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ABSTRACT: The coupling of extensive metallic components within utility tunnels significantly complicates the earth-entry and disper-
sion pathways of cable short-circuit fault currents. This study focuses on a conventional three-compartment utility tunnel to guarantee
steady and dependable operation of transmission lines. An integrated grounding system model with a concrete shell, vertical grounding
electrodes, and grounding busbar bonding was constructed under various soil-resistivity conditions. The effects of bonding distance,
vertical grounding electrode arrangement, and resistivity of the concrete shell on the grounding resistance, ground potential rise, touch
voltage, and step voltage were methodically investigated by parametric simulations using CDEGS software. The findings indicate that
an appropriate grounding grid spacing can significantly improve the electrical properties of the grounding system, whereas excessive
density diminishes these advantages owing to the reciprocal coupling. The incorporation and deepening of the vertical grounding elec-
trodes significantly diminished the ground resistance and ground potential rise. As the resistivity of the concrete shell increased, both the
equivalent electrical parameters and surface potential gradient increased markedly. Research has shown that the interaction between the
grounding network in utility tunnels and the adjacent soil influences fault-current dispersion pathways. This study provides a reference
for optimizing the design of grounding systems for utility tunnels.

1. INTRODUCTION

Urban subterranean utility tunnels, which are essential for
contemporary city infrastructure, are pivotal in new urban-

ization strategies. By consolidating telecommunications, water
supply, drainage, and other utility lines within a single subter-
ranean space, the efficiency of urban spatial resource utiliza-
tion is markedly improved [1, 2]. The “multi-line co-chamber”
configuration not only bolsters the integrity and coordination
of urban infrastructure but also offers distinct benefits in aug-
menting overall disaster resistance and increasing urban land-
scape aesthetics. This has become a crucial component in the
development of contemporary smart cities.
Nevertheless, the complex underground spatial structure and

dense metal components of underground utility tunnel ground-
ing systems produce significantly different fault current disper-
sion paths compared to traditional above-ground substations in
the design and operation of these systems. This unique environ-
ment has the potential to result in abnormal ground resistance
and uneven ground potential distribution, which can directly
imperil the safety of maintenance personnel by causing step and
touch voltages to exceed safety limits [3]. Consequently, con-
ducting focused research on the characteristics of the grounding
current dispersion is of substantial practical value in the context
of ensuring the safe operation of utility tunnel power systems.
Currently, scholars predominantly use the finite element

method, hemispherical electrode models, and resistive network
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models to conduct in-depth analyses of stray current distribu-
tion patterns and corresponding protective measures [4]. Char-
alambous et al. introduced the concept of stray current leak-
age rate to comprehensively investigate the current distribu-
tion under multiple influencing factors [5, 6]. Bortels et al.
investigated the characteristics of leakage currents using an
extended field theory model [7], whereas Cerman et al. con-
ducted stray current distribution modeling and analysis from
the resistive network perspective [8]. Simultaneously, interna-
tional research has concentrated on the corrosion effects of stray
currents, utilizing electrochemical methodologies to assess the
durability of reinforced concrete structures and to create dy-
namic prediction models that are based on multi-physics cou-
pling [9–11]. Substantial advancements have been made in do-
mestic research. Yin et al. conducted research on the detection
and protection of stray currents in the subways [12–14]. The
influence patterns of transition resistors on stray currents were
validated by Zhu et al. using CDEGS software [15]. In recent
years, there has been a growing trend in research that priori-
tizes multi-factor coupled analysis. For example, Zhuang et al.
investigated the degradation mechanisms of concrete under in-
tricate environmental conditions by investigating the combined
effects of stray currents and salt-freeze cycles [16].
Regarding current research on grounding systems for ca-

