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Abstract

Mechanical properties of agricultural galvanized steel pipes with service life provide fun-
damental data for evaluating the structural performance and stability of aging greenhouse
structures. Tensile tests (tensile strength, yield strength, elongation) were conducted in
accordance with ASTM E8/E8M-16a. Soil pH and EC, in which the pipes were buried, were
analyzed. Results were compared with the strength standards requirements for vinyl-house
steel pipes specified in the Industrial Standard (KS D 3760). Yield strength met the standard
for the 6- and 7-year samples, whereas tensile strength met the standard for the 6-, 7-,
11-, and 13-year samples. Elongation satisfied the requirements for the 7- and 21-year
samples. Significant differences in the tensile strength and yield strength were observed
with increasing service life, with noticeable reductions occurring after 11 years with an
average reduction of about 20%. Elongation showed significant differences in all service
years except the 7- and 21-year samples. The average soil pH was 5.8, indicating acidic
conditions, and the EC ranged from 0.02 to 0.04 dS-m~1. Based on these results, a service
durability of 7 years is considered reasonable for greenhouses using galvanized steel pipes
as structural members.

Keywords: durability; elongation; galvanized steel pipe; tensile strength; yield strength

1. Introduction

As of 2022, horticultural facilities in the Republic of Korea covered a total area of
52,808 ha, of which plastic greenhouses (vinyl houses) accounted for 52,404 ha, rigid panel
greenhouses for 69 ha, and glass greenhouses for 335 ha [1]. Vinyl houses, which account
for 99.2% of the total greenhouse area in Republic of Korea, constitute the majority of
domestic greenhouse facilities and primarily use galvanized steel pipes as their main
structural members. Compared with other types of greenhouses, vinyl greenhouses offer
several advantages, including lower installation costs, excellent thermal insulation and
ventilation performance, relatively robust structural systems, and ease of construction [2,3].
However, vinyl greenhouses are lightweight structures, the wind and snow loads act as the
major loads that most significantly affect their structural safety among greenhouse design
loads [4,5]. These wind and snow loads are determined by first establishing the return
period based on the standard service life and required safety level of the facility, and then
applying the corresponding design wind speed and design snow depth to define the design
criteria [6-8].
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The standard service life of a greenhouse refers to the assumed period during which
its materials or structures can be used without reinforcement or major maintenance. The
safety factor reflects the probability that wind speeds or snow loads exceeding the de-
sign criteria will not occur over the service life, and is used as an indicator of structural
safety [9]. According to the design and construction code on horticultural and herbal
facilities for disaster resistance issued by the Ministry of Agriculture, Food and Rural
Affairs, and the design standard for greenhouse structures from the National Academy of
Agricultural Sciences of the Rural Development Administration, the standard service life
for vinyl greenhouses without concrete foundations is set at 10 years, with a safety factor
of 70% and the design wind speed and snow depth based on a 30-year return period are
suggested [9,10]. The EU standard classifies greenhouses into Class A and B according
to the limit states considered in design and specifies the design durable years for each
class [11]. Designs that consider service life and safety factors can help reduce long-
term maintenance costs and contribute to crop protection under strong wind and heavy
snow conditions.

The service life of the main structural components determines the overall lifespan of
the greenhouses. Galvanized steel pipe, a commonly used piping material, is protected by
a zinc coating that mitigates corrosion [12]. Accordingly, galvanized steel pipes are widely
used as structural component materials in greenhouses, including columns, rafters, cross
beams, roof windows, and side windows. Rafters or strip foundations of a single-span
greenhouse are directly embedded in the ground, exposing them to water, groundwater
for membranes, and nutrient solutions. This exposure can cause the materials to corrode
due to moisture and stress, which may lead to increased greenhouse management costs for
maintenance and replacement [13].

Previous domestic field studies indicate that galvanized steel pipes in vinyl green-
houses typically last 7-8 years in movable small-scale houses and 14-15 years in fixed
large-scale houses [14]. A field survey showed that corrosion begins at ground level (~50%
of the pipe surface after ~7 years) and then spreads to connections (~8 years), bent sec-
tions (~10 years), and columns/rafters (~13 years) [15]. Although overseas studies have
addressed durability and corrosion in other agricultural and civil structures (e.g., livestock
barns and concrete/steel structures) [16-18], evidence of the service life of greenhouse
structural components for crop production remains limited.

