at ultimate limit state. For both cases, the preload applied to the bolt
generates a compression force between contact surfaces, creating a friction resistance that
avoids the relative movement of plates. This means that the shear force is not withstood by
the bolt shank but by the friction force between the surfaces. Therefore, it is not necessary
to check the bolt shank for shear load.

Outdoor steel structures are sometimes subjected to extreme environmental conditions
with the presence of ice and/or with below-zero temperatures. Some examples of these
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types of structures are steel bridges, winter sports facilities, ski lifts, or mining transfer
towers. Temperature variations in profiles are widely analyzed in international codes
and standards; even the accumulation of ice on them is included in some, such as ISO
12494 [2], EN 1993-3-1 [3], or EN 1993-3-2 [4]. However, not much literature has been found
that investigates the influence that these events can produce in profile joints and, more
specifically, in slip-resistant connections, with the exception of some such as the German
code VDI2230 [5], which provides information on the variation in the bolt preload due to
temperature, or others such as those performed by Ebert et al. [6], which warn about the
loss of preload of joints in outdoor structures over time.

One of the best solutions usually used to protect the surfaces of steel profiles from
corrosion due to the presence of ice and/or humidity is hot-dip galvanizing (HDG). Hot-dip
galvanizing generates a complete coverage and a uniform protection on the steel surface
that has several benefits like longevity, durability, sustainability, and reduced life-cycle costs.
When choosing to use an HDG as a surface protection system, slip-resistant connections
cannot be easily isolated from the whole surface treatment due to the hot-dip process. It
means that the slip coefficient values specific to the hot-dip galvanized surface must be
considered to calculate their slip resistance. In this sense, it is interesting to note how the
latest version of the EN 1090-2 standard of 2019 [7] includes in Table 17 the slip factor data
for hot-dip galvanized friction surfaces, which did not exist in the previous version of
2008 [8].

Taking into account all the above, it is worthy to further understand whether non-slip
joints with HDG surfaces are affected in any way by being exposed to freeze-thaw cycles
and/or low temperatures. This present study is in continuity with the previous work
carried out by the current authors [9,10] about slip-resistance with different types under
extreme conditions of low temperature and freeze-thaw cycles. The novel contribution and
the main innovation of this paper is to test the reliability of the slip-resistant connections
with hot-dip galvanized surfaces under extreme conditions such as freezing and thawing in
the presence of water and/or at low temperatures. Previous similar studies did not include
this type of surface in their analyses.

The objective of this research is to try to fill the detective gap by providing how
freeze-thaw cycles and low temperature, separately and jointly, affect slip-resistant bolted
connections with M16 and M20 (10.9), steel plates 5275, and grit-blasted Sa 2% before hot-
dip galvanizing the faying surface (GB + ZN). The findings provide assurance regarding the
use of this type of non-slip surface under the extreme environmental conditions indicated.

2. Bolted Slip-Resistant Joints
2.1. Slip-Resistance Capacity

Bolted slip-resistant joints use friction between surfaces to limit the relative sliding
of the joined parts. There are two factors that influence the slip resistance capacity of the
joint. On one hand, we have the roughness of the faying surfaces, which will depend on
the surface finish of the parts, and on the other hand, the clamping force between the parts,
which will depend on the tightening applied to the bolt. The tightening produces an axial
preload on the bolt and consequently a compression force between the plates, generating a
resistance to sliding, which, according to section 3.9.1 of Eurocode 3, must be calculated
with the Equation (1).
ks-n-p

M3
where ks is a parameter of hole type (ks = 1 for normalized round hole); n number of friction

Fs,Rd = Fp,C/ (1)

planes, u the slip factor obtained by specific test for the friction surface, yys3 partial safety
factor, and F), c the preload force in the bolt.
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2.2. Bolt Preload

It is commonly accepted that a preload value of 70% of the yield strength of the steel is
used in the high-strength bolt. This ensures that the bolt does not work in the plastic zone.
The preload on the high-strength bolt can be applied by different methods, although the
EN 1090-2 standard allows the following four types: torque method, combined method,
HRC method, and direct tension indicator (DTI) method. To estimate the preload to be
applied to the bolt, Eurocode 3 provides the Equation (2).

Fp,C = 0'7'fub'As/ (2)

where f,;, is the ultimate tensile strength of the bolt and A the net cross section of the bolt
in the threaded zone.

