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Abstract: To address the research gap in gas blast resistance of composite precast assembled
utility tunnels, this study investigates structural damage evolution and the mechanisms
influencing parameters through validated numerical simulations. A three-dimensional
numerical model, incorporating the Karagozian & Case (K&C) concrete damage model
and tie-break contact algorithm, was developed using LS-DYNA. The first validation
against composite precast concrete slab explosion tests confirmed the model’s reliability,
with displacement peak errors below 10%. The second validation focuses on the blast
resistance test conducted on an underground utility tunnel, revealing an error margin
of less than 10%. Results indicate that the utility tunnel exhibits a progressive failure
mode of “joint cracking-interface damage-midspan cracking” under explosive loads, with
stiffness degradation observed in joint regions at a loading pressure of 700 kPa. Increasing
the normal strength of the interface to 5 MPa suppresses 90% of interface delamination,
whereas completely neglecting interface strength results in a 9.0% increase in midspan
displacement. Concrete strength shows minimal impact (<2.5%) on displacement under
high loading conditions (>0.9 MPa), and increasing the reinforcement ratio from 0.44%
to 0.56% reduces displacement of the roof slab by 10.5%. These findings of address the
research gap in the gas explosion response of composite precast assembled utility tunnels
and could have significant implications for enhancing the disaster resistance of urban
underground spaces.

Keywords: blast resistance; composite precast assembled; utility tunnel; gas explosion;
interface strength

1. Introduction

With the rapid advancement of China’s urbanization, the efficient utilization of urban
underground space has become a critical factor in supporting sustainable urban devel-
opment. Underground utility tunnels, as an innovative form of municipal infrastructure,
are designed to achieve unified installation and intelligent management of various utility
lines—including water supply and drainage, electricity, and gas. These tunnels effec-
tively address urban problems such as “road zipper” syndrome and frequent pipeline
accidents, playing a vital role in enhancing urban operational efficiency and safety [1,2]. In
recent years, assembled construction has been widely applied in underground engineering,
significantly improving quality and efficiency through prefabrication and rapid on-site
installation [3]. Among these approaches, composite precast assembled structures, which
combine precast and cast-in-place methods, optimize construction duration while ensuring
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structural integrity and have gradually emerged as an important approach for underground
utility tunnel construction [4].

As an enclosed, elongated space, the utility tunnel exhibits significant differences in gas
explosion compared to conventional indoor environment. Gas concentration, gas volume,
and obstacle configuration are identified as the primary factors influencing explosion
loads. Studies indicate that methane mixtures under stoichiometric concentration (9.5%)
generate prominent explosion phenomenon in confined spaces [5,6]. Obstacles enhance
explosion overpressure by facilitating the transition from laminar to turbulent flame [7,8].
Additionally, a positive correlation exists between methane volume and overpressure [9].
For overpressure prediction, researchers have proposed both empirical equations and
artificial intelligence models that incorporate multiple factors [10,11].

In the study of dynamic response of tunnels under explosive loads, researchers have
conducted extensive investigations [12-14]. Shearer et al. [15] conducted a structural spec-
tral analysis using an equivalent single-degree-of-freedom method, revealing the coupling
effect between explosive loads and structural vibrations. Wang et al. [16] quantitatively
evaluated the deformation resistance of tunnel joints under varying constraints through
a rotation angle analysis. Huang et al. [17] developed a three-dimensional refined nu-
merical model to systematically analyze the dynamic response and blast resistance of
prefabricated framed tunnels under internal explosive loads; their work identified the key
parameters influencing structural resilience, including middle partition wall thickness and
stirrup spacing.

Current research on composite precast assembled utility tunnels primarily focuses on
static and seismic performance. Studies have demonstrated that these structures exhibit
favorable integrated mechanical performance; however, bottom joints remain susceptible to
flexural-shear failure, whereas shear-dominated failure is primarily observed at wall-plate
ends [18-20]. Investigations into seismic behavior indicate that these structures possess suf-
ficient ductility, though haunch regions and interfaces constitute critical vulnerabilities [21].
Recent advancements in numerical modeling, such as the Hybrid Finite-Discrete Element
Method (HFDEM), have been applied to fracture analysis in brittle materials, potentially
enabling more detailed characterization of structural failure mechanisms [22,23].

The existing research on blast resistance in utility tunnels has predominantly concen-
trated on cast-in-place structures, leaving the composite precast assembled tunnels under
explosion unexplored. Static and seismic testing have revealed that the new-to-old concrete
interface constitutes structural vulnerability, yet its performance under explosive loads
remains poorly characterized. Damage to the interface under blast loads could lead to a
significant reduction in the structural stiffness, thereby compromising the blast resistance.
Therefore, it is essential to investigate the failure modes and dynamic response of compos-
ite precast assembled utility tunnels subjected to blast loads. In this context, the present
study employs numerical simulation methods—validated by experiment—to systemati-
cally examine the mechanical characteristics of composite precast assembled utility tunnels
under gas explosion. The investigation focuses on the effects of key parameters, including
the peak pressure, interface strength at the new-to-old concrete, concrete strength, and
reinforcement construction, on the blast resistance of the structure. The findings aim to
provide a theoretical foundation for the blast-resistant design of such structural systems.