Thus, the service life of major structural components constituting a greenhouse directly
affects its structural safety and economic efficiency, indicating that design approaches
considering service life is necessary to reduce long-term maintenance costs. However,
research on the service life of major structural components of greenhouses is still lacking
both domestically and internationally. Therefore, this study aims to provide fundamental
information for estimating the service life by analyzing mechanical properties of galvanized
steel pipes, the main structural members, extracted from the buried sections of field-
installed greenhouses. This approach links service life-dependent degradation to standard
compliance, supporting performance assessment and maintenance/replacement decisions
for aging greenhouses.

2. Materials and Methods
2.1. Collecting Samples

The material used for the test was galvanized steel pipe installed in the cultivation
area of an old facility horticultural test site located in Gangseo-gu (Busan Metropolitan
City, Republic of Korea; 35°13'16" N, 128°56'27" E). The method for extracting steel pipes
from buried sections of a greenhouse is depicted in Figure 1. Galvanized steel pipes
were sampled to cover a range of possible service lives. However, the service lives of
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the samples were found to be discontinuous, owing to the fact that they were collected
from greenhouses which had already been installed. The outer diameter and thickness
of the collected pipe were measured using a vernier caliper. Table 1 shows the mean
outer diameter and thickness of the pipe and the component type (purlin or rafter), by
service year.

Figure 1. Example of collecting buried rafters or purlins in a greenhouse: (a) rafter and purlin before
cutting; (b) section of a purlin after cutting and harvesting from the buried installation.

Table 1. Average outer diameter, thickness, and member type (purlin or rafter) of steel pipes by
elapsed service lives.

SePrivl:Ze&;ie;)of Si‘is::::gt;(z;g Average Thickness (mm)  Member Type
6 255 1.5 Purlin
7 25.7 1.5 Purlin
11 32.0 1.5 Rafter
12 36.4 1.6 Rafter
13 25.8 1.5 Rafter
16 25.6 1.3 Purlin
17 25.5 1.2 Rafter
21 25.6 1.3 Purlin
23 254 1.4 Purlin

2.2. Soil Chemical Properties

After the steel pipes were sampled, soil was collected for analysis of the chemical
properties, including the potential of hydrogen (pH) and electrical conductivity (EC). The
soil samples were air-dried and passed through a 2 mm sieve. The sieved soil was mixed
with distilled water at a ratio of 1:5 and stirred at 180 per minute for 60 min. After stirring,
pH and EC were measured.

2.3. Fabrication of Tensile Tests Specimens

Tensile specimens were prepared in accordance with KS B 0801. For specimen
fabrication, galvanized steel pipes (300 mm in length) were cut and machined into
KS B 0801 No. 14 standard tensile specimens using a laser cutting machine (Figure 2) [19].
The total length of the specimen was 250 mm, with a width (W) of 12.5 mm. The thickness
(T) ranged from 1.1 to 1.6 mm depending on the pipes. The gauge length (L) was 50 mm,
the length of the parallel section (P) was 80 mm, and the radius (R) was 15 mm.
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(b) [ 250

Figure 2. Specimen for tensile test used in this study. (a) Specimen; (b) specimen size (W: width,
T: thickness, L: gauge length, P: length of the parallel section, R: radius).

The L was used as the reference for elongation measurements and the P represented
the load-bearing region during tensile testing. A total of 54 specimens were used for testing
and analysis, consisting of 6 specimens for pipes with different service lives.

The tensile tests were performed using a universal material testing machine (SHI-
MADZU, Kyoto, Japan, UH-X, 1000 kN) at the Korea Testing and Research Institute. The
testing method followed the American Society for Testing and Materials (ASTM) E8/E8M-
16a standard [20]. According to ASTM standards, the testing speed for yield strength
ranges from 1.15 to 11 MPa-s~!, while the speed after yield strength ranges from 4 to
40 mm-min . In this test, the testing speed was set at 10 MPa-s ! up to the yield strength

range and the speed after yield strength was 12 mm-min 1.