ble tunnels and gas-insulated transmission line (GIL) tunnels,
Song et al. analyzed the impact of grounding resistance and con-
nection configurations on cable fault overvoltage [17]. How-
ever, their study was based on a lumped parameter model and
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did not thoroughly investigate the spatial influence of complex
tunnel structures on fault current dissipation paths. Li et al.
proposed a computational model for the electromagnetic cou-
pling between GIL conductors and their enclosures [18]. How-
ever, this model was primarily intended for electromagnetic
transient calculations and did not address the physical field
distribution of the grounding grid or the specific assessment
of personnel safety indices in a multi-medium environment.
Tang et al. conducted a comprehensive study on the influence
of GIL utility tunnel structures on the electrical characteristics
of grounding systems [19]. Yet, their work was limited to a
single-compartment GIL utility tunnel and did not extend to the
analysis of multi-compartment urban utility tunnels. Similarly,
the team led by Fan investigated the grounding characteristics
of transmission pipelines in mountainous regions with high soil
resistivity, but their conclusions are applicable only to that spe-
cific geographic terrain [20].
In summary, current research primarily focuses on the

grounding characteristics of surface substations and traditional
single-compartment cable tunnels. While some studies have
explored the electrical properties of GIL utility tunnels, they
are largely confined to single physical structures or rely on the
simplified assumptions of uniform, semi-infinite soil space.
However, urban underground utility tunnels possess a unique
“multi-compartment” physical structure. The compartments
are isolated by concrete shells that exhibit shielding effi-
cacy, and the interiors are densely distributed with metallic
components, such as support brackets and grounding busbar.
This complex multi-medium environment, which constitutes
a “soil-concrete-metal network”, results in fault current
dissipation paths and current shunting coefficients that are
fundamentally distinct from those of traditional direct-buried
cables or single-compartment tunnels. Existing simplified
models fail to accurately characterize the combined impact
of the concrete shell’s resistivity variations and the intricate
internal equipotential bonding network on ground potential
distribution. Consequently, systematic research into the dissi-
pation mechanisms of such large-scale, complex underground
systems remains insufficient.
Therefore, to systematically analyze this complex structure,

this study focuses on a typical urban three-compartment utility
tunnel. We have constructed a refined simulation model that
incorporates the concrete shell, the electrically continuous re-
inforcement network, and the interconnection relationships of
various metallic components. In contrast to previous studies
that focused solely on single structures, this work conducts a
systematic analysis of the grounding system’s electrical charac-
teristics. Furthermore, we place a particular emphasis on quan-
tifying the impact of key structural parameters on grounding
resistance and surface potential gradients (i.e., touch and step
voltages). We focus specifically on factors that have received
limited attention in earlier literature, including the resistivity of
the concrete shell, the interconnection topology of metal com-
ponents, and the cross-bonding spacing of grounding busbars.
By revealing the current dissipation mechanisms under multi-
factor coupling, this study aims to provide clear quantitative
guidance and engineering recommendations for the optimized

design of large-scale grounding systems in multi-compartment
utility tunnels.

2. COMPREHENSIVE UTILITY TUNNEL MODEL AND
GROUNDING SYSTEM MODELING

2.1. Structure of a Typical Three-Compartment Integrated Util-
ity Tunnel
The research subject of this investigation is a typical three-
compartment utility tunnel. The 1-km-long tunnel has an ex-
ternal width of 8m and an overall height of 4.05m, and is
buried 3m below ground level. The concrete shell was com-
posed of a 0.4m-thick top slab, a 0.45m-thick bottom slab,
and 0.4m-thick side walls. The walls were internally rein-
forced with 16mm-diameter structural reinforcing steel. The
compartments are the locations of communication cables, low-
voltage cables, and high-voltage cables, metal brackets (C-
channel steel) that are affixed to the sidewalls to ensure that
all cables are securely connected to the compartment’s ground-
ing busbar. Figure 1 illustrates a schematic cross-section of the
utility conduit.

FIGURE 1. Schematic cross-section of utility tunnel.