In European regulations, bolts suitable for preload and use in steel structures are
specified in Eurocode 3 and in EN 1090, and must follow the requirements, dimensions,
and characteristics included in the EN 14399 set of standards. The bolt, nut, and washer
assemblies are usually more robust than those for conventional bolts and must have
sufficient capacity to maintain the preload during their useful life.

It should be noted that the EN 14399 [11] standard defines two types of assemblies for
slip-resistant joints with different dimensions and resistant sections. On one hand, there is
the German environment system HV (Hochfest Vorspannbar), and on the other; the UK
environment system called HR (high resistance), both composed of a bolt, a nut, and two
washers. Regarding the type of steel, the HV system allows the use of class 10.9, while the
HR allows the use of classes 8.8 and 10.9.

According to all of the above, Table 1 resumes theoretical preload force for M16 and
M20 HV bolts with class 10.9 and dimensions corresponding to EN 14399-4 [12].

Table 1. Theoretical preload for M16 and M20 bolts (10.9) (HV).

Bolt Fub A, F,c
M16 1000 N/mm?2 157 mm? 109.90 kN
M20 1000 N/mm? 245 mm? 171.50 kN

2.3. Faying Surface

As indicated before, the type of faying surface is the other parameter necessary to
determine the slip resistance capacity of a slip-resistant connection Fs,Rd. According
to different standards, the coefficient of friction 4 must be obtained empirically for the
contact surfaces existing in the project; however, they usually provide estimated values for
common surfaces that the designer of steel structure joints can use directly. In the European
environment, the latest version of EN 1090-2 includes in its section 8.4 the slip factors
shown in the following Table 2.

For the US environment, the RCSC [13] code provides in section 5.4 slip factor values
for different surfaces shown in Table 3.

Note that both regulations provide non-identical values for the same type of surface,
taking into account that the tests are quite different. These differences were also noted
for other international standards, such as the Australian AS 4100 [14], the Japanese JASS6
4.10 [15], or the British BS 4604-1 [16]. At this point, it is worth highlighting the studies
carried out by Stranghoner [17-19], in which she warns of the multiple factors that can
influence the static slip factor for practically the same surfaces depending on whether one
slip test or another is considered.
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Table 2. Classifications that may be assumed for friction surfaces according to EN 1090-2 (2018).

Surface Treatment Class Slip Factor u

Surfaces blasted with shot or grit with loose rust removed, not pitted. A 0.50

Surfaces hot-dip galvanized to EN ISO 1461 and flash (sweep) blasted and with
alkali-zinc silicate paint with a nominal thickness of 60 pm.

B 0.40

Surfaces blasted with shot or grit:

(a) coated with alkali-zinc silicate paint with a nominal thickness of 60 pm;
(b) thermally sprayed with aluminum or zinc or a combination of both to a B 0.40
nominal thickness not exceeding 80 pm.

Surfaces hot-dip galvanized to EN ISO 1461 and flash (sweep) blasted (or

equivalent abrasion method) c 0-35
Surfaces cleaned by wire-brushing or flame cleaning, with loose rust removed C 0.30
Surfaces as rolled D 0.20
Table 3. Faying surfaces according to RCSC (5.4).
Surface Treatment Class 1

(a) Unpainted clean mill scale steel surfaces
(b) Surfaces with Class A coatings on blast-cleaned steel or

hot-dipped A 0.30
(c) Galvanized and roughened surfaces

(a) Unpainted blast-cleaned steel surfaces
(b) Surfaces with Class B coatings on blast-cleaned steel B 0.50

3. Experimental Study
3.1. Test Programme

To implement the experimental program, bolted connections with the following fea-
tures and conditions were considered:

- Bolts: M20 and M16 (10.9) HV (EN 14399)

- Assembly steel plates 5275.

- Faying surface: Grit Blasted Sa 2%z (GB) and subsequent Hot-Dip Galvanized (ZN)
- Freeze-thaw cycles before the slip tests: 14 cycles of 12 h.

- Slip test temperature: +20 + 1 °C (RT) and —20 % 0.5 °C (LT).

- Slip test speed rate: 0.1 mm/min

- Room relative humidity: 70%

As indicated before, this piece of research requires exposing half of the specimens
to 14 freeze-thaw cycles of 12 h each in a climatic test chamber shown in Figure 1. The
small size of the internal dimensions of this climatic chamber did not allow the use of the
specimens defined in the EN 1090 slip test.