2.4. Tensile Tests

The testing procedure and calculation of tensile strength, yield strength, and elongation
were performed in accordance with ASTM E8/E8M-16a.

2.4.1. Tensile Strength

Tensile strength is the maximum tensile force that a material can withstand until it is
destroyed. The tensile strength is calculated by dividing the maximum tensile load (W;ax)
at which the specimen fractures by the cross-sectional area (A,) of the specimen before

testing, as follows:
— Wmax

o A,

@

where o denotes the tensile strength (N-mm2), W,ax denotes the maximum tensile load (N),
and A, refers to the cross-sectional area of the specimen (mm?) (Supplementary Figure S1).

2.4.2. Yield Strength

Yield strength refers to the stress at which permanent deformation (plastic deforma-
tion) occurs without returning to its original state (elastic deformation). Therefore, when
designing structures, the stress caused by the load is designed to be lower than the yield
strength. In cases where the yield point of the material is not clearly defined, the accurate
maximum stress is determined through the intersection corresponding to a strain of 0.2%
(Supplementary Figure S1).

2.4.3. Elongation

Elongation is the ratio of the change in length due to material deformation. Elongation
is a crucial factor in structural design because it indicates the ease of processing and
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deformation of materials, as well as the delay in material failure caused by external forces.
The elongation was calculated using the following formula:

L—L
Lo

= 2 %100 (2)
where & symbolizes the elongation (%), Lo denotes the initial gauge length (mm) of the
specimen, and L denotes the gauge length (mm) after fracture.

2.5. Statistical Analysis

Six specimens for each service life (6,7, 11, 12, 13, 16, 17, 21, and 23) were used for
tensile tests (tensile strength, yield strength, and elongation). Statistical analyses were
performed using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA), and one-way of
analysis of variance (ANOVA) was conducted. Significant differences in tensile tests values
were confirmed using least significant difference (LSD) test. Figures (mean =+ standard
error) and simple linear regression were produced in Python (version 3.14.2; Python
Software Foundation, Wilmington, DE, USA) using Numpy (version 2.4.0) and Matplotlib
(version 3.10.8), with the regression equation and coefficient of determination (R?) displayed
on the plots.

3. Results and Discussion

Although the service life of pipe was not collected continuously on a year-by-year basis,
this study is meaningful because it evaluates the mechanical properties of galvanized steel
pipes that were used as structural members in commercial horticultural greenhouses located
in the same region under comparable soil conditions. Over time, the mechanical properties
of greenhouse galvanized steel pipes can vary with service life due to combined exposure
to aboveground natural factors (e.g., wind and snow loads) and belowground soil-related
factors (e.g., salinity, gas composition, and microbial activity) [21]. Therefore, to ensure safe
greenhouse operation, fundamental data on time-dependent mechanical characteristics
are required to assess structural safety, durability, and allowable service life as a function
of pipe age. Such fundamental information is also essential for establishing safety criteria
and developing standards for insurance assessment. Although annual, age-by-age data
would be ideal, it is practically difficult to obtain greenhouse pipe specimens representing
every service life from the same region with similar soil conditions. Accordingly, in this
study, we selected the best available set of specimens that could be obtained from in-service
horticultural greenhouses within the target region, spanning 6 to 23 years of service (6, 7, 11,
13,16, 17, 21, and 23 years), and investigated age-related changes in mechanical properties.

3.1. Domestic Standards (KS) and Characteristics

Although no international standard exclusively addresses galvanized steel pipes
for greenhouse structures, the performance and durability of such pipes are generally
evaluated based on internationally recognized steel pipe and galvanizing standards
(e.g., ASTM A53 (USA), JIS G 3442 (Japan), and ISO 1461 (International)) [22-24]. In
the Republic of Korea, however, galvanized steel pipes used as frame members for agricul-
tural vinyl (plastic) houses are specified under the Korean Industrial Standard, KS D 3760
(Galvanized steel pipes for agricultural vinyl houses).