The grounding system primarily employs a natural ground-
ing body created by a structural reinforcing steel. This body
is composed of a bottom slab, side walls, and top slab rein-
forcement, which are reliably interconnected to form a three-
dimensional closed network. This network was equivalent to a
dense grid electrode. In each compartment, two copper ground-
ing busbars (50mm × 4mm) were installed at the top corners
(ceiling-wall junctions). Internal jumpers were installed at reg-
ular intervals within the compartments, and jumpers were in-
stalled between adjacent compartments. At least two ground-
ing leads connect the structural steel ring grounding network
to both extremities of the grounding busbar. Equipotential
bonding with the top copper grounding busbar was achieved
by the primary structural steel ring network approximately ev-
ery 100m. This creates a continuous, low-resistance grounding
network with clearly defined equipotential relationships by in-
corporating structural reinforcing steel, metal brackets, metal
conduits, grounding busbars, and necessary outerring conduc-
tors. This enables the rapid dissipation of fault currents into the
Earth and results in a more uniform surface potential distribu-
tion, thereby reducing the touch voltage and step voltage.
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FIGURE 2. Overall schematic diagram of the utility tunnel grounding
system.

FIGURE 3. Partial schematic representation of utility tunnel.

2.2. Modeling and Parameter Configuration of Grounding Sys-
tems
A three-compartment utility tunnel grounding system model
was developed using CDEGS, as shown in Figure 2, based on
previously specified structural conditions. A partial schematic
of the utility tunnel model is shown in Figure 3 for enhanced
clarity and intuitiveness. In the modeling process, the struc-
tural reinforcing steel mesh was divided into equidistant grids
to define the corresponding grid electrode characteristics. Sig-
nificant attention has been directed towards considering themu-
tual impedance and mutual inductance between adjacent main
bars aligned in the same direction, as well as between the sup-
plementary ring-shaped flat steel/copper grounding busbars in-
stalled along the line, owing to their influence on the current
distribution and surface potential gradients. To optimize the
current dispersion, the horizontal space between the superim-
posed artificial grounding electrodes or outer ring conductors
was maintained at a minimum of 5m to mitigate shielding ef-
fects and improve the uniformity of the current distribution.
Natural grounding bodies, specifically structural reinforc-

ing steel, are represented as cohesive equipotential networks
comprising the grounding busbars, outer ring conductor, and
grounding leads. Designated equipotential connection sites and
test points were developed to regulate connection resistance and
continuity. The parameters for conductors are delineated as fol-
lows: grounding busbar, jumpers, and grounding leads utilize
50mm×4mm rectangular copper grounding busbar; the diam-
eter of the primary structural reinforcing steel is 16mm. Con-
cerning connection organization, the compartments grounding
the busbar utilize equidistant bonding and establish connectiv-
ity between neighboring compartments. At intervals of approx-
imately 100 meters along the route, the copper grounding bus-
bar at the upper bend is interconnected with the structural re-

inforcing steel ring network to establish equipotential bonding.
It establishes a continuous, low-resistance grounding network
with uniform potential distribution along the entire pathway.
Based on the aforementioned three-compartment integrated

utility tunnel model, a 10 kA short-circuit excitation current is
applied at the initial section of the high-voltage cable to simu-
late a fault condition, thereby calculating the electrical charac-
teristic parameters of the grounding system. This study primar-
ily investigates the impact of the concrete shell and the complex
internal structures of utility tunnels on the electrical characteris-
tics of the grounding systemwithin complex underground envi-
ronments, under the condition of a constant short-circuit current
magnitude.

3. THE IMPACT OF VARIED SOIL CONDITIONS ON
ELECTRICAL CHARACTERISTIC PARAMETERS

3.1. Impact of Soil Resistivity
The soil conditions in underground utility tunnels significantly
affect the trajectory and magnitude of the fault current distribu-
tion [21]. High-resistivity soils markedly increase the ground
potential rise, directing fault currents to discharge largely
through metallic components. In contrast, low-resistivity soils
enable a wider current distribution, diminishing the current
density at specific locations while potentially enlarging the
impacted region. Consequently, in the design of grounding
systems and stray current prevention, it is imperative to
incorporate soil survey findings to judiciously choose the con-
figuration and materials of grounding electrodes. Enhanced
insulation or cathodic protection methods must be employed
under high-risk soil conditions to provide optimal protection
efficacy [22].
To examine the influence of different soil resistivity condi-

