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ABSTRACT

Reinforced culverts are a critical component of transport and drainage
infrastructure. Understanding the causes of deterioration in precast reinforced culverts
requires not only assessment of the concrete itself but also characterization of the
environment to which it is exposed. This paper characterized the environmental exposure
conditions of selected precast culverts in Western Australia by analyzing soil and water
samples collected from the culverts and linking them to the durability investigation of
those culverts. Soil and water samples from 14 selected culverts were collected, and
their pH, electrical conductivity (EC), and chloride concentrations were analyzed. Three
representative culverts were then selected for detailed assessment, and carbonation
depth, electrical resistivity, and corrosion rate were measured. Concrete cores were
extracted from the culverts, and chloride concentrations were measured at multiple
layers up to the reinforcement level. The investigated sites were predominantly highly
saline, with elevated chloride concentrations. Lower concrete resistivity values, elevated
corrosion rates, limited carbonation depth, and significant chloride concentration at the
reinforcement level were observed in culverts near the flow line. These observations
corresponded with the locations where deterioration was most severe as seen during the
visual inspection. The study demonstrates that high environmental salinity poses
durability risks for the investigated precast culverts, making chloride-induced
reinforcement corrosion the dominant deterioration mechanism. This study links
environmental severity with deterioration patterns and provides a baseline for effective
design, inspection, and maintenance strategies for infrastructure operating in saline
environments.

1. INTRODUCTION
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Precast reinforced concrete culverts are an important component of transportation
infrastructure, providing a passageway for floodwater, preventing water levels from rising
to the road, and enhancing road safety (Humagain et al., 2026a). Culverts are widely
distributed assets in road and railway networks and play a vital role in maintaining service
continuity. Western Australia (WA) is the largest state of Australia, with approximately
1.5 culverts per kilometer of road within the MRWA network. The design service life of
precast culverts is 100 years to ensure long-term serviceability and road safety
(Standards Australia, 2010; Standards Australia, 2013). The large spatial distribution of
culverts across Western Australia complicates infrastructure management throughout
their service life. Frequent inspection, repair, maintenance, and replacement activities
increase operational costs and also create logistical challenges, as skilled personnel and
resources are concentrated in the southwest of Western Australia. Preventing premature
deterioration is essential to achieve the intended service life of culverts and to reduce the
costs and logistical challenges associated with their unusually frequent maintenance,
repair, and replacement.

The durability of precast reinforced concrete culverts is influenced by their
environmental exposure. In saline environments, concrete is exposed to prolonged
contact with aggressive ions (chlorides, sulfates, magnesium) present in soil and water.
These aggressive ions enter the concrete matrix in the presence of moisture and alter
the chemical and physical condition of concrete through corrosion, expansive reactions,
and progressive degradation of the cementitious matrix (Chen et al., 2023; Shahin et al.,
2026; Zhao et al., 2020). Chloride ingress is widely recognized as the primary cause of
reinforcement corrosion, while sulfate exposure can lead to expansive reactions, surface
degradation, and scaling (Bassuoni and Rahman, 2016; Pasupathy et al., 2017).

Previous work in the Wheatbelt Region of Western Australia demonstrated that
many deteriorated culverts are exposed to highly saline environments containing
elevated chloride, sulphate, and magnesium concentrations (Humagain et al., 2025).
Active corrosion, low electrical resistivity, and higher corrosion rates were observed
during investigations of representative culverts in the same region (Humagain et al.,
2026a). Together, these observations suggest a strong relationship between
environmental aggressiveness and long-term durability performance.

The objective of this study is to integrate environmental exposure assessment
with durability investigations of precast culverts operating in saline environments. The
findings provide a framework for linking environmental conditions with deterioration
processes and support more informed approaches to asset management, maintenance
planning, and durability design.

