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HYDROGEOLOGICAL INVESTIGATION AND MONITORING ANALYSIS OF WATER-
RELATED HAZARDS IN OPERATIONAL HIGHWAY TUNNELS IN WATER-RICH
REGIONS

Yubo Luo?, Junsheng Yang? Qi He®, Zhiheng Zhu*, Youcai Tan®

Abstract: Water-related hazards frequently occur in operational highway tunnels in Guangdong Province, China, posing
significant risks to tunnel safety and stability. This study combines hydrogeological investigations with an analysis of 36
documented cases from six tunnels in the region. The key characteristics examined include hazard depth and location within
the tunnel, surrounding rock lithology, hazard manifestations, rock mass quality, preferential seepage pathways, and surface
topography, all of which were evaluated for their influence on hazard occurrence. In the Dayaoshan No. 1 Tunnel, monitoring
instruments were installed to obtain six months of continuous rainfall and water pressure data, which facilitated an investigation
of their correlations. The findings indicate that poor rock mass quality, intense rock weathering, concentrated heavy rainfall,
runoff-converging topography, and subsurface preferential seepage pathways are critical contributors to water-related hazards
in tunnels. The water pressure response to rainfall demonstrates both temporal lag and spatial variability, with a lag time of
approximately 3—7days in this case. Moreover, drainage blockages were found to sustain elevated water pressure levels. Based
on the case study, the formation of tunnel water-related hazards can be generalized into three sequential stages: (1) continuous
heavy rainfall induces rapid infiltration through preferential pathways; (2) drainage system failure maintains high water
pressure; and (3) prolonged high water pressure ultimately leads to structural damage.

Keywords: water-related hazards, operational highway tunnels, rainfall-water pressure monitoring, hydrogeological
investigation

1. INTRODUCTION

Operational highway tunnels in water-rich regions are highly susceptible to water-related hazards, particularly
in areas characterized by abundant groundwater resources and karst topography. Intense rainfall often induces
abrupt increases in groundwater pressure, seepage, and even sudden water inrush events (Li et al., 2015; Wang et
al., 2019), posing substantial challenges to both tunnel safety and long-term maintenance(Wu et al., 2024). These
risks are further aggravated during the summer rainy season, when extreme precipitation can raise groundwater
pressures by several hundred kilopascals within just a few days (Li et al., 2023; Lin et al., 2019). Under such
circumstances, tunnel operations may be disrupted, maintenance costs escalate sharply, and failures can result in
not only severe economic losses but also major safety threats (Wang et al., 2022; Zhang et al., 2024).

Previous studies have attempted to classify water-related hazards in tunnels. For example, categorized water
and mud inrush disasters into three types: karst-related, fault-related, and others (Li et al., 2018). Karst-related
hazards involve dissolution fractures, caves, conduits, and underground rivers. Fault-related hazards include water-
rich faults, water-conducting faults, and water-blocking faults. Other causes are associated with intrusion contacts,
interlayer fractures, and differential weathering.

1 PhD student, Yubo Luo, Central South University, No. 932 Lushan South Road, Changsha, China, luo.yubo@csu.edu.cn

2 Professor, Junsheng Yang, PhD, Central South University, No. 932 Lushan South Road, Changsha, China, jsyang@csu.edu.cn

3 PhD student, Qi He, Central South University, No. 932 Lushan South Road, Changsha, China, 254801041@csu.edu.cn.

4 Senior Engineer, Zhiheng Zhu, PhD, Guangdong Hualu Transportation Technology Co., Ltd., No. 399 Congyun Road, Guangzhou, China,
zzh8207@163.com

5 Master student, Youcai Tan, Central South University, No. 932 Lushan South Road, Changsha, China, 1623455719@qq.com


https://doi.org/10.46793/ACUUS2025.3.11.162

19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

During tunnel operation in karst regions, common issues such as lining cracks and water leakage are frequently
observed (Fan et al., 2024). In severe cases, these can escalate into mud inrushes and collapses (Fan et al., 2018).
Karst conduits and large faults near tunnel alignments often result in elevated water pressures, sediment
accumulation, and large-scale inrushes (Ou et al., 2024).