tions on the electrical properties of the grounding systems, the
following subsequent critical parameters were defined: the dis-
tance between the metal bracket was established at 20m; the re-
sistivity of the concrete shell was determined to be 2000Ω ·m;
and soil resistivities were sequentially assigned values of 50Ω ·
m, 100Ω·m, 200Ω·m, 300Ω·m, 500Ω·m, and 1000Ω·m. The
span of the grounding busbar was set to 100m. A simulation
analysis was performed on the grounding resistance, touch volt-
age, step voltage, ground potential rise of the complete ground-
ing system considering, and the influence of soil resistivity on
current dispersion. The findings are summarized in Table 1.
The electrical characteristics of the grounding system for ur-

ban underground utility tunnels are substantially influenced by
variations in the soil resistivity, as evidenced by the data pre-
sented in Table 1. The grounding resistance increased from
0.0963Ω to 1.5587Ω as the soil resistivity progressively in-
creased from 50Ω · m to 1000Ω · m, a rise that exceeded 15
times. In tandem, the ground potential increased from 894.509
to 15312V, which is an approximately 16-fold increase. This
suggests a distinct negative correlation between the perfor-
mance of the grounding system and the soil resistivity.
The touch voltage increased from 294.535 to 4037.642V,

while the step voltage increased from 27.201 to 391.454V in
terms of voltage distribution. Elevated soil resistivity substan-
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TABLE 1. Electrical property parameters under varied soil conditions.

Soil resistivity/Ω ·m Ground resistance/Ω Step voltage/V Touch voltage/V Ground potential rise/V
50 0.0963 27.201 294.535 894.509
100 0.1773 47.126 539.509 1673.611
200 0.3309 98.300 949.565 3162.950
300 0.4832 114.015 1195.871 5089.179
500 0.7929 180.551 1824.510 7718.116
1000 1.5587 391.454 4037.642 15312

TABLE 2. Parameters for each layer in the new stratification.

Serial Number Stratification Thickness/m Resistivity/Ω ·m Relative Permittivity
1 air layer ∞ 1× 1018 1
2 road surface 0.1 3000 6
3 topsoil layer 2.4 180 9
4 deep soil layers ∞ 300 20

tially amplifies surface potential gradients, thereby adversely
affecting system operational safety, as evidenced by these in-
creases, which exceed 13-fold and 12-fold, respectively. In
terms of current diffusion behavior, lower soil resistivity en-
ables a more uniform dispersion of current through deeper soil
layers, resulting in the formation of broader, low-impedance
current paths. This assists in the reduction of the grounding
resistance and suppression of the surface potential rise. In
contrast, current diffusion is restricted by high soil resistivity,
which results in current concentration and exacerbated poten-
tial gradients. Consequently, the influence of soil resistivity
must be meticulously evaluated during the development and
optimization of utility tunnel grounding systems. Prioritizing
the selection of low-resistivity areas or the implementation of
resistivity reduction measures to improve the current dispersion
efficiency and safety performance of the system should be pri-
oritized when conditions allow.

3.2. Impact of Soil Stratification

The critical component that guarantees long-term durability and
overall structural stability during the actual construction pro-
cess is the reinforced concrete box structure of utility tunnels,
which includes the base slab, side walls, and roof slab. Addi-
tionally, the tunnel structure is typically encircled by backfill
soil or in-situ soil layers, with the upper section typically cov-
ered by a road structure system that frequently includes con-
crete pavement or cement-stabilized pulverized stone base lay-
ers. In electrical characteristic analysis, these materials can
be utilized as high-resistance covering layers owing to their
high electrical resistivity. Consequently, the concrete structural
layer and its adjacent soil must be regarded as stratified media
during the grounding and potential distribution analysis. Con-
sidering the aforementioned factors, structural data, and soil
conditions of a particular utility tunnel project, the schematic
diagram depicted in Figure 4 was created.

FIGURE 4. Schematic diagram of stratified soil.