Prior to the 2004 revision, KS D 3760 included only a single specification, known
as steel pipe for vinyl house (SPVH), which specified the zinc coating mass, dimen-
sions, weight, and allowable dimensional tolerances of pipes [25]. However, since the
2006 revision, the standard has been divided into SPVH and SPVHS based on their in-
tended use. The difference from the previous version is an increase in the zinc coating mass,
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and regulations regarding the minimum coating thickness and mechanical properties of
the steel pipe has been added.

The plating coverage for SPVH and SPVHS is equivalent at 150 g-m 2 or greater, and
the minimum coating thickness is 12 pym or more. However, the mechanical properties
of SPVH and SPVHS are different (Table 2). For SPVH, a tensile strength is 270 N-mm 2,
a yield strength is 205 N-mm~2, and an elongation of 20% or more. While, SPVHS has a
tensile strength 48% higher and a yield strength 44% higher than SPVH, while its elongation
is 10% lower [26]. This is because SPVHS is used as a primary structural member in
vinyl houses, requiring higher strength and enhanced structural safety. For this reason,
the disaster-resistant facility standards for horticultural crop facilities require the use of
SPVHS or materials with equivalent or higher quality in the installation of disaster-resistant
structures [27].

Table 2. Mechanical properties of galvanized steel pipes for vinyl houses.

. Tensile Strength Yield Strength . 1o
Pipe Type (N-mm-2) (N-mm-2) Elongation (%)

SPVH * >270 >205 >20
SPVHSY >400 >295 >18

“ galvanized steel pipe for agricultural vinyl house. ¥ galvanized steel pipe for agricultural vinyl house structure.

To evaluate the service life of pipe frame structures, it is necessary to assess the
corrosion rate and assessing the reduction in cross-sectional area or to evaluate the load-
bearing capacity through load tests. However, under field conditions, load testing is
impractical, and accurately measuring cross-sectional area loss is also highly challenging.
Therefore, this study is meaningful in that it utilized agricultural galvanized steel pipes
collected directly from the field to compare tensile test results—including changes in tensile
strength, yield strength, and elongation according to service life—based on the standard
for SPVHS.

3.2. Soil Chemical Properties at the Sampling Sites

Soil chemical properties (pH and EC) were analyzed in soils collected from locations
where galvanized steel pipes were sampled, as corrosion of steel pipes over service life
may affect the surrounding soil (Table 3). Although seasonal variability was not assessed
through repeated soil sampling, all samples were collected within the same region under
comparable soil types and climatic conditions; therefore, seasonal effects are unlikely to be
a major driver of the between-sample differences observed in this study, even though the
absolute values of some soil parameters may vary across seasons.

Table 3. Soil pH and EC around buried galvanized steel pipes.

Service Life of Pipe (Year) pH EC (dS-m~1)
6 6.2 0.02
7 5.7 0.03
11 59 0.01
12 6 0.04
13 6 0.01
16 5.8 0.02
17 6.2 0.02
21 5.6 0.03
23 51 0.02
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According to service life, soil pH ranged from 5.1 to 6.2 (mean =+ standard deviation,
5.8 £ 0.3), indicating weakly acidic soil conditions. Among the samples, soil from sites
with 6-year-old pipes showed the highest pH value, 6.2, whereas lower pH values of 5.6
and 5.1 were observed in soils from sites with 21- and 23-year-old pipes, respectively.

EC is the reciprocal of electric resistivity and indicates the concentration of dissolved
ions in soil, with higher EC values reflecting higher ionic content (salinity) and electrical
conductance [28]. The EC of soils collected from sites where galvanized steel pipes were
sampled ranged from 0.01 to 0.04 dS-m~! (mean = standard deviation, 0.02 + 0.01 dS-m~1)
(Table 3). Oh et al. (2010) [29] reported that the average EC of agricultural domestic soils is
below 1 dS-m~!, while Yun et al. (2015) [13] reported EC values of 0.13 and 0.22 dS-m~1!
for paddy and filed soils without salinity, respectively. Accordingly, the soils sampled in
this study can be considered to have negligible salinity levels.