The direct mechanism underlying such hazards is typically the buildup of external water pressure behind the
lining exceeding its load-bearing capacity, ultimately leading to structural damage (Fan et al., 2024). Based on
numerical analyses, the internal and external causes of tunnel water-related hazards are identified as the geological
conditions of the tunnel zone and extreme weather conditions, respectively.(Ma et al., 2022). For instance, when
atunnel intersects a water-rich fault, excavation disturbance substantially increases the probability of water-related
hazards during operation (Peng et al., 2020). Lithology, adverse geological conditions, groundwater level,
geomorphology, stratal inclination, lithological contacts, and fissure development have been identified as
important indices for hazard risk evaluation (Wang et al., 2016). Similarly, rock solubility, geological structures,
surface catchment capacity, and hydrogeological conditions have been highlighted as critical factors in the sudden
occurrence of water inflows in karst tunnels (Zhao et al., 2024).

In monsoon climate zones such as Guangdong Province, China, rainfall is highly seasonal, with the majority
concentrated in summer. Continuous heavy rainfall provides a substantial source of groundwater recharge (Lyu
and Yin, 2023). To address the resulting risks, quantitative groundwater monitoring systems within tunnels have
been established, allowing for in situ measurement of pore pressure and drainage to identify potential hydraulic
instabilities (Cokorilo Ili¢ et al., 2019). Improved methods for sensor precision and wireless transmission in
complex tunnel environments have been developed, enabling real-time monitoring of water pressure,
displacement, and stress (Wang et al., 2021). The acceleration of rainfall infiltration through subsurface seepage
pathways further complicates tunnel stability. In karst regions, conduit flow demonstrates both laminar and
turbulent regimes. While turbulent flow dominates under high-intensity rainfall, significantly affecting the seepage
field, laminar flow largely governs the drainage recession process (Chang et al., 2015). Moreover, increases in
conduit diameter within certain ranges enhance the overall drainage capacity of tunnels (Gao et al., 2024).

Despite these advances, a comprehensive understanding of the mechanisms underlying water-related hazards
in operational highway tunnels remains limited. The concealed nature of the subsurface environment, coupled with
variability in lithology, joint development, and groundwater networks, complicates the study of subsurface seepage
pathways and their contributions to hazard development (Gouy et al., 2024; Pardo-Iglzquiza et al., 2012). This
challenge is especially pronounced in operational tunnels, where seepage pathways may evolve over time,
extending into deeper strata.

Therefore, long-term field monitoring in operational tunnels—particularly through synchronized
measurements of rainfall, pore pressure, and drainage—is essential. Such monitoring not only quantifies the lag
between surface precipitation and water pressure response within the tunnel, but also provides a means to assess
the performance of drainage and waterproofing systems under real operational conditions.

In this study, hydrogeological investigations were carried out in six operational highway tunnels in Guangdong
Province, China, and a six-month continuous monitoring program was implemented in a representative tunnel. By
capturing and analyzing the rainfall-water pressure—drainage sequence, this study identifies the temporal delay in
water pressure response and evaluates the risks posed by hydraulic loads during drainage system failures.
Ultimately, the study aims to clarify the complete process from rainfall to hazard occurrence in operational
highway tunnels and to summarize the mechanisms underlying these water-related hazards.

2. HYDROGEOLOGICAL INVESTIGATION OF TUNNEL HAZARDS
2.1. Overall Location

The geographical locations of the tunnels investigated for hazards are shown in Figure 1. All six surveyed
tunnels are located within Guangdong Province, China (Fig. 1(a)), and are twin-tube separated expressway tunnels.
Among them, Chalinding Tunnel, Egongji Tunnel, and Shiyashan Tunnel are situated in the mountainous western
region of Guangdong Province, while Dayaoshan No. 1 Tunnel, Dayaoshan No. 3 Tunnel, and Zhongshanding
Tunnel are located in the mountainous northern region of Guangdong Province, as shown in Fig. 1(b). Fig. 1(c-e)
illustrates the specific location of each tunnel within the district-level administrative divisions. Tunnels (1)-(3) are
situated along the Guangzhou-Kunming Expressway, and Tunnels (4)-(6) are located on the Lechang-Guangzhou
Expressway.
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Figure 1. The geographical location of the investigated tunne

2.2.  Statistical Characteristics of Hazards
The longitudinal geological profiles of the left tubes of Chalinding Tunnel and Dayaoshan No. 1 Tunnel are
presented in Fig. 2, with the locations of identified hazards clearly annotated.