For this reason, it was decided to use single-bolt samples and perform compression
slip tests in a similar way to the RCSC test with the plate thicknesses, bolt diameters, and
steel grades of European standards. The dimensions of the M16 and M20 samples are
shown in Figures 2 and 3, respectively. The clearance of the holes for inserting the bolts
was 2 mm in both cases.

All samples were subjected to grit blasting with triangular cast steel particles with
size LG-40 according to grit size specification SAE J444 [20]. This allows achieving a
cleaning grade of Sa 2% (very thorough blast-cleaning) according to the generalized criteria
of Swedish code SIS 055900 [21]. Notice that this standard of surface preparation has
been assumed by the international specification ISO 8501-1 [22]. Grit blasting is indicated
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for a deep abrasive cleaning surface, which facilitates good zinc fixation during the hot-
dip galvanizing process that is carried out subsequently. Since the plates used in the
samples are less than 15 cm in size, galvanization in a conventional electrolytic tank is
not recommended. This is because during the handling and fixing of the pieces, nodules,
blisters, roughness, and sharp points often occur, producing a heterogeneous final result.
So, in this experimental study, a centrifugal galvanization system was used, in which the
pieces were placed in metal or perforated baskets and centrifuged after being removed
from the zinc bath. This allows the excess zinc to be removed and a uniform thickness and
a more homogeneous final appearance to be achieved. To check the coating obtained, the
thicknesses were measured with a Telam TC-100 (R&D, Shenzhen, China) thickness gauge

as shown in Figure 4.

i

Figure 1. Climatic test chamber: (a) Model CHD 525 (Dycometal, Barcelona, Spain); (b) Samples set
in a climatic test chamber (left ones).

8 16, 8 80
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Figure 2. Description and dimensions of M16 specimens.
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Figure 3. Description and dimensions of M20 specimens.
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Figure 4. Coating thickness measurement.

Hot-dip galvanizing was performed in accordance with EN ISO 1461 [23], obtaining
an average thickness of the galvanized coating of 97.7 microns, which is slightly higher
than the minimum value of 85 um recommended by the code. The values obtained are
shown in Table 4.

Table 4. Average thicknesses of galvanized coating.

Tests Numbers Average Thickness (1m) Standard Deviation (um)
96 97.7 14.3

Two series with identical preparation were compared: one was subjected to freeze-
thaw cycles in a climatic test chamber, while the other was kept at room temperature for
the same duration. Following this, all samples underwent a short-term slip test using a
universal testing machine. Table 5 summarizes the tested series. Three tests were performed
for each situation.

Table 5. Series of tests.

Serie Bolt Tests (n) Surface FT Cycles Code !
14 M16 (10.9) 3 GB + ZN No RT
24 M16 (10.9) 3 GB + ZN Yes FT + RT
34 M16 (10.9) 3 GB + ZN No LT
44 M16 (10.9) 3 GB + ZN Yes FT +LT
54 M20 (10.9) 3 GB + ZN No RT
64 M20 (10.9) 3 GB + ZN Yes FT + RT
74 M20 (10.9) 3 GB + ZN No LT
84 M20 (10.9) 3 GB + ZN Yes FT +LT

1 RT: Slip test at Room Temperature (+20 & 1 °C); LT: Slip test at Low Temperature (—20 = 0.5 °C); FT + RT: Freeze
Thaw Cycles and Slip test at RT; FT + LT: Freeze Thaw Cycles and Slip test at LT.

3.2. Bolt Tightening Method

In this study, the tightening method used was the torque method, applied with a
pre-calibrated torque wrench. To determine the exact relationship between applied torque
and bolt preload, longitudinal strain gauges TB21 (HBM GmbH, Darmstadt, Germany)
were installed on two M16 bolts and another two on M20 bolts, which were previously
drilled to insert them. Figure 5 shows the detail of the strain gauges set. The calibration
process was carried out on a universal testing machine, measuring the charge—discharge
values three times.

The wrench jump values were then adjusted to the average nominal tension values
shown on the strain gauges. The final torque wrench values obtained were 320 N-m for
M16 bolts and 615 N-m for M20 bolts. Prior to applying preload to all specimens, it was
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confirmed that all bolts and nuts were sourced from the same manufacturer and had the
same lubrication. The following Figure 6 shows how the trigger wrench calibration process
was performed.

HBM TB21 Gauge

/Ca7b|e p— |
@2 mm_/ i t
Adhesive

Figure 5. Detail of strain gauge placement inside the bolts.

Figure 6. Strain gauge calibration with torque wrench.