2. Numerical Modelling of Composite Precast Assembled Concrete
Utility Tunnels Under Intensive Dynamic Loadings

The reliability of numerical simulation is crucial for ensuring the accuracy and cred-
ibility of research findings. The model validation comprises two components: (1) blast
resistance tests of reinforced concrete composite slabs as conducted by Tian et al. [24] and
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(2) blast resistance tests of underground utility tunnels as conducted by Pan et al. [25].
The first test was selected for validation for two primary reasons: First, the test specimen
is reinforced concrete composite component, which has similarities with the composite
precast assembled utility tunnels. Second, the load characteristics employed in the test are
comparable to those of gas explosion in terms of temporal variations. The second test was
selected for its contextual relevance. The experimental subject is an underground utility
tunnel, which shares key characteristics with the composite prefabricated utility tunnel
in this study. These include exposure to blast loads, an underground burial environment
with surrounding soil, and symmetric and non-reflective boundary configurations. This
section presents a comparative analysis between the numerical results and experimental
data, focusing specifically on failure modes and displacement responses.

2.1. Overview of Blast Resistance Tests of Composite Slabs

The explosion tests on reinforced composite precast concrete slabs conducted by Tian
et al. [24] were performed under varying scaled distances. Three scaled distances (1.0, 0.8,
and 0.6 m/kg!/%) were achieved by adjusting the standoff distance of the explosive charges
(1.95m, 1.27 m, and 0.95 m). The test setup is illustrated in Figure 1.

500mm 500mm

P. S

300mm

Figure 1. Test setup [24].

The experimental specimens consisted of a prefabricated layer and a cast-in-place layer,
with overall dimensions of 2400 mm x 1000 mm x 100 mm. Each layer had a thickness
of 50 mm, and inter-layer bonding was enhanced using truss steel reinforcements. The
detailed configuration is shown in Figure 2. Rebars with a diameter of 10 mm and a yield
strength of 448 MPa were used. The concrete used was of grade C30, with a standard
cylindrical compressive strength of 29.92 MPa.

1/3 was selected

In this study, the case corresponding to a scaled distance of 0.6 m/kg
as the case for validation. Displacement sensors were installed at the mid-span, one-quarter

span, and one-eighth span of the specimen, as indicated in Figure 3.

2.2. Material Model and Relevant Parameters

The explicit dynamic analysis software LS-DYNA R11.0 was employed for numerical
simulation in this study. It utilizes an explicit time integration algorithm and offers a
wide range of built-in material models, making it well-suited for accurately simulating the
nonlinear mechanical behavior and damage evolution of structures subjected to blast loads.
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Figure 3. Location of displacement sensors (Unit: mm).

2.2.1. Concrete

Given the complex mechanical behavior of concrete under explosive loads, the K&C
concrete damage model (*MAT_CONCRETE_DAMAGE_REL3) was adopted in this study
to capture the nonlinear characteristics of the structure. This model characterizes concrete
damage evolution through three failure surfaces, enabling the effective simulation of
dynamic response under high strain rate conditions.
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The failure process of concrete can be divided into three stages: elastic, plastic hard-
ening, and softening. In the K&C model, these stages are represented by the initial yield
surface, maximum failure surface, and residual surface, respectively [26]:

P
Aoy = _ 1
oy = agy + Ty + azyp 1)
A ag+— P o
A1m + aomp
P
Aoy = ———— 3
' ayy + axp ©)

where p denotes the pressure, and Aoy, Aom, and Aoy represent initial yield surface, maxi-
mum failure surface, and residual surface, respectively. Parameters ay;, 415, ap; are used to
define the shapes of these strength surfaces.

The deviatoric stress failure surface, based on the second invariant of the deviatoric

Ao = /3], 4)

where the second invariant of the deviatoric stress [, = (s% + S% + s%) /2; s1, sp and s3

stress tensor, is defined as follows:

represent the principal deviatoric stresses.

The plastic surface exhibiting strain hardening, which develops after the initial yield
surface is reached, can be obtained through interpolation between the initial yield surface
and the maximum failure surface. The expression is given as follows:

Ao = 17 (Aom — Aoy) + Aoy (5)

Similarly, the strain-softening failure surface was defined as an interpolation between
the maximum failure surface and the residual surface, specifically defined as follows:

Ao = 1(Aom — Aoy) + Aoy (6)

Surface interpolation is facilitated through processes of softening and hardening,
governed by an internal scaling variable 7 (referred to as the yield ratio factor). This variable
is controlled by the damage function A, which is calculated by the following expression:

p dep

0o T, P20
N 7)
p dep
)P p <0
(L+p/f)

where g, denotes the effective plastic strain, by and b, represent parameters characterizing
concrete hardening and softening behaviors, respectively, and f; indicates the tensile
strength of concrete under quasi-static conditions.