The thickness, resistivity, and relative permittivity of each
layer were determined after refining the soil into distinct strata.
The data presented in Table 2 are utilized for the simulation
analysis. Tables 2 and 3 illustrate a comparison between the
original data and the results obtained. Furthermore, while the
thickness and resistivity of soil layers do exert a certain influ-
ence on the electrical characteristic parameters, they are not
elaborated upon in detail here.
The layered soil model is in accordance with engineering

realities, as evidenced by the data in Table 3. The electrical
characteristics of the grounding system were generally slightly
elevated when layering was not considered. Adopting the lay-
ered soil model results in a 5.16% reduction in the ground resis-
tance from 0.1550Ω to 0.1470Ω compared to the non-layered
model. Additionally, the ground potential rise decreased from
1520.299 to 1453.494V, a 4.39% reduction. The layered struc-
ture’s ability to suppress surface potential gradients and im-
prove system safety is evidenced by the 12.21% and 16.69%
decreases in step voltage and touch voltage, respectively, in
terms of safety metrics.
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TABLE 3. Comparison of electrical characteristic parameters before and after soil stratification.

Ground resistance/Ω Step voltage/V Touch voltage/V Ground potential rise/V
Unstratified 0.1550 35.527 310.296 1520.299
Stratification 0.1470 31.189 258.517 1453.494
Percentage

Change Rate%
−5.16% −12.21% −16.69% −4.39%

TABLE 4. Effect of resistivity of concrete shell on electrical characteristic parameters.

Resistivity of concrete
shell/Ω ·m

Ground
resistance/Ω

Step
voltage/V

Touch
voltage/V

Ground
potential rise/V

1000 0.1698 42.251 470.709 1613.244
2000 0.1773 47.126 539.509 1673.611
3000 0.1831 50.792 576.034 1726.268
5000 0.1936 56.834 840.159 1830.424
8000 284.603 284.603 2697.378 2063.224

The current distribution pattern in the original homogeneous
medium is altered by the layered soil from the perspective of
current diffusion pathways, resulting in fault currents prefer-
entially diffusing along low-resistance layers. This enhances
grounding efficacy by optimizing the current dispersion path.
The results suggest that the integration of soil stratification
characteristics into the design of utility tunnel grounding sys-
tems facilitates a more precise evaluation of system perfor-
mance and establishes a dependable foundation for engineering
safety design.

4. THE EFFECT OF CONCRETE STRUCTURAL SHELLS
ON ELECTRICAL CHARACTERISTIC PARAMETERS

4.1. Effect of Resistivity of Concrete Shell
The interface impedance through which the fault current cou-
ples from the internal grounding network to the surrounding
soil is determined by the concrete exterior of the utility tunnel,
which is a covering layer connected in series with the soil. The
resistivity of the concrete shell ranges from 102–104 Ω ·m as a
result of the moisture content in the adjacent soil environment
and the mix proportions [23].
This variation affects the surface potential gradient and

equivalent path length of the current entering the soil. To
investigate the influence of concrete shell resistivity on the
electrical characteristics of the grounding system, simulation
calculations were conducted under the following conditions: a
soil resistivity of 100Ω · m and a grounding busbar bonding
interval of 100m. The specific results are listed in Table 4.
Figure 5 presents a schematic diagram of the concrete shell
model.
The electrical characteristics of the utility tunnel ground-

ing system are substantially influenced by changes in the re-
sistivity of the concrete shell, as indicated by the simulation
data presented in Table 4. The grounding resistance increased

FIGURE 5. Concrete shell model diagram.

by 27.4% from 0.1698Ω to 0.2164Ω as the concrete shell re-
sistivity increased from 1000Ω · m to 8000Ω · m. Conse-
quently, the ground potential rise increased from 1613.244V
to 2063.224V, indicating a 27.9% increase. The touch voltage
increased from 470.709V to 2697.378V, a 473.1% increase,
while the step voltage surged from 42.251V to 284.603V, rep-
resenting a 573.6% increase, in terms of safety metrics. This
illustrates that the surface potential gradients are substantially
amplified by high-resistivity concrete structures, which have
severe adverse effects on system safety.
The concrete shell is a critical medium, through which fault

currents penetrate soil from the perspective of current diffu-
sion pathways. Currents are compelled to concentrate more
intensely along metallic pathways, such as grounding busbars,
because of an increase in their resistivity, which impedes lat-
eral current diffusion. This results in a heightened local cur-
rent density, which exacerbates the surface potential gradients
and increases the grounding resistance. According to the re-
search findings, the resistive characteristics of the concrete
shell must be thoroughly considered when grounding systems
are designed for utility tunnels. The overall current dispersion
efficiency and safety performance of the system can be im-
proved by optimizing material selection or structural design to
control its resistivity.
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TABLE 5. Effect of adding vertical ground electrodes on electrical characteristics parameters.