2. SITE SELECTION AND INVESTIGATION METHODOLOGY

2.1 Site Selection and Visual Inspection

As WA accounts for 32% of Australia’s landmass, site selection for this study was
based on a review of more than 1,400 culvert records provided by MRWA. From that
database, 53 culvert sites were identified, and their level 1 inspection reports were
obtained from MRWA. The selection of these culverts was based on the ease of obtaining
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permission for site visits and the degree of deterioration. Of the 53 culvert sites, 14 were
shortlisted based on deterioration severity and geographic spread in the Wheatbelt
region of WA for soil and water analysis (Fig. 1). For ease, these sites are designated as
Culverts 1-14 throughout this paper. Of those 14 culvert sites, 3 were considered based
on size for detailed condition assessment. To maintain confidentiality requirements, the
locations of these culverts are not disclosed. These culverts are identified as Culverts A,
B, and C throughout the paper. Only large culverts were selected for condition
assessment (Humagain et al., 2026a). A visual inspection of the culvert unit and vicinity
was conducted to assess deterioration and the environment to which the culverts are
exposed.

Legend
O  Culverts Visited
Culverts
[ Wheatbelt Region

Fig. 1 Culverts inspected for site visit in the Wheatbelt region of WA

2.2 Environmental Characterization

As soil and water are in direct contact with precast culverts on the site, soil and water
analyses can provide valuable insights into potential deterioration mechanisms in the
culvert units. The soil and water samples from the culverts were analyzed for pH,
electrical conductivity (EC), and chloride concentration. pH measures the acidity or
alkalinity of the sample. pH analysis was done as per AS 1289.4.3.1 (Standards Australia,
1997). EC measures the ability of soil or water to conduct current and can be correlated
with the sample's salinity. High EC values generally indicate high salinity. EC was
analyzed as per the soil survey standard test method of the New South Wales
government (Department of Sustainable Natural Resources). For the EC of soil, a 1:5
soil-to-water suspension was prepared by mixing 20 g of soil with 100 mL of deionized
water. Department of Primary Industries and Regional Development (2024) has
classified the EC1:5 for sandy soil texture, where soil with an EC1:5 greater than 228 ms/m
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is classified as extremely saline soil, in the range of 115-228 ms/m is a severely saline
soil, 58-114 ms/m as a highly saline soil, 29-57 ms/m as moderately saline soil, 15-28
ms/m as a slightly saline soil, and 0-14 ms/m as non-saline soil. The chloride
concentration of the sample was determined according to EPA Method 325.2 (Humagain
et al., 2025).

2.3 Durability Assessment

Three of the 14 culverts were selected for the condition assessment. The
electrochemical condition of those culverts was analyzed using concrete electrical
resistivity and reinforcement corrosion rate measurements via non-destructive testing.
To analyze the electrochemical condition, the reinforcement positions in the culverts
were first mapped, along with the clear cover. The concrete resistivity and corrosion rate
were measured along the height of the culvert's leg. As per AASHTO TP 95 (AASHTO,
2007), the chloride ion penetrability is considered negligible if the concrete resistivity is
higher than 2540 Q.m, very low from 370 Q.m to 2540 Q.m, low from 210 Q.m to 370
Q.m, moderate from 120 Q.m to 210 Q.m and high if the resistivity is less than 120 Q.m.
Similarly, the CIA Z7/07 (CIA, 2007) classifies the corrosion current values below 0.2
MA/cm? as very low, 0.2 to 0.5 pA/cm? as low to moderate, 0.5 to 1 pA/cm? as moderate
to high, and values greater than 1 yA/cm? as an indicator of high corrosion rate. The
culvert legs were saturated with water to maintain uniformity and minimize the moisture
variation on the surface.

The carbonation depth of the culverts was measured from cores freshly taken from
the culvert legs. 1% Phenolphthalein was sprayed, with the carbonated region remaining
colorless and the uncarbonated region turning pinkish. The carbonation front is
measured from the exposed surface as per MRWA 620.1 (MRWA, 2022). Similarly, the
chloride profile was conducted in the concrete cores extracted from the region below the
flow line. The chloride concentration was measured at 5 mm increments up to 50 mm.
Profile grinding was used to obtain powdered samples at each interval, and 10 g of those
powdered samples was mixed thoroughly with 20 mL of extraction liquid to determine the
acid-soluble chloride content of that layer using a Chlorimeter.