Considering the effects of high strain rate (100~1000 s 1) on concrete subjected to blast
load, a dynamic increase factor (DIF) is typically incorporated in the model. The DIF is
commonly defined as the ratio of the dynamic strength to the static strength at a given
strain rate. The DIF for the tensile strength is determined by the following equation [24]:

TDIF = {4 _ <‘ét‘°‘ - ®)
oo 1p(2)" a1
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where, & denotes strain rate, fiq represents the dynamic tensile strength at a strain rate of
&, and fs is the static tensile strength. The value of & is set to 1 x 1070571, lgB =60 —2,
0 =1/(1+48fcs/ fwn), and the reference compressive strength f is taken as 10 MPa.

The DIF for the compressive strength is determined by the following equation:

.\ 1.026a
cpiF = fed _ (8) ¢ < 2005 )
Jes &

where f.4 and f.s represent the dynamic compressive strength and static compressive
strength, respectively. ¢ denotes the strain rate of the material under dynamic loads; ¢ is
taken as 1072 s71; ag = 1/(5 + 9fcs/10). When the strain rate exceeds 200/s, the CDIF is
typically determined based on a strain rate of 200/s.

The material parameters of concrete used in this study are summarized in Table 1.
Based on the experimental results, certain automatically generated parameters were ad-
justed to more accurately represent the characteristics of this specific case [24].

Table 1. Key parameters involved in the K&C model.

Parameter Value Parameter Value
fc (MPa) 29.92 a 0.4463
oo (kg/ m?) 2400 ap (1/MPa) 0.0028
1% 0.19 ayg 0.4417
ft MPa) 2.88 agy (MPa) 6.4730
W (mm) 64 aly 0.6250
by 4.3 ays (1/MPa) 0.0041
by -1.6 agy (1 /MPa) 0.0089
ag (MPa) 8.5720

The keyword *MAT_ADD_EROSION is implemented as an element erosion criterion
to remove elements undergoing severe deformation, thereby enhancing the stability and
efficiency of numerical calculations [27-29]. In this study, a critical strain value of 0.13 is
adopted to reasonably approximate the damage evolution process of concrete.

2.2.2. Rebars

The *MAT_PLASTIC_KINEMATIC model is employed to simulate the elastoplastic be-
havior and strain rate effects of reinforcement. It effectively captures the dynamic response
of reinforcement by accounting for both isotropic and kinematic hardening characteris-
tics, incorporating the Cowper-Symonds constitutive relationship. The yield function is

. 1/P
&
1 —
* (C)

where ¢ represents the strain rate; C and P are characterized as the strain rate parameters;

expressed as follows [30]:

oy = (o0 + BEpely) (10)

0y is the initial strain strength; § is the hardening parameter; E, is denoted as the plastic
hardening modulus; and sgﬁ is the effective plastic strain. The parameters are summarized
in Table 2.

Table 2. Reinforcement material parameters.

Diameter/mm Po (kg/m3) E/GPa PR SIGY/MPa ETAN/GPa C (1/s) P FS
8 7850 200 0.3 448 2 40 5 0.14
14 7850 200 0.3 448 2 40 5 0.2
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Cast-in-place concrete

Precast concrete

In Table 2, pg represents the density; E denotes the elastic modulus; PR corresponds
to Poisson’s ratio; STGY is defined as the yield stress; ETAN characterizes the tangent
modulus; and FS represents the failure strain.

2.3. Geometric Model

Prior to establishing the numerical blast-resistant model of the composite precast slab
for validation, a three-dimensional model of the composite precast slab was developed,
as illustrated in Figure 4. The model consisted of a prefabricated reinforced concrete
composite slab and steel supports. A layered modeling approach was adopted, with
C30 concrete used for both the precast layer and the cast-in-place layer, each having a
thickness of 50 mm. The reinforcement was embedded within the concrete using the
keyword *CONSTRAINED_BEAM_IN_SOLID, which eliminates relative slip between
rebars and concrete.

Explosion Point
.

Support

Figure 4. Geometry of the slab.

In LS-DYNA, several methods can be utilized to model the interface between new
and old concrete. These methods primarily include tie-break contact models, cohesive
zone modeling (CZM), and contact algorithms that incorporate damage evolution within
the constitutive models of the concrete materials. CZM provides a realistic representation
of interface crack initiation and propagation, including mixed-mode failure and material
softening [31]. However, its implementation is complex, requiring identification of material
parameters like Gjc and Gpc. Moreover, the results are highly sensitive to mesh size,
potentially leading to increased computational costs [32].