Based on these results, soil pH and EC in the study sites are unlikely to be primary
factors directly influencing the corrosion of galvanized steel pipes. Chung et al. (2001) [30]
reported that soil resistivity is a major factor governing steel pipe corrosion and is in-
fluenced by multiple soil properties, including pH, EC, moisture content, aeration, and
microbial activity. In particular, significant corrosion was observed in strongly acidic soils
with low pH values. Therefore, the differences in corrosion level observed in the pipes used
for tensile tests in this study are more likely attributable to service life and other combined
environmental factors rather than to soil salinity or acidity alone.

3.3. Tensile Strength, Yield Strength, and Elongation of Specimens

Tensile strength, yield strength, and elongation were evaluated across service-life
groups using tensile tests (Figures 3 and 4). Both tensile and yield strength decreased
with increasing service life (Figure 3). Notably, the 6-year specimens exhibited the highest
values at 464 and 393 N-mm 2, respectively. In contrast, the 12-, 16-, and 23-year specimens
showed significantly lower tensile and yield strength than the 6- and 7-year specimens.
The oldest (23-year) specimens recorded tensile and yield strength of 318 and 290 N-mm~2,
corresponding to reductions of approximately 31% and 26% relative to the 6-year specimens.
This strength decline is likely attributable to accumulated corrosion and material aging due
to increased service life. However, the pH and EC of the soil from the buried pipe were
measured in this study did not show significant differences according to service life, so
it is difficult to explain the strength decline solely by changes in soil chemical conditions
(Table 3). Therefore, it is possible that the strength decline was caused by a combination of
various environmental factors such as rainwater, groundwater, nutrient solution exposure,
moisture content, and microorganisms in addition to the aging of the material due to service
life, which accelerated corrosion and aging [12,31,32].

(a) 600+ Hhk (b) 600 *okk
500
400

300 1

2004

Tensile strength (N-mm~2)

y=-10.39i +355.05
1004 y=-14.05 +411.98 100 4 R2=0.527
R2=0.591

T T T T T T T T T T T T T T T T T T
6 7 11 12 13 16 17 21 23 6 7 1 12 13 16 17 21 23
Service lives Service lives

Figure 3. Tensile strength (a) and yield strength (b) of buried specimens by pipe service life. Vertical
bars represent the standard errors. Different letters indicate significant differences among groups
(one-way ANOVA followed by LSD test; nn = 6). Significance level: *** p < 0.001.
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3517

Elongation (%)

y=-0.41i+16.04
R?=0.026

T T T T T T
6 7 11 12 13 16 17 21 23

Service lives

Figure 4. Elongation of buried specimens by pipe service life. Vertical bars represent the standard
errors. Different letters indicate significant differences among groups (one-way ANOVA followed by
LSD test; n = 6). Significance level: *** p < 0.001.

As a result of evaluating the KS standard for SPVHS, the tensile strength satisfied the
standard of 6- and 7-year specimens, whereas yield strength satisfied the standard of 6-, 7-,
11-, 13-, and 21-year specimens. Nam [14] proposed a standard service life of 7-8 years for
small greenhouses. Consistent with this, specimens with a shorter service life (6-7 years) in
this study generally satisfied the KS standard.

Although significant differences in elongation was observed across service-life groups,
the pattern did not show similar trend with the tensile strength and yield strength
(Figures 3 and 4). Elongation satisfied the SPVHS standard only for the 7- and 21 years
specimens, whereas other groups (6, 11, 12, 13, 16, 17, and 23 years) did not (Figure 4
and Table 2). Elongation is an indicator related to the ductility of a material, and it has
been confirmed that it generally tends to decrease as a material ages. However, in this
study, elongation values were relatively high for the 7- and 21 years specimens, resulting
in a statistically significant difference among service-life groups. The 21 years specimens
showed a mean elongation of 22.2% with a relatively large standard deviation of 9.8%,
indicating substantial variability in elongation among specimens. Meanwhile, the 7 years
specimens showed the highest elongation. However, the average diameter and thickness
of the 7 years specimens did not differ significantly from those of the groups, and no
notable abnormalities were observed in their visual characteristics that could explain the
increased elongation.