3.3. Freeze-Thaw Cycles

After the samples were assembled and preloaded, the 24, 34, 44, and 64 series were
exposed to freeze-thaw cycles in the climatic chamber as shown in Figure 1.

Since there is no specific standard reference for conducting freeze-thaw cycle tests for
outdoor steel structures, the UNE-CENTS 12390-9EX [24] standard for outdoor concrete
structures was adopted. This code outlines a temperature curve designed to simulate ex-
treme environmental conditions that structural components might encounter. The samples
underwent 14 freeze-thaw cycles, each lasting 12 h, following the temperature curve shown
in Figure 7. The temperature inside the chamber fluctuates between 20 °C and —20 °C,
with a gradient designed to take 4 h to complete each transition. Once the temperature
reaches —20 °C, it is maintained for 3 h, whereas at +20 °C, it is held for only 1 h. The
heating and cooling processes are managed by circulating water.

T(°C)
25
20

o \
A\ \
0 / /
b / /
CEN \
SR \

/ /

-20
=25

t(h)

0 2 4 6 8 10 12 14 16 18 20 22 24

Figure 7. Temperature curve according to UNE-CENTS 12390-9EX.
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3.4. Joint Slip Test

The joint slip test was performed on an MTS 312 (MTS Systems Corporation,
Minneapolis, MN, USA) universal testing machine with a load capacity of up to 250 kN.
A quasi-static short-time slip test was performed at a feed rate of 0.10 mm/min, applying
an incremental compressive force under displacement control. To record the relative dis-
placement between joint plates, a CTOD (crack tip opening displacement) extensometer
was used as shown in Figure 8. A pair of plates with spherical coupling was utilized to
eliminate eccentricities during the testing process. The tests were concluded when the slip
reached 0.50 mm. The force-slip curves for each situation were obtained as the average of
the data obtained for three tests.

CTOD
extensometer Compression

/

Thermocouple
Sensors

Figure 8. Slip and temperature measurement.

The slip test for series 34, 44, 74, and 84 was carried out at a low temperature of
—20 % 0.5 °C. This required coupling an ad hoc climatic chamber to the universal testing
machine to maintain the samples at a low temperature throughout the test. An MTS-651.06
E-03 (MTS Systems Corporation, Eden Prairie, MN, USA) environmental chamber with
upper and lower openings was used, enabling the insertion of two cylinders specifically
machined for these types of testing. A small supporting structure was required to hold the
chamber in place. Cooling was provided via liquid nitrogen from a ranger tank that was
directly connected to the environmental chamber as shown in Figure 9.

(b)

Figure 9. Low temperature testing set: (a) Front view; (b) Rear view with nitrogen liquid ranger.




Materials 2025, 18, 84

9of 14

-
N
T

=)
|||1T|||1

M16
GB+ZN

The slip test of series 14, 24, 54, and 64 was performed at room temperature
(20 £ 0.5 °C), keeping the rest of the conditions the same as the low-temperature series.

4. Results
4.1. Slip-Load Curves

The curves obtained for the GB + ZN surfaces showed uniformity and continuity
throughout the range studied from 0.00 mm to 0.50 mm. However, their resistant capacity
continued to increase significantly even for slip values nearing 0.50 mm, to such an extent
that in series 54 and 64, the maximum capacity of the universal testing machine was
reached, so these tests had to be stopped at slip values lower than 0.20 mm. As can be seen
in the following Figure 10, values close to 230 kN were reached for the M20 samples.

250—

| M20
GB+ZN

225—]

200—]

175—

- _150—]
g g 3
o 75— © 125—]
e e
o § 3
* — 100—
50— 75
m ={IARL 50— — (54) RT
25— b —(34) LT = a
] = 25— 3 —(74) LT
| Z =
il o = i
0 I B B A O I 0 I L L O O O I B A
0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Slip (mm) Slip (mm)
(a) (b)

Figure 10. Load-slip curves comparative: (a) M16 samples (Series 14-24-34-44); (b) M20 samples
(Series 54-64-74-84).

Although the theoretical capacity of the MTS-661 (Lebow Associated Inc, Minneapolis,
MN, USA) load cell is 250 kN, it should be noted that the pump that supplies the hy-
draulic circuit has a slightly lower capacity that is conditioned by other factors such as the
temperature of the oil or the ambient temperature of the laboratory.