In Chalinding Tunnel, several hazard locations were documented. At LK123+959.5-971.5, the sidewall
experienced lining bulging and cracking in 2012. The section LK124+392-433 developed a full-length
longitudinal crack with a maximum length of 12 m on the sidewall in 2020, an area adjacent to a geophysical
anomaly zone. Within LK125+005-050, the drainage ditch suffered a water and mud inrush in 2014. Seismic
imaging at this location revealed 23 karst development zones and one structural fracture zone nearby. At
LK125+270, the vehicular cross-passage experienced significant water leakage in 2013, followed by recurring
drain-hole blockages in 2019, 2021, and 2022. A nearby solution cavity was also identified.

In Dayaoshan No. 1 Tunnel, key hazard-related features were observed. Near the left tube entrance, a solution
cavity developed both laterally and vertically. Approximately 20 m into the cavity from the entrance, the invert
elevation decreases by about 8 m, and groundwater is present at the bottom. Within a 500 m radius of the entrance,
thirteen surface subsidences were recorded, suggesting a potential link to hazards in this area. Near the tunnel’s
fault zone, joint fissures are highly developed and contain abundant fissure water. On the surface above the tunnel,
five major gullies act as runoff channels, and a small reservoir is situated on a hilltop approximately 650 m from
the tunnel exit.

The regional topography and contour maps for all six tunnels are shown in Fig. 3. Hazards were consistently
observed near gully lines. In Zhongshanding Tunnel, four of five documented hazards were located within karst
collapse zones. Fig. 3 further indicates that hazards were significantly less frequent beneath hilltops compared
with foothills, where the majority were concentrated.

Based on the hydrogeological investigation across the tunnel group, the characteristics of 36 hazard points
were statistically analyzed. This analysis integrated tunnel inspection records, regional elevation maps, and
longitudinal profiles. For each hazard point, information was compiled on tunnel burial depth, surrounding rock
grade, lithology, hazard manifestation, position within the tunnel, nearby preferential seepage pathways, and
corresponding surface topography. These data are summarized in Table 1.

Fig. 4 presents categorized statistics for all hazard characteristics. Regarding burial depth (Fig. 4a), 88.9% of
hazards occurred at depths exceeding 50 m, with 12 buried deeper than 150 m. This indicates that the groundwater
pressures causing tunnel damage are generally modest (Luo et al., 2024). This distribution pattern, together with
the findings in Fig. 4f, suggests a close association with preferential seepage pathways. The statistical results for
hazard location within the tunnel (Fig. 4b) show that the majority occurred at the crown (15 cases) and pavement
(11 cases), while others were distributed on sidewalls, construction joints, drainage ditches, and cross-passages.

Analysis of lithology and weathering degree (Fig. 4c) revealed sandstone (17 cases) and siltstone (14 cases) as
the dominant rock types in hazard zones, while limestone accounted for only 5. Slightly to moderately weathered
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rocks were most prevalent. Physical weathering processes such as freeze—thaw cycles, thermal expansion—
contraction, excavation unloading, and root wedging fracture the rock and create new fissures, thereby increasing
pathways for groundwater flow. Chemical weathering, including carbonate dissolution, increases porosity and
generates new pores. Both processes enhance hydraulic conductivity. Although more weathered rocks generally
show a higher probability of hazards, the deep burial (>50 m) of most hazard points in this study correlates with
less-weathered rock masses compared with near-surface zones (as shown in Fig. 2a). Consequently, hazards in
highly weathered rock masses were rare, accounting for only 5.6% of the total.

The statistics for hazard manifestation (Fig. 4d) indicate that crack seepage was the most common phenomenon
(50%), followed by water leakage (38.9%). Four severe cases involved structural damage and water/mud inrush.
Concerning surrounding rock grade (Fig. 4e), rock masses worse than Grade IV accounted for 80.5% of hazards.
Poorer rock quality correlates with fragmentation, porosity, and joint development, all of which increase hazard
probability.