In this study, the interface connection between the precast layer and the cast-in-place
layer is simulated using the keyword *CONTACT_TIEBREAK_SURFACE_TO_SURFACE.
By incorporating a stress failure criterion, it can effectively describe the bonding and failure
processes of the interface [33]. The failure criterion is defined by

|0n| ? |os| ?
>
(NFLS srs) =1 (1)

where 0, and o represent the normal stress and shear stress on the contact surface, respec-

tively; NFLS and SFLS denote the normal failure stress and shear failure stress, respectively.
When formula (11) is satisfied, the constraint between the contact surfaces is released,
thereby simulating the interface debonding phenomenon. The interface failure stresses
were defined as NFLS = 0.81 MPa and SFLS = 1.55 MPa, which had been calibrated against
experimental results from tests [24].

A cylindrical rigid body was employed to simulate the support, with the contact
relationship between composite slabs and support primarily defined using keyword *CON-
TACT_NODES_TO_SURFACE. The static and dynamic friction coefficients of the contact
surface were set to 0.3 and 0.2, respectively.

Considering both computational efficiency and accuracy, the keyword *LOAD_BLAST_
ENHANCED was employed. It is based on the CONWEP empirical formula, which
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provides accurate predictions of the pressure while maintaining high computational effi-
ciency [34]. In comparison, the direct load method, while simple to implement, struggles to
accurately simulate the propagation characteristics of blast waves. On the other hand, the
fluid-structure coupling method offers the highest accuracy but incurs prohibitively high
computational costs.

2.4. Numerical Model Validation

In the experiment, the TNT charge was positioned less than 1 m away from the slab,
resulting in predominantly unidirectional bending failure characteristics of the slab. A
comparison of concrete damage patterns between experimental and numerical results
is presented in Figure 5. The findings suggest that the numerical simulation effectively
captures the development of plastic damage, with crack distribution patterns showing
good agreement with experimental observations. However, differences of damage in the
support area may be attributed to the selection of support materials. In the experiment,
steel was used, whereas a rigid body material was adopted in the numerical model to
ensure effective boundary constraints. This discrepancy led to a comparatively higher
degree of localized concrete damage in the simulation.

B T i L e

T T
4o ?.'?'n ¥

(c) Damage Comparisonr of blast-lateral surface

Figure 5. Comparison of concrete damage between the test and numerical simulation. * The failure
diagram of the experimental slab was adapted from Figure 10 in reference [24].

Figure 6 presents the comparison of deflection-time history at points D1 and D5.
The experimental and simulated curves exhibit generally consistent trends, with peak
displacements occurring at t = 17.3 ms and t = 20.0 ms, respectively, corresponding to a
peak error of 9.8%. The agreement between experimental and simulated displacement
responses implicitly validates the strain rate sensitivity of both concrete and reinforcement
models, as discrepancies would arise if rate effects were misrepresented. The adopted DIFs
and Cowper-Symonds parameters align with widely accepted empirical ranges for concrete
and steel under blast loading. In addition, the erosion criterion aligns with experimental
failure thresholds and prior validated studies, ensuring accurate representation of concrete
damage without premature element deletion (Figure 5).
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Figure 6. Comparison of deflection-time history between test and numerical simulation.

However, reduced agreement was observed during the subsequent oscillation phase.
This discrepancy is attributed to energy dissipation caused by the finite stiffness of the
experimental supports during vibration-induced unloading effects. The limited stiffness led
to partial energy absorption, resulting in diminished oscillation amplitudes. This numerical
model accurately captures the dynamic response characteristics of reinforced concrete
composite slabs subjected to explosion loads.

The second validation task focuses on the blast resistance tests conducted on under-
ground utility tunnels. The boundary and loading methods in the numerical model were
established following the methodology outlined in reference [25]. For this validation, the
case CS16 in the reference was selected. Figure 7 compares the experimental and numerical
results, revealing an error margin of less than 10%, which demonstrates the high accuracy
of the numerical model.

2
2 Test
~ 1 ’g — — - Simulation
g
£ o] £
5 E
£ -1 &
§ Test =
—'% -2 — — - Simulation %
.2 2
[a) 31 -
<_
-4 T T T T . . -1 T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (ms) Time (ms)

(a) Displacement-time history of top slab (b) Displacement-time history of side slab

Figure 7. Comparison between test and numerical simulation in utility tunnel blast resistance test.
* The red points represent the corresponding positions of utility tunnel.

These results fully indicate that the numerical model not only successfully verifies the
mechanical response of prefabricated composite components under blast loads but also
exhibits strong validation capabilities for the overall blast resistance of underground utility
tunnel structures.

3. Performance of Composite Precast Assembled Utility Tunnels Under
Internal Gas Explosions
Based on the numerical model validation in Chapter 2, a three-dimensional nonlinear

numerical model was developed to investigate the dynamic response characteristics of
typical composite precast assembled utility tunnels under internal gas explosion loads.
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Through numerical simulations, the failure modes and dynamic responses of the tunnel
were thoroughly analyzed, with particular focus on the behavior of the interface. These
findings are expected to provide a foundation for the blast-resistant design of composite
precast assembled utility tunnels.