3. RESULT AND DISCUSSION

3.1 Visual Inspection and Environmental Characterization

The visual inspection of the culverts and their surrounding environment was
conducted in accordance with MRWA guidelines (MRWA, 2008). The culverts visited
were either floodway culverts or relief culverts. Floodway culverts are used to pass direct
floodwater, while relief culverts are used to balance water levels on either side of
roadways so that water does not rise to road level during the rainy season. These culverts
stay in contact with water for a longer duration. Salt-tolerant plants were visible at many
culvert sites, indicating exposure to highly saline conditions (Fig. 2). Common
deterioration issues observed on the site included cracking, scaling, erosion,
delamination, corrosion of reinforcement, and concrete spalling (Fig. 3). Deterioration
was more pronounced in the vicinity of the flow line of the culvert.
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Fig. 2 Salt-tolerant plants obsed in thvicnity of culverts

Delamination

Fig. 3 Some deterioration observed in the culvert units
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The pH of the soil was measured. The highest pH value of 8.74 was measured in
culvert 3 soil, and the lowest pH of 5.89 was measured in culvert 7 soil. The pH of 11
soils was above 7 (Humagain et al., 2025). Soil pH is an important parameter in
assessing the potential for acid-induced deterioration of concrete. There are four stages
of concrete degradation. Firstly, the concrete pore has a pH above 12.5; then, 12.5 is
reached by the dissolution of calcium hydroxide. After leaching all calcium hydroxide, the
pH ranges from 12.5 to 10, and the pore water composition is influenced by other
hydration products. At the end, the pH is less than 10, and the pore water composition is
mainly influenced by the intruding moisture, which enters with the aggressive ions
(Jacques et al., 2010). Acidic environments can promote this process by reducing the
alkalinity of the concrete pore solution. Most soils were alkaline, and a few were slightly
acidic, indicating that soil acidity-related deterioration is unlikely.

The EC1:5is shown in Fig. 4. The electrical conductivity of the soil was measured to
be very high. As per the classification, 7 culverts were in extremely saline soil, 4 culverts
in severely saline soil, and one culvert in highly saline soil (Humagain et al., 2025). As
visual inspection and EC measurements indicated the presence of highly saline soil, the
chloride concentration of the salt samples was measured to assess the contribution of
chloride salts to the observed salinity. The chloride ion concentration generally increased
with increasing EC (Fig. 4). The soil salinity varies throughout the year. In WA, the
Department of Primary Industries and Regional Development (2021) noted in fact sheet
DPIRD-13 that the salinity of the topsoil varies seasonally. It is highest in the months of
January to March and lowest in the months of July to September. This is because winter
rainfall flushes salt from the surface into the soil profile, and evaporation in spring and
summer causes the salts to accumulate at the surface. This visit was conducted during
a period of moderate salinity, excluding extremely high or low salinity months. The
chloride concentration obtained was comparatively high despite being measured during
this period. 5 out of 14 culvert sites had chloride concentration near or far above the
chloride concentration in seawater, which is approximately 19,000 ppm (Kohout, 1960).
Reinforcement corrosion and concrete spalling, the presence of salt-tolerant plants, high
EC values, and elevated chloride concentrations indicate that chloride-induced corrosion
is the major deterioration factor in culverts in the WA environment.
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2025)

3.2 Carbonation

Carbonation depth was measured in the extracted cores of three culverts, A, B, and
C. Culverts B and C have been in service for 40 years, according to the available records.
There was no record available for culvert A, but based on the visual inspection, its service
life might be similar to, or exceed, 40 years. The cores were extracted from the top of the
culvert leg, where it is dry, and from the bottom of the culvert leg, in the flow region. For
all three culverts, the carbonation depth was negligible in the flow region, with all values
remaining within 3 mm despite 40 years of service. This negligible carbonation depth in
the lower region is most likely due to saturated pores blocking carbonation ingress (Ekolu,
2016; Phung et al., 2015). In the drier upper region, at the top of the culvert leg, the
carbonation depth was significant relative to the lower-flow region, but still far less than
the reinforcement level. For culvert A, the maximum carbonation depth was 17 mm, with
the majority having a 12-14 mm carbonation front; for culvert B, below 8 mm, and below
11 mm for culvert C (Humagain et al., 2026a). This limited carbonation depth indicates a
lower likelihood of carbonation-induced corrosion in the culvert units.