Vertical ground
electrode spacing/m

Ground
resistance/Ω

Step
voltage/V

Touch
voltage/V

Ground
potential rise/V

No additions 0.1773 47.126 539.509 1673.611
1000 0.1695 38.594 479.655 1597.189
200 0.1668 38.582 453.075 1590.748
100 0.1655 38.020 430.815 1579.056
50 0.1642 37.798 415.655 1570.451

(a)

(b)

FIGURE 6. Vertical grounding electrode installation. (a) Front view. (b) Side view.

4.2. Effect of Adding Vertical Ground Electrodes

In utility tunnels, the spatial distribution and dissipation of
fault currents can be considerably enhanced by the installation
of vertical grounding electrodes, in addition to the horizontal
grounding grid and equalization strip, in the grounding system.
Vertical grounding electrodes penetrate high-resistance back-
fill layers or concrete casings to access deep, low-resistance
soil strata. This effectively expands the effective grounding
cross-section, reduces the equivalent ground resistance, and
distributes the current density near the surface by providing
multiple depth-dependent pathways for current entry into the
ground.
In practical engineering, it is common for multiple vertical

grounding electrodes to be arranged in groups and connected
in parallel to a horizontal grid. Deployment of these devices is
prioritized in areas with a high concentration of equipment, cor-
ners, and current injection points. Mutual interference effects
are suppressed through rational control of the electrode length
and spacing, resulting in a more optimal equilibrium among
“current dispersion, voltage equalization, and resistance reduc-
tion”. Figure 6 illustrates the simulated arrangement of per-
pendicular grounding electrodes. To investigate the influence
of the number of vertical grounding electrodes on the electrical
characteristics of the grounding system, simulation calculations
were conducted under the following conditions: a soil resistiv-
ity of 100Ω · m, a concrete shell resistivity of 2000Ω · m, and
a grounding busbar bonding interval of 100m. The specific re-
sults are presented in Table 5.

The electrical characteristics of the utility tunnel grounding
system were considerably enhanced by the addition of verti-
cal grounding electrodes and their spacing settings, as indi-
cated by the simulation data in Table 5. The system ground-
ing resistance decreased steadily from 0.1773Ω to 0.1642Ω as
the spacing between the vertical electrodes progressively de-
creased from 1000m to 50m, compared to the baseline con-
dition without vertical grounding electrodes. This represents a
cumulative reduction of 7.4%. Subsequently, the ground po-
tential surge decreased from 1673.611 to 1570.451V, which
is equivalent to a 6.2% decrease. The step voltage decreased
from 47.126 to 37.798V, representing a 19.8% decrease in the
safety metrics. A 22.9% decrease was observed in the touch
voltage, which plummeted from 539.509V to 415.655V. This
illustrates the successful suppression of the surface potential
gradients achieved by the vertical grounding electrodes.
The introduction of vertical grounding electrodes alters the

original horizontal-dominant current dispersion pattern by pro-
viding a low-resistance channel for fault currents to diffuse
into deeper soil layers from the perspective of current diffusion
pathways. The current density near the ground surface is effec-
tively reduced by the “three-dimensional” dispersion structure,
which also directs the current distribution vertically, thereby
reducing the grounding resistance of the system. As a result,
the step voltage and touch voltage levels were significantly en-
hanced. The rational configuration of vertical grounding elec-
trodes in the design of utility tunnel grounding systems is an
effective technical measure to improve the current dispersion
efficiency and safety performance of the system.
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TABLE 6. Influence of the bridging distance of the grounding busbar in the same compartment on electrical characteristic parameters.