3.1. Numerical Model of Composite Precast Assembled Utility Tunnel

In this study, a single-chamber utility tunnel with an assembled composite slab struc-
ture was designed in accordance with the Technical Code for Underground Utility Tunnel
Engineering (GB 50838-2015 [35]). The structural configuration is shown in Figure 8. The
utility tunnel combines precast concrete with cast-in-place concrete, resulting in a total wall
thickness of 300 mm. The precast components consist of four main parts: the roof slab and
the base slab, each comprising 90 mm thick precast slabs, as well as two sidewalls, which
feature an outer thickness of 90 mm and an inner thickness of 60 mm.

3600
P14@150  L14@150
90 1,50 60 3000 60 15090 | — e —
o i IRPAVAVAN VAVANMT
o= é 722222222222 L Z N P8@300 i
=N .
S . 214@150
. Top slab . J 2@l (
| . P8@300
. . v
% % ®14@150
. o —~
o . I
= % — Inner side wall slab %
2 7
S . | e14@1s0
/ o —
% . .
7 Outer side wall slab . K
| . 1
. .
7 v
. ' .
| Cast-in-place area . P14@150 P8@300  L14@150
= t I P
N ) AT TAVAN
S
S
X

Figure 8. Dimensions and construction of the composite precast assembled tunnel (Unit: mm).
* Prefabricated components are represented by the shaded area, while the remaining sections are
indicative of cast-in-place concrete areas.

For the structural materials, C30 concrete is used in both the precast and cast-in-
place sections. The primary load-bearing reinforcement consists of HRB400 rebars with a
diameter of 14 mm, while the truss reinforcements are fabricated from HPB300 rebars with
a diameter of 8 mm.

A three-dimensional finite element model, incorporating the concrete structure, steel
reinforcement configuration, and surrounding soil was developed, as shown in Figure 9.
Due to the symmetric longitudinal structure of the utility tunnel and the uniform load
distribution, a representative 300 mm standard segment was modeled to strike a balance
between computational accuracy and efficiency.

SOLID164 hexahedral solid elements were used to model the soil and concrete compo-
nents, incorporating single-point reduced integration and stiffness hourglass control algo-
rithms to enhance computational precision. To simulate the steel reinforcement, BEAM161
beam elements were employed, which are based on the Hughes-Liu formulation.

To accurately simulate the interactions between structural components under ex-
plosion loads, the *CONTACT_ERODING_SURFACE_TO_SURFACE contact was em-
ployed at the soil-tunnel interface. This approach effectively models changes and dam-
age to the contact surfaces caused by explosive loads [36]. Additionally, the *CON-
TACT_TIEBREAK_SURFACE_TO_SURFACE contact type was utilized at the precast and
cast-in-place interface to accurately capture the bond—debond behavior.
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Ground

3000mm
Plain fill

3600mm
Sandy soil

2400mm
Pebble

Figure 9. Section diagram of composite precast assembled utility tunnel.

The model was simplified using 1/2 symmetry, with symmetric constraints applied to
the longitudinal direction plane, which was based on the tunnel’s long, straight geometry
and its classification as a plane strain problem [37]. The model assumes no displacement
constraints along the longitudinal direction for any cross-section.

This research focuses on the overall failure modes and dynamic responses of the
tunnel under internal gas explosion, so secondary loading effects from reflected waves
are excluded; thereby, non-reflective boundary was imposed on the outer surfaces of the
soil [38].

Based on existing experimental studies and simulation validations [16], the blast load
resulting from a gas explosion was approximated as a triangular loading pattern, with both
the pressure rise and decay times set to 50 ms and the peak pressure set to 500 kPa. The
explosion load and soil pressure were applied using the keyword *LOAD_SEGMENT_SET,
while the gravity was applied utilizing the keyword *LOAD_BODY. Load combinations
were analyzed in accordance with actual working conditions to reflect real-world opera-
tional scenarios.

3.2. Mesh Sensitivity Analysis

To ensure the reliability of the numerical model, a mesh sensitivity analysis was
conducted. Under a peak load of 500 kPa, the effect of mesh sizes (30 mm, 15 mm, 10 mm)
on the mid-span displacement of the tunnel roof slab was examined. The results indicate
that the displacements corresponding to the three mesh sizes were 8.1 mm, 7.2 mm, and
6.8 mm, respectively (as shown in Figure 10). Given that the displacement variation became
negligible (approximately 5.6%) when the mesh was refined from 15 mm to 10 mm, the
results effectively converged. Therefore, considering both computational accuracy and
efficiency, a mesh size of 15 mm was adopted for subsequent analyses. The entire model is
composed of 8091 beam elements and 352,640 solid elements.

[o) [ee)
! 1

Displacement (mm)
N

T T T T T T

0 15 30 45 60 75 90

Time (ms)

Figure 10. Mesh sensitivity analysis.
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3.3. Dynamic Response of Composite Precast Assembled Utility Tunnel

In this section, the dynamic characteristics of the composite precast assembled utility
tunnel under blast load are investigated by analyzing displacement, damage evolution,
and interface behaviors at critical locations. Three characteristic measurement points were
selected: P1 (center of the outer roof slab), P2 (center of the outer sidewall), and P3 (center
of the outer base slab), as illustrated in Figure 11.