Elongation is not determined solely by service life; it can also be influenced by mi-
crostructural characteristics (e.g., grain size), manufacturing history, and specimen sam-
pling conditions [33-35]. Therefore, even among specimens with the same service life,
elongation may be unevenly distributed. Future work could further examine the sources of
this variability by considering additional analyses (e.g., manufacturing related factors and
microstructure characterization) in conjunction with service-life evaluation, provided that
specimens can be secured.

Many studies estimating the durability of galvanized steel rely on controlled or accel-
erated corrosion tests and then extrapolate the resulting mechanical-property changes to
service conditions; for example, recent work has linked corrosion morphology with tensile-
property degradation to support service life prediction under atmospheric exposure [36]. In
contrast, our analysis is based on specimens retrieved directly from operating greenhouse
structures with known service histories, thereby capturing the combined effects of actual
in-field exposure variability that are difficult to reproduce in laboratory protocols. This
field-based evidence complements accelerated-test approaches and provides a practically
relevant benchmark for maintenance and replacement planning in greenhouse facilities.

Broader international discussions of agricultural structure durability emphasize high
humidity, soil contact, and agrochemical exposure as key corrosion drivers in farm environ-
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ments [18,36,37]. In the present study, we did not observe statistically significant differences
in soil properties (pH and EC) across pipe service life groups, suggesting that soil-related
exposure conditions were broadly comparable across the investigated sites within our sam-
pling sites. Nevertheless, soil contact remains a critical exposure for greenhouse structures,
and the protective performance of galvanized coatings can vary substantially with soil
environment; for example, Denison and Romanoff (1952) reported that galvanized steel
pipes exhibited relatively high resistance in alkaline soils and low resistance in organic
soils [37]. Therefore, our result should be interpreted as an evidence-based threshold for
greenhouse structures operating under the local soil and climatic conditions represented in
this study, rather than a universal value across all soil environments.

In practice, horticultural greenhouse structures are often used for longer than the max-
imum service life evaluated in this study (23 years). Importantly, the service life thresholds
discussed here (e.g., around 7 years) should not be interpreted as definitive end-of-life
values; rather, they indicate the onset of measurable degradation in material mechanical
properties and a period when risk may increase and safety should be more carefully con-
sidered. By presenting service life-dependent changes in mechanical performance as a
reference allowable service period, this study underscores the need to recognize the risks
associated with operation beyond that period and to systematically consider inspection,
reinforcement, and replacement strategies to improve structural safety against natural haz-
ards and to enhance durability. Accordingly, these findings provide empirical evidence that
can support the establishment of safety criteria and inform maintenance and strengthening
decisions for greenhouse structures.

4. Conclusions

In this study, SPVHS were collected to evaluate how their mechanical properties
changed with service lives. The pH of the soil surrounding the buried pipes ranged from
5.14 to 6.17, indicating predominantly slightly acidic conditions, while EC ranged from 0.01
to 0.04 dS m~!. Because neither pH nor EC differed significantly among the soil samples,
the corrosion observed with increasing service life could not be explained by soil acidity or
salinity status.

When tensile test results were compared with the KS standard requirements for SPVHS,
yield strength met the standard for the 6- and 7 years specimens, whereas tensile strength
met the standard for the 6-, 7-, 11-, and 13 years specimens. Elongation met the standard for
the 7- and 21 years specimens. Significant differences in tensile strength, yield strength, and
elongation were observed among specimens with different service lives. Tensile strength
and yield strength showed significant differences from 7 years onward; however, elongation
showed no significant differences except for the 7- and 21 years specimens.

Importantly, the ‘7 years” value should not be interpreted as an end-of-life criterion;
rather, it indicates a point at which the risk of mechanical deterioration may increase and
structural safety may become more sensitive to corrosion-related conditions. Therefore,
for greenhouses operated beyond 7 years under conditions similar to our study site, we
recommend prioritizing (i) additional evaluation of corrosion severity and contributing fac-
tors (e.g., soil moisture, drainage/oxygen availability, salinity/chloride, pH, and microbial
activity) and (ii) assessment of structural safety, including inspection of critical joints/bent
sections and timely reinforcement or replacement as needed. Multi-site monitoring data
will be required to develop quantitative, environment-adjusted decision criteria.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app16052262/s1, Figure S1: Example of tensile test result.
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