Grounding busbar
bridge distance/m

Step
voltage/V

Touch
voltage/V

Ground
potential rise/V

200 47.540 544.835 1688.760
100 47.126 539.509 1673.611
80 46.709 522.901 1650.601
50 43.641 423.714 1622.166
20 43.021 416.915 1570.436

5. EFFECT OFMETAL BONDING IN UTILITY TUNNELS
ON ELECTRICAL CHARACTERISTIC PARAMETERS

5.1. Impact of Grounding Busbar Bonding
The formation of closed circuits through interconnected metal
components in the electrical design of utility tunnels can ef-
fectively improve the fault current dispersion. Nevertheless,
the number of loops increases, resulting in a greater number of
copper bus cross-connections and connection points, which, in
turn, substantially increases the costs of material and construc-
tion. Consequently, the design must rationally plan the layout
and density of the current dispersion paths to achieve a balance
between safety and economy.
To investigate the influence of the grounding busbar bond-

ing interval on the electrical characteristics of the grounding
system, simulation calculations were conducted under the fol-
lowing conditions: a soil resistivity of 100Ω · m, a concrete
shell resistivity of 2000Ω · m, without the installation of ver-
tical grounding electrodes. The objective was to determine an
appropriate bonding interval. The specific results are listed in
Table 6.
Based on the simulation data provided in Table 6 and Fig-

ure 7, variations in the bonding interval of the grounding busbar
within the compartment significantly influence the electrical
characteristics of the utility tunnel’s grounding system. As the

FIGURE 7. Effect of cross-bonding spacing between grounding busbars
within the same compartment on grounding resistance.

bonding interval is progressively reduced from 200m to 20m,
the grounding resistance exhibits a continuous downward trend,
decreasing from 0.1779Ω to 0.1587Ω. Concurrently, the effi-
cacy of resistance reduction is progressively enhanced as the
interval shortens. From the perspective of resistance reduction
performance, the 20m interval achieves an 11.83% reduction
compared to the 200m scenario. Notably, the improvement is
most pronounced within the range of 80m to 50m. This indi-
cates that a rationally selected bonding interval can effectively
optimize the performance of the utility tunnel grounding sys-
tem.
The ground potential rise also exhibited a downward trend,

decreasing from 1688.760 to 1570.436V, a 7.0% reduction.
The step voltage decreased from 47.540V to 43.021V in terms
of safety metrics, a 9.5% decrease. The touch voltage ex-
perienced a substantial decrease, dropping from 544.835 to
416.915V, resulting in a 23.5% reduction. This illustrates the
efficacy of decreasing the jumper distance to enhance the sur-
face potential distribution.
The formation of a denser grid-like current dispersion net-

work is facilitated by the appropriate reduction in the bonding
distance from the perspective of current dispersion pathways.
This optimizes the grounding performance by promoting the
uniform, multi-path diffusion of fault currents. The system ob-
tains an optimal balance between the current dispersion effi-
ciency and engineering economics within a bonding distance
range of 50–80m, according to the research findings. This is
an essential reference for the design of the grounding busbars
in integrated utility pipelines.

5.2. Impact of Grounding Busbar and Main Structural Reinforc-
ing Steel Bonding
To investigate the influence of the bonding interval between
the grounding busbar and the main structural reinforcement on
the electrical characteristics of the grounding system, simula-
tion calculations were conducted under the following condi-
tions: a soil resistivity of 100Ω · m, a concrete shell resistiv-
ity of 2000Ω · m, and a grounding busbar bonding interval of
100m, without the installation of vertical grounding electrodes.
The objective was to determine an appropriate bonding interval.
The specific results are listed in Table 7.
Based on the simulation data presented in Table 7 and Fig-

ure 8, variations in the bonding interval between the ground-
ing busbar and the main structural reinforcement significantly
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TABLE 7. Impact of grounding busbar and main structural reinforcing
steel bonding on electrical characteristic parameters.