P1

P2s

P3
Figure 11. Location of displacement in mid-span slab.

The deflection—time history is displayed in Figure 12. During the initial blast phase
(t <20 ms), all points exhibited similar rates of displacement growth. Subsequently, an
accelerated displacement growth rate was observed at P1, while P2 and P3 maintained their
original trends. After the blast load reached its peak (t = 50 ms), maximum displacements
of 7.2 mm, 3.5 mm, and 4.0 mm were recorded at P1, P2, and P3 at 67 ms, 54 ms, and
54 ms, respectively. Minor oscillations were observed before stabilizing during the rebound
phase, with residual displacements of 2.9 mm, 1.1 mm, and 0.7 mm recorded at P1, P2, and

P3, respectively.
8
Pl
_ P2
61
£ P3
5 4
=
g
229
2
0

0 20 40 60 80 100 120 140
Time (ms)

Figure 12. Deflection—time history of mid-span slab.

The key distinguishing feature between composite precast assembled utility tunnels
and cast-in-place counterparts lies in the structural integrity of the composite interfaces.
Damage to these interfaces not only degrades the mechanical performance of the structure
but also poses a risk of groundwater infiltration, which may introduce corrosive agents,
potentially accelerating the corrosion of steel reinforcement. To evaluate the risks of
interface delamination, three critical composite interfaces were selected for monitoring (as
shown in Figure 13). Since the tie-break contact modeling was employed to simulate the
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interface (illustrated in Figure 14), the displacement asynchrony at interface nodes was
used as an indicator to assess the severity of interface failure.

Figure 13. Three key interfaces.

Interfacel
(0-mm spacing)
>

Outer side wall slab Cast-in-place area

Figure 14. Nodes at the interface.

The evolution of normal relative displacements at three critical interfaces is shown
in Figure 15a. During the initial blast phase (t <20 ms), minimal normal relative displace-
ments were observed at the interfaces. After 20 ms, accelerated development of relative
displacement occurred across all interfaces, with interface 2 exhibiting the most pronounced
growth. Beyond 90 ms, further displacement increases were observed at Interfaces 1 and 2
during the rebound phase, suggesting that reciprocal vibrations might exacerbate interface
delamination. Residual normal relative displacements were observed across all interfaces,
indicating that slight plastic deformation may have occurred.

Distinct characteristics in tangential relative displacements are depicted in Figure 15b.
Shear displacements were initiated at Interfaces 1, 2, and 3 at 13 ms, 16 ms, and 19 ms,
respectively, with development rates exceeding those of normal displacements. Oscillatory
and reverse motions were observed to occur in Interfaces 1 and 3 before 100 ms, whereas
Interface 2 exhibited continuous growth throughout this period. After unloading, the
relative displacements gradually attenuate, but residual values are retained.

This analysis demonstrates that composite precast assembled utility tunnels exhibit
notable nonlinear dynamic characteristics under blast loading. Interface failures are pre-
dominantly observed during both the initial loading phase and the structural rebound stage.
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These findings provide critical insights into optimizing interface reinforcement strategies,
which should be prioritized in structural design to enhance overall performance.
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Figure 15. Deflection-time history of relative displacement at the nodes on the interface: (a) relative
displacement in normal direction; (b) relative displacement in tangential direction.

3.4. Damage Evolution of the Composite Precast Assembled Utility Tunnel

In this section, the effective plastic strain is utilized as an evaluation index to inves-
tigate the damage evolution of the composite precast assembled utility tunnel subjected
to gas explosion load. The effective plastic strain is proposed as a reliable indicator for
reflecting crack development in concrete, effectively capturing the progressive failure
mechanisms. The corresponding calculation formula is provided as follows:

e =e—/E (12)
where €0 represents the effective plastic strain; ¢; is the true strain; oy is the true stress; E
denotes the elastic modulus. In K&C concrete constitutive model, the effective plastic strain
was defined as follows [26]:

5 =2A/(A+Am) (13)

where A is the material damage factor; A denotes the critical damage factor indicating
the transition from hardening to softening phase. Based on the research findings of Wang
et al. [39], the primary damage zones in concrete can be effectively characterized when
1.8 <d<2.

The damage evolution process of the composite precast assembled utility tunnel under
blast load at different time stages is presented in Figure 16. Initial damage was observed at
the tunnel joints at 20 ms, characterized by horizontal cracks propagating from the inner
sidewall ends toward the outer sidewalls, accompanied by minor vertical cracks. By 30 ms,
mutually perpendicular horizontal and vertical cracks emerged at the lower joint, while
damage initiation was inferred at the inner sidewall ends of the upper joint, indicating
potential strain concentration at the interface between precast walls and cast-in-place
regions. At 40 ms, cracks began to appear along the tunnel length direction, approximately
150 mm from the inner sidewall ends, with the damage range continuing to expand at the
composite interfaces. By 50 ms, tensile cracks had formed in the mid-span region, and
vertically penetrating cracks developed outward from the upper joint. By 120 ms, crack
density significantly increased along the tunnel’s longitude direction in mid-span regions,
along with further development of penetrating cracks at joint locations.
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Figure 16. Concrete damage of composite precast assembled tunnel at different moments.