3.3 Concrete electrical resistivity and corrosion rate
The concrete electrical resistivity and corrosion rate measurements are shown in Fig.
5-7. The resistivity was 69 Q.m in the bottom of culvert A, 490 Q.m in the bottom of culvert
B, and 78 Q.m in the bottom of culvert C. The resistivity increased to 2200 Q.m for culvert
A, 11,450 Q.m for culvert B, and 1440 Q.m for culvert C at the top of the culvert leg. As
per AASHTO (2007), TP 95 classification, the chloride penetrability is high for culvert
legs below the flow line or in the bottom of the culvert leg, specifically for culverts A and
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C. This result is more likely due to the bottom region being in direct contact with soil and
water, which provides favorable conditions for active corrosion and exhibits lower
concrete resistivity, whereas the top part of the culvert leg was associated with less
exposure to aggressive ions. The change in resistivity from the top to the bottom of the
culvert leg not only represents the moisture and aggressive ion exposure gradients but
also indicates the lower portion of the culvert being more prone to deterioration than the
upper portion. This was evident during the field investigation, as major problems were
observed in the culvert vicinity within the flow zone. The observed corrosion rate data
showed an inverse correlation with the electrical resistivity data. For culverts A and C,
the corrosion current density exceeded 2 pA/cm? in the bottom portion of the culverts,
indicating active corrosion, whereas for culvert B, it was 0.4 yA/cm?, indicating the upper
range of moderate corrosion activity. This result is consistent with the concrete resistivity
data, indicating that the lower portion of the culverts is more susceptible to deterioration
than the upper portion.
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Fig. 5 Electrical resistance and rate of corrosion observed in culvert A (Humagain et
al., 2026a)
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3.4 Chloride Profile

Chloride profiles were measured in concrete cores extracted from the culvert flow
line to determine the cause of the corrosion observed in the culverts. The chloride profile
for all three culverts are shown in Fig. 8. The chloride concentration was higher on the
surface of the concrete and decreased with increasing depth. At a depth of 2.5 mm from
the surface, the chloride concentration was 0.64%, 0.43%, and 0.59% by weight of the
acid-soluble chloride levels exceeded or
approached the corrosion threshold of 0.05% by weight of concrete, indicating that the
clear cover zone has been depassivated by chloride ions (Humagain et al., 2026a). The
corrosion products occupy a larger volume than the original steel, and the increased
volume of reinforcement steel causes cracking, delamination, and spalling of the
concrete cover, as observed during visual inspection at the site (Humagain et al., 2026b).
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culvert C (Humagain et al., 2026a)

4. CONCLUSIONS

This study investigated the exposure conditions, durability performance, and reasons
for deterioration of precast reinforced concrete box culverts in service for many years.
The following conclusions are drawn from the field investigation of 14 sites and testing of
culvert concrete samples at three sites:

1. Major forms of deterioration observed during the visual inspection were
reinforcement corrosion, delamination, and concrete spalling. The vicinity of
culverts showed higher salinity due to salt deposition in the soil and the
presence of salt-tolerant plants at the culvert sites.

2. The pH of most of the soil was alkaline, while a few culverts had slightly acidic
soil. The EC of the soil was very high, with many sites considered to have
extreme salinity.

3. The carbonation depths found in the investigated culverts were negligible,
while the corrosion rate was higher and the concrete resistivity was lower near
the flow zone, indicating a higher propensity towards chloride-induced
corrosion.

4. The chloride concentration at the reinforcement depth exceeded the chloride
threshold, confirming that the corrosion is due to high chloride ions present in
the concrete at the reinforcement level.
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