Crossover
distance/m

Step
voltage/V

Touch
voltage/V

Ground
potential rise/V

1000 47.126 539.509 1673.611
200 44.378 526.288 1657.208
100 43.641 520.461 1644.061
50 42.511 514.218 1626.201
20 41.884 495.183 1592.910

influence the electrical characteristics of the utility tunnel’s
grounding system. As the bonding interval is progressively
reduced from 1000m to 20m, the grounding resistance ex-
hibits a continuous downward trend, decreasing from 0.1773Ω
to 0.1702Ω. Concurrently, the efficacy of resistance reduction
within the grounding system progressively improves as the in-
terval shortens. From the perspective of resistance reduction
performance, the 20m interval achieves an improvement of ap-
proximately 5.44% compared to the 1000m scenario. This indi-
cates that shortening the bonding interval between the ground-
ing busbar and the main structural reinforcement is conducive
to enhancing the overall resistance reduction performance of
the grounding system.
A dense conductive network is formed by the close con-

nection between the grounding trunk and the primary struc-
tural reinforcing steel from the perspective of current disper-
sion pathways. This promotes uniform current diffusion by pro-
viding additional low-resistance paths for fault currents to flow
through. Structural reinforcing steel becomes more actively in-
volved in the current dispersion process as the bonding distance
decreases, thereby expanding the dispersion range and optimiz-
ing system performance. Research suggests that the safety and
dispersion efficiency of the grounding system can be substan-
tially improved by restricting the bonding distance to approxi-
mately 20m.

FIGURE 8. Effect of spacing between grounding busbar andmain struc-
tural reinforcing steel on grounding resistance.

6. CONCLUSION

This paper systematically investigates the current dissipation
mechanism and influencing factors of urban underground three-
compartment utility tunnels under short-circuit conditions. By
establishing a refined integrated model that combines struc-
tural reinforcement, internal metallic components, and the con-
crete shell within a stratified soil environment, this study quan-
tifies the impact of key parameters on the grounding system
and safety indices. Consequently, the following conclusions
are drawn:
(1) The simulation results quantify the high sensitivity of the

utility tunnel’s grounding performance to soil resistivity. Both
grounding resistance and Ground Potential Rise (GPR) exhib-
ited an order-of-magnitude increase as soil resistivity rose from
50Ω ·m to 1000Ω ·m. However, compared to the uniform soil
model, the stratified soil scenarios demonstrated a reduction in
these electrical parameters, validating the enhanced current dif-
fusion capability facilitated by low-resistivity layers in the deep
soil.
(2) The concrete shell functions as a critical resistive barrier

that impedes current diffusion. Increasing the shell resistivity
from 1000Ω ·m to 8000Ω ·m resulted in a significant increase
across all electrical characteristic parameters. This indicates
that a high-resistivity shell intensifies the shielding effect, in-
hibiting current dissipation into the surrounding soil and con-
straining fault currents within the internal metallic pathways.
This underscores the necessity of accounting for the concrete
shell in safety designs.
(3) Vertical grounding electrodes serve as effective channels

for penetrating high-resistivity concrete barriers. Reducing the
installation interval from 1000m to 50m resulted in reductions
of 19.8% and 22.9% in step voltage and touch voltage, respec-
tively. However, a saturation effect is observed with the in-
creased density of vertical electrodes. Due to the mutual shield-
ing effect, the marginal benefit diminishes as the spacing de-
creases further. Consequently, an installation interval of ap-
proximately 50m is recommended as the optimal configuration.
(4) The interconnection configuration of the internal ground-

ing busbars significantly enhances safety by establishing a
dense current dispersion network. Reducing the bonding in-
terval from 200m to 20m resulted in a reduction of step volt-
age and touch voltage by 9.5% and 23.5%, respectively. To
achieve a balance between cost-effectiveness and safety, it is
recommended that the bonding interval for grounding busbars
within the same compartment be set between 50m and 80m.
In summary, this study quantitatively analyzed the impact

of multi-medium coupling on electrical characteristics, reveal-
ing the significant roles of the concrete shell shielding effect
and layered soil. The findings indicate that vertical grounding
electrodes exhibit a saturation trend in resistance reduction at
approximately 50m and identify the optimal efficacy range for
grounding busbar bonding. Ultimately, this demonstrates that
topology optimization based on saturation principles is signif-
icantly more effective in enhancing system safety than the in-
discriminate increase of metal density.
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