In conclusion, the damage evolution of composite precast assembled utility tunnels
under blast load is characterized by a “joint-initiated cracking-interface damage-mid-span
fracture” pattern, which appears to be primarily attributed to stress concentration effects at
joints and the stress transfer mechanisms at the interfaces. These findings may offer valuable
insights for guiding blast-resistant design strategies for composite precast assembled utility
tunnel structures, emphasizing that interfacial integrity should be prioritized in future
engineering practices.

4. Parametric Analysis
4.1. Peak Pressure of Blast Load

To investigate the failure characteristics and evolution patterns of composite precast
assembled utility tunnels under blast load, numerical simulations were conducted with
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blast loads incrementally increased within the range of 500-1500 kPa, based on the research
by Yan [40], with a load increment of 200 kPa.

The deflection—time history in Figure 17 indicates that the dynamic response process
of key tunnel components (roof slab, base slab, and sidewalls) can be categorized into
three characteristic phases: the shock response phase, stabilized vibration phase, and
free vibration phase. During the shock response phase, rapid deformation occurred in
components due to instantaneous blast load, with displacements exhibiting significant
nonlinear growth until reaching their maximum values. Higher peak pressures are observed
to correlate with increased displacement growth rates.
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Figure 17. Deflection—time history of mid-span slabs under different load.

In the stabilized vibration phase, quasi-steady-state vibrational characteristics emerged
near maximum displacements. This phenomenon can be attributed to dynamic equilibrium
between structural inertial forces and external loads, modulated by material damping
effects. Upon transitioning the free vibration phase, the structure exhibits reciprocal
oscillations driven by elastic restoring forces. These oscillations gradually attenuate as
displacement amplitudes diminish, eventually stabilizing at residual deformation states.

The analysis identified the roof slab as having the largest residual deformation, pri-
marily due to its relatively weaker boundary constraints compared to other components.
In contrast, the base slab and sidewalls exhibited smaller residual deformations, attributed
to their superior stiffness. Notably, under high-intensity load (>700 kPa), pronounced non-
linearity was observed in the roof slab’s displacement response. When the yield strength of
the rebars in the joint regions was reached, structural stiffness deteriorated abruptly, likely
preventing the displacement curves from stabilizing. This behavior indicates the initiation
of plastic damage and significant degradation in the structure’s blast resistance.
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As illustrated in Figure 18, the results indicate that the tunnel exhibits significant pro-
gressive failure characteristics. Under the load of 500 kPa, bending cracks were observed to
appear on the exterior of the tunnel roof, extending inward and potentially causing discon-
tinuities at the interface. A similar stress distribution was observed in the sidewall slabs,
with stress transmission discontinuities occurring at the interface. Additionally, orthogonal
cracks were identified in the joint region, further highlighting the stress concentration and
progressive damage in the structure.
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(d) 1100 kPa (e) 1300 kPa (f) 1500 kPa

Figure 18. Concrete damage of composite precast assembled tunnel under different pressure.

As the load increased to 700 kPa, the number and width of tensile and compressive
cracks on the roof and sidewall slabs were observed to increased. Several newly formed
cracks originated at the interface and propagated inward, with damage becoming more
pronounced at both ends of the inner sidewall. Upon reaching a load of 900 kPa, vertical
cracks developed in the cast-in-place region connecting the upper joint to the outer sidewall,
while pre-existing cracks extended further. At aload of 1500 kPa, through-thickness damage
emerged along a 45° direction at the lower joint, accompanied by severe damage at the
bottom of the inner sidewall. However, the damage in the connected cast-in-place region
remained relatively minor, indicating a significant stress discontinuity.

Two key characteristics are revealed by these failure modes of the composite precast
assembled utility tunnel under explosive load. First, the joint connection region is identified
as a weak zone. Second, the interface appears to influence the internal force transmission
path, resulting in discontinuous failure, which could reduce the overall blast resistance of
the structure.
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4.2. Composite Interface Strength

A critical feature of composite precast assembled utility tunnels is the presence of
the new-to-old concrete interface, the mechanical properties of which can directly influ-
ence the structure’s overall blast resistance. The strength of these interfaces primarily
consists of three components: chemical bonding, mechanical interlock, and rebar bridging
effects [41,42]. Specifically, chemical bonding arises from the mutual penetration of cement
hydration products at the interfaces, while mechanical interlock depends on the geometric
characteristics of the interface, and rebar bridging provides reliable shear resistance.