Investigation of preferential seepage pathways near hazard points (Fig. 4f) showed that more than half were
associated with such pathways. In areas with well-developed joints or fault belts, fractures provide efficient
conduits for surface water infiltration. In water-rich and Kkarst terrains, these pathways accelerate the rise of
groundwater levels following rainfall, while storage structures maintain locally elevated water pressures.

Finally, the analysis of surface topography above hazard locations (Fig. 4g) revealed that 75% corresponded
to catchment structures. Specifically, 8 hazard sites were located beneath depressions, 21 beneath valleys or
ravines, and 8 beneath sinkholes, karst collapse depressions, or funnels. Several sites corresponded to more than
one converging topographic feature.
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Figure 2. Geological profile of tunnels. (a) Chalinding Tunnel (left line). (b)Dayaoshan No.1 Tunnel (left line).
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Figure 4. Statistical results of tunnel water-related hazards characteristics

3. HYDROLOGICAL MONITORING
3.1.  Monitoring Program

All six tunnels investigated in this study are located within a subtropical monsoon climate zone. Under the
influence of this climate, rainfall is highly seasonal and concentrated in the summer months. Investigation results
show that most tunnel water-related hazards occur between May and September, coinciding with the peak rainfall
period. To further analyze the triggering mechanisms of these hazards, a comprehensive hydrological monitoring
system was installed at the Dayaoshan No. 1 Tunnel. At the LK36+265 section of the left tube, four piezometers
were installed, and one rain gauge was deployed on the ground surface near the tunnel exit. The instrument layout
is illustrated in Fig. 5(a).

The configuration of the piezometers is shown in Fig. 5(b). Four vibrating-wire piezometers were installed at
specific positions: the overtaking lane side ditch, the overtaking lane sidewall, the slow lane side ditch, and the
slow lane sidewall. An automated data acquisition and wireless transmission system was employed to enable
continuous monitoring. The installation procedure is illustrated in Fig. 5(c). A borehole approximately 4 cm in
diameter and 2.5 m deep was drilled at each designated location. Sand was first placed at the bottom of the hole,
followed by the piezometer. The borehole was then backfilled with sand to a depth of approximately 1.2 m,
overlain by a 0.7 m thick bentonite layer, and finally sealed with cement mortar grout.

Dayaoshan No. 1 Tunnel adopts a unidirectional drainage slope. The tunnel cross-section and its waterproofing
and drainage system are presented in Fig. 6. Circumferential and longitudinal drainage blind pipes were installed
outside the tunnel lining, with circumferential pipes spaced at 20 m intervals. Water collected by these pipes was
conveyed through transverse pipes into the side ditches and subsequently discharged from the tunnel. The rain
gauge, shown in Fig. 5(e), is equipped with a piezoelectric sensor and powered by a solar panel mounted at the
top.
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3.2.  Monitoring Results

The Chinese rainfall intensity classification standard defines seven levels of precipitation based on 24-hour
cumulative rainfall: drizzle (<0.1 mm), slight rain (0.1-9.9 mm), moderate rain (10.0-24.9 mm), heavy rainfall
(25.0-49.9 mm), rainstorm (50.0-99.9 mm), heavy rainstorm (100.0-249.9 mm), and extremely heavy rainstorm
(>250 mm). During the six-month monitoring period, a series of intense rainfall events were recorded, including
two extremely heavy rainstorms, ten heavy rainstorms, eleven rainstorm events, and twenty heavy rainfall events,
as shown in Fig. 7.