4.2. Slip Factors

The average force-slip curves shown previously allow a graphical visualization of
the influence of each of the environmental situations considered on the analysis surfaces
and serve as a reference for proposing a behavior curve. However, in order to concretely
quantify the influence of low temperature and freeze-thaw cycles on the slip coefficient, it
was necessary to establish a reference value for slip that would allow numerical comparison.
To do this, the use of the criterion included in standard EN 1090 was considered with a
threshold slip of 0.15 mm, calculated according to Equation (3).

Fs;

2-Fyc ’

Hi= 3)

where yi; is the slip factor; Fg; the average force at 0.15 mm slip or the peak force before 0.15
mm, and F), ¢ the preload force in the bolt at the start of the test.
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Considering all these factors, the average slip coefficients for the four situations were
obtained. The following Table 6 shows the values obtained for the M16 and M20 samples.
It should be noted that the possible variations of what are called slip coefficients here are
influenced not only by the changes that may occur in the coefficient of friction or rubbing
between pieces due to temperature, the presence of ice, humidity, or surface deterioration.

Table 6. Slip Factors for M16 and M20 joints.

RT FT + RT LT FT + LT
SpecID Fs; (kN) Fs; (kN) Fs; (kN) Fs; (kN)
A Si . . Si . X Si ) X Si )
Fi (kN) ] i F (kN) D] i F; (kN) ] i F; (kN) D] i
M16
; 19(?'3135 93.03 0423 %gg'gg 94.77 0.4312 %gﬁg’ 116.76 0.5312 g%g 129.73 0.5902
. - - 0 . 0 . 0
: P [7.27] Sy 1324]  (+187%) o1 0569]  (+2551%) 10 [805]  (+39.45%)
M20
) 00s 19733 05753 0es 220.86 0.6439 fopyes 22439 0.6542 feoges 21226 0.6188
: b [4.74] ot 1388]  (+s1192%) 220> 12671 (1371%) 030 2393]  (+7.56%)

4.3. Water Infiltration

Apart from the quantitative study shown above, the tests showed a relevant circum-
stance, which was the detection of water inside all the samples previously subjected to
freeze-thaw (series 24-44-64-84) once they were unbolted. In the cases of joints exposed to
freeze-thaw cycles and tested at low temperature (series 44 and 84), the presence of ice was
also confirmed in the entire space between the hole in the plates and the bolt (Figure 11),
incorporating ice crystals in the friction zone.

Figure 11. Ice around the hole.

Contrary to what has been shown in other previous studies [9,10] carried out under
similar conditions but with other surface finishes, the GB + ZN surfaces studied in this case
did not show significant deterioration. Only a slight detachment of small particles in the
form of grey powder was observed. It was detected that these particles were from the zinc
treatment and that no oxidized or degraded areas were generated. To the touch, the surface
appeared intact, maintaining its roughness, and without any noticeable differences with
respect to the 54 and 74 series. Figure 12 shows that there are hardly any visual differences
between the series that were subjected to FT cycles and those that were not.



Materials 2025, 18, 84

11 0f 14

(a) (b)
(0 (d)
Figure 12. Visual comparison of GB + ZN surfaces after different situations: (a) RT samples (Series 14

and 54); (b) FT + RT samples (Series 24 and 64); (c) LT samples (Series 34 and 74); (d) FT + LT samples
(Series 44 and 84).

5. Discussion

Firstly, it is important to highlight that the empirical slip coefficient values obtained
for the galvanized surface under normal conditions cannot be directly compared with
those provided in EN 1090-2 or RCSC, since the abrasive grit blast cleaning process was
carried out before the galvanization, not afterwards as proposed by both codes. In any
case, it should be noted that the results presented in this study cannot be directly com-
pared with those given in EN 1090-2 and RCSC due to differences in the samples and the
test procedures.

In any case, it should be taken into account that the results presented in this study
cannot be directly compared to those provided in EN 1090-2 and RCSC due to differences
in the samples and testing procedures.

When comparing the results of tests conducted at room temperature (series 14 and
54) with those of samples subjected to freeze-thaw cycles beforehand (series 24 and 64), a
general increase in the slip coefficient is evident for the freeze-thaw treated samples. This
increase is observed in both the M16 (series 14) and M20 (series 54) samples, with the M20
samples showing a more noticeable rise of 11.92%. It is interpreted that in these cases, the
detachment of metallic particles of the surfaces causes an increase in the friction between
the plates.