A six-month continuous monitoring campaign of rainfall and water pressure in the Dayao Mountain No. 1
Tunnel was conducted from April 1 to September 30, 2024. Figure 7 presents the rainfall-water pressure
monitoring results at section LK36+265 of the tunnel. Among the four piezometers installed within this section,
the one located on the sidewall of the passing lane failed to provide valid data due to malfunction. Under frequent
heavy rainfall conditions, a total of 21 distinct water pressure rise intervals were identified by the remaining three
piezometers, each of which was consistently preceded by consecutive rainfall events. The longest continuous water
pressure increase occurred at monitoring point (1), located in the side ditch of the slow lane. Following four
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consecutive days of rainfall not less than the Rainstorm grade and two additional days reaching the Extremely
Heavy Rainstorm grade, the water pressure began to rise from the fifth day onward. This increase lasted for eight
consecutive days, during which the water pressure rose from approximately 0 to 34.2 kPa, yielding a net increment
of 32.2 kPa. The largest water pressure increment was recorded at monitoring point (3), located in the side ditch
of the passing lane. After three consecutive days of rainfall not less than the Rainstorm grade, the water pressure
began to increase on the fourth day, reaching a cumulative increment of 58.6 kPa within five days.

Before July 2024, the overall trend at all three monitoring points showed a gradual rise in water pressure.
Following rainfall-induced pressure increases, the water pressure decayed slowly. Inspection revealed that
drainage pipes in the tunnel were partially clogged. After cleaning and dredging the drainage pipes and ditches in
early July, the water pressure began to decrease progressively. These observations indicate a strong correlation
between surface rainfall and water pressure increases in the tunnel, with a noticeable lag effect. During extended
dry periods, water pressure gradually declined to nearly zero, suggesting that effective tunnel drainage maintained
the groundwater level below the tunnel floor. Conversely, during consecutive rainfall events, infiltration from the
ground surface recharged the subsurface, raising the surrounding groundwater level and thereby elevating the
water pressure around the tunnel, which in turn increased the risk of water-related hazards.

To further characterize the temporal lag in water-pressure response to rainfall, a statistical analysis was
conducted on the daily pressure increment within successive days after rainfall events. Because Spearman’s rank
correlation coefficient (p) is a non-parametric measure that captures monotonic (including non-linear) associations
between variables (Xue et al., 2023; Yin et al., 2018), it was adopted to quantify the relationship between rainfall
and water-pressure changes. For each of the three monitoring locations—slow lane drainage channel, slow lane
side wall, and overtaking lane drainage channel—the daily water-pressure change on days 1-7 following rainfall
was computed. Rainfall intensity was stratified into four groups: >0 mm day™! (all events), >10 mm day' (moderate
rain or above), >25 mm day! (heavy rain or above), and >50 mm day! (rainstorm or above). For each rainfall
group and each post-event day, Spearman’s p between daily rainfall h (mm) and the daily water pressure change
Ap (kPa) was calculated:

Zn:(Rhyi -R, )(RApyi - IiAp)

i=1

p=—T= = - 1)
— \2 —
\/Z(Rh,i - Rh) \/Z(RAp,i - RAp)
i=1 i=
_ 1
R, = HZ Rh,i 2
i=1
_ 1<
Ra :Hg Rupi ®3)

On the basis of Fig. 8, the lagged influence of rainfall on water pressure does not extend beyond seven days;
accordingly, n=7 was adopted.

The distribution of Spearman’s p across lag days is shown in Fig. 9. For all three locations, the peak Spearman
correlation occurs within the >10 mm day™ subset. Within this subset, the slow lane drainage channel exhibits its
largest p on days 6—7; the slow lane side wall peaks on day 3; and the overtaking lane drainage channel peaks on
days 3-4. Hence, after rainfall events of at least 10 mm day™', the most pronounced lag in water-pressure response
at these three sites is approximately 6—7 days, 3 days, and 3—4 days, respectively.
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Figure 8. Rainfall- Water Pressure Monitoring Results. (a) Slow lane drainage channel. (b) Slow lane side wall. (c)
Overtaking lane drainage channel.
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Figure 9. Time lag distribution of water pressure.

4. ANALYSIS OF INFLUENCING FACTORS AND DISCUSSION

Based on hydrogeological investigations and monitoring data, the factors and processes contributing to water-
related hazards in operational highway tunnels in water-rich areas are summarized in Fig. 10. Under the combined
influence of climatic, geological, and drainage conditions, the development of such hazards can be divided into
three main stages:
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(1) Initial stage:
During this phase, continuous heavy rainfall occurs at the surface, and a significant rise in water pressure
typically follows three to five days of persistent torrential rain (Fig. 9). Part of the rainfall infiltrates directly
through surface soils and rock layers, while the remainder converges into runoff in valleys and gullies (Fig. 2b).