A comparison of the sliding test results carried out at low temperatures (series 34 and
74) with those performed at room temperature (series 14 and 54) shows, in all cases, an
increase in the effective sliding coefficient for joints exposed to low temperatures. However,
this increase is found to be uneven depending on the bolt size used. The observed increase
in slip coefficient values could be attributed to the rise in the prestressing force of the bolt
caused by thermal contraction due to the temperature reduction. However, as demonstrated
by A. Fuente et al. [9], for joints with screws and plates of equal dimensions, this effect
would not exceed 2%. This suggests that, as previous research has shown [25,26], changes
in relative humidity associated with temperature variations and the replacement of the air
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inside the environmental chamber with dry nitrogen during testing lead to an increase in
friction between the contact surfaces.

Comparing the effective results of the samples tested at room temperature (series
14 and 54) with those subjected to the freeze-thaw process and subsequently tested at
low temperature (series 44 and 84), we found significant increases of up to 39.45% in
the M16 samples. This is mainly due to the fact that the interstitial ice generated inside
the samples promotes the connection between the plates through an adhesion process
that ultimately improves the sliding resistance of the joint. Previous research, such as
that carried out by Loganina and Makkonen [27,28], already demonstrated the adhesion
capacity of ice on surfaces in contact. The following Figure 13 shows the adhesion mecha-
nism and the ice adhesion capacity for several non-bolted plates immediately after being
removed from the environmental chamber. This mechanism of ice adhesion on surfaces
was also analyzed in existing literature by some investigations, such as those carried out by
Luca Stendardo et al. [29], Kirill A. Emelyanenko et al. [30], or Monika Bleszynski et al. [31].

Plate

(a) (b)

Figure 13. Ice adhesion: (a) Adhesion mechanism; (b) Ice adhesion capacity between plates.

By comparing the results from studies conducted by A. Fuente [9,10] on other common
faying surfaces like surface as rolled (SR), grit blasted Sa 2 % (GB), grit blasted and painted
with zinc epoxy (GB + ZE), or grit blasted and painted with inorganic zinc silicate (GB + SL),
it is concluded that the most effective solution for slip-resistant connections in steel structures
exposed to freezing and thawing is grit-blasted surfaces with hot-dip galvanized.

The standard deviation of the obtained resistant force values was found to be less than
15% in all cases, which strengthens the interpretation of the findings.

6. Conclusions
From the findings presented in this study, the following conclusions can be drawn:

1.  The effects of freeze-thaw cycles and low temperatures must be analyzed indepen-
dently, and the effects of both cannot be added algebraically.

2. The slip-resistant joints subjected to freeze-thaw and tested at room temperature
(series 24 and 64) show increases compared to those not subjected to freeze-thaw
cycles (series 14 and 54). This was clear in both the M16 and M20 samples; however,
it is clearer in the latter with an increase of 11.92%.

3. The comparison of the results of the sliding tests carried out at low temperatures
(series 34 and 74) with those carried out at room temperature (series 14 and 54)
indicates, in all cases, an increase in the effective sliding coefficient for those joints
subjected to low temperatures.

4. Comparing the results of the samples tested at room temperature (series 14 and 54)
with those subjected to the freeze-thaw process and subsequently tested at low tem-
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perature (series 44 and 84), the effective and corrected slip coefficients are increased to
a greater or lesser extent, with increases of up to 39.45% observed in the M16 samples.

5. All samples showed slight release of zinc particles in the form of dust; however, the
protection of the steel against oxidation was maintained.

In conclusion, it can be affirmed that slip-resistant connections with hot-dip galvanized
faying surfaces, when subjected to freeze-thaw cycles and/or low temperatures, demon-
strate reliable performance in terms of their resistance under these conditions. Furthermore,
the surfaces exhibit minimal deterioration, making this approach a suitable solution for
outdoor structures exposed to harsh environmental conditions. It should be noted that the
long-term behavior of the connection was not investigated, which directly impacts the final
slip factor. The long-term creep behavior of the connection and the effects of freeze-thaw
cycles on preload loss over time could affect the reliability of these types of joints.

Since the European reference standards EC3 and EN 1090 do not provide specific
requirements for slip-resistant joints under these conditions, it is proposed to incorporate
in future revisions the recommendation to use grit-blasted and subsequently galvanized
contact surfaces as the most suitable solution. While this treatment requires the full
galvanization of the structure, which comes with associated costs, it is important to note
that this protection system is already widely used in many metal structures directly exposed
to freezing conditions and/or ice.
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