(2) Infiltration stage:

Rainfall or surface runoff infiltrates through preferential seepage pathways. In karst regions, surface features
such as sinkholes or swallow holes may exist. Subsurface carbonate rocks undergo physical and chemical
dissolution, forming caves and conduits that connect the surface to the subsurface. These conduits often exceed 10
cm in diameter (Wang et al., 2020), and caves can range from several meters to tens of meters in scale. In non-
karst regions with highly weathered rocks (Fig. 4c), strata commonly exhibit well-developed joints and fractures,
allowing rainfall to infiltrate as fracture flow into deeper layers. Fault zones function similarly, as tectonic fault
planes provide natural underground pathways for surface water infiltration. Surface collapses induced by erosion
may also create small depressions or pools, where rainwater either infiltrates or evaporates. Ultimately, surface
water accumulates in low-lying areas, forming wetlands or draining into rivers.

(3) Tunnel Impact stage:

In operational highway tunnels, drainage systems are generally designed to discharge infiltrating water
completely, thereby maintaining the natural water table below the tunnel level (Fig. 8). However, due to variable
forms and rates of seepage, infiltrated water eventually reaches the tunnel vicinity after different durations, leading
to a rapid rise in water pressure. If waterproofing and drainage systems perform effectively and the discharge
capacity matches the rate of groundwater rise, the water pressure decreases gradually and returns to a stable level.
By contrast, if the waterproofing system fails (e.g., due to damaged waterproof boards or clogged drainage pipes
caused by sediment or crystallization), or if extreme short-term rainfall combined with preferential pathways (e.g.,
karst conduits) causes groundwater levels to rise faster than the designed drainage capacity, water pressure around
the tunnel remains elevated for extended periods. This sustained high-pressure environment may induce leakage,
water and mud inrush, structural cracking, or even failure within a short timespan.

Given the concealed nature of groundwater seepage, numerous research challenges remain. On one hand,
detecting subsurface seepage pathways through field investigation or predicting their behavior using stochastic
methods can help clarify groundwater flow mechanisms and guide targeted measures for sealing channels and
intercepting surface water. This reduces rapid inflow near tunnels and enhances operational safety. On the other
hand, under well-characterized hydrogeological conditions, theoretical calculations and numerical simulations can
be employed to analyze the rainfall-groundwater seepage—tunnel response process over large regions. Such
analyses enable quantification of the complete sequence from rainfall to water pressure increase and subsequent
reduction, and help evaluate the impacts of different seepage pathways on operational tunnels. By leveraging
quantitative data, the mechanisms of water-related hazards can be investigated in greater depth.

Rainfall

Surface
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Figure 10. Progress of Tunnel Hazards



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

5. CONCLUSION

(1) Hydrogeological investigations of six operational expressway tunnels revealed that water-related hazards
occur most frequently beneath valley lines or topographic depressions. Their occurrence is strongly correlated with
surface topography and the presence of subsurface preferential seepage pathways. These hazard-prone locations
are typically associated with highly weathered rock, poor surrounding rock conditions, and intensively karstified
or water-rich zones.

(2) Monitoring of rainfall and water pressure demonstrated a strong correlation between increases in tunnel
water pressure and short-term, continuous heavy rainfall events. The water pressure response to rainfall exhibited
a clear time lag, generally exceeding two days, with the lag duration influenced by rainfall intensity, rainfall
duration, geological conditions, and drainage capacity. Specifically, for the slow lane drainage channel, slow lane
side wall, and vertaking lane drainage channel in this case, the most pronounced lag after rainfall events of >10
mm/day was approximately 6-7 days, 3 days, and 3—4 days, respectively.

(3) The formation of tunnel water-related hazards follows a distinct sequence: rainfall infiltration through
preferential pathways, the build-up of sustained high water pressure around the tunnel, and subsequent hazard
development. Failures of waterproofing and drainage systems were found to significantly amplify the risk of such
hazards.
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