The interface strength is influenced by several factors: (1) concrete strength, where
higher strength is generally associated with improved interface performance; (2) interface
roughness, as appropriate levels of roughness can significantly enhance the mechanical
interlocking effect; (3) the application of interface adhesive layers, which have been shown
to improve the bonding performance of the interface [43]; and (4) strain rate effects, whereby
the interface strength increases under high strain rates [44,45].

To systematically investigate the potential impact of interface strength on structural
blast resistance, a layered parametric approach was employed to simulate interface behavior.
Specifically, three interface strength levels were used to represent plausible scenarios,
as follows:

(1) Low-strength interface: It is assumed that the interface is connected exclusively
through truss rebars, with the interfacial bond effect neglected.

(2) Medium-strength interface: This assumes the implementation of common interface
treatments typically used in practical engineering. A shear-slip constitutive model was
adopted to approximate the interface behavior.

(3) High-strength interface: A merge-node method is employed, assuming complete
continuity at the interface. This approach is proposed to serve as an upper limit of the
idealized connection of the interface.

According to the research conducted by Santos et al. [46], the tensile strength and shear
strength of concrete interfaces have been demonstrated to exhibit the following relationship:

NFLS = 0.1855 x SFLS (14)

This section systematically examines the blast resistance of composite precast assem-
bled utility tunnels under different interface strengths. The upper strength was selected
based on the research on interface strength at high strain rates [44]. The NFLS and SFLS
values are specified in Table 3.

Table 3. Parameters of interface strength.

Case NFLS (MPa) SFLS (MPa)
1 0 0
2 2.5 13.5
3 5 27.0
4 7.5 40.4
5 10 53.9
6 0 1)

As illustrated in Figure 19, the dynamic responses of the composite precast assembled
utility tunnel under a 1.5 MPa load can be categorized into three distinct stages based
on varying interface strengths. Firstly, the loading stage (0-50 ms): During this phase,
the displacements of the base slab and side slab were observed to increase linearly with
the load. Secondly, the peak response stage (50-100 ms): Stabilization of the side slab
displacements was noted, whereas the roof displacement continued to increase, albeit at a
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reduced rate. Displacement differences among the various interface strengths became in-
creasingly pronounced during this stage. Under the fully bonded condition, the maximum
displacement reached 24.5 mm, while the non-bonded interface exhibited a slightly higher
maximum displacement of 26.7 mm. All conditions attained their peak displacements at
approximately 93 ms. Thirdly, structural displacements decreased rapidly, accompanied
by oscillations. Lower interface strength demonstrated greater displacement attenuation,
prolonged oscillation durations, and increased residual displacements. These observations
suggest that interface strength could influence the overall structural stiffness.
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Figure 19. Deflection—time history of mid-span under different interface strength.

The analysis revealed that the interface strength between new and old concrete does
not significantly influence the displacement response of the composite precast assembled
utility tunnel. However, interface integrity was found to play a more critical role in deter-
mining the overall structural performance of tunnels. To further explore this, three critical
interfaces interacting with the surrounding soil (as defined in Section 3.3) were selected for
an investigation of their maximum normal and tangential relative displacements under
blast load. As shown in Tables 4 and 5, the results suggest that enhanced interface strength
effectively suppresses interface delamination. When interface normal strength reaches 5
MPa, the relative displacement tends to stabilize. Further strength increases beyond this
threshold yield diminishing returns in displacement control.

Table 4. Maximum relative displacement in normal direction (Unit: mm).

Maximum Relative Displacement in Normal Direction

NFLS (MPa)
Interface 1 Interface 2 Interface 3
25 0.035 0.040 4.120
5 0.016 0.013 0.009
7.5 0.003 0.010 0.009
10 0.002 0.008 0.004

Table 5. Maximum relative displacement in tangential direction (Unit: mm).

Maximum Relative Displacement in Tangential Direction

NFLS (MPa)
Interface 1 Interface 2 Interface 3
2.5 0.118 0.134 5.456
5 0.046 0.108 0.009
7.5 0.008 0.012 0.008
10 0.006 0.008 0.005
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The energy absorption capacity of the tunnel under different interface strengths can be
evaluated based on internal energy as a key indicator. The results, summarized in Table 6,
reveal that as the interface strength increases, the internal energy of the tunnel shows
a significant upward trend. This finding clearly demonstrates that insufficient interface
strength substantially reduces the overall energy absorption capacity, thereby weakening
its blast resistance.

Table 6. Internal energy of different interface strengths.

NFLS (MPa) 0 25 5 7.5 10 )
Internal energy (MJ) 5.38 5.58 5.91 5.99 6.09 6.09

4.3. Concrete Strength

To investigate the influence of concrete strength on the blast resistance of composite
precast assembled utility tunnels, a parametric analysis was conducted by varying the
cast-in-place concrete strength while keeping the prefabricated concrete strength and
other parameters constant. In accordance with engineering practices and relevant code
requirements, five concrete strengths (C30, C35, C40, C45, and C50) were selected for
comparative analysis. To ensure a comprehensive evaluation encompassing different
failure modes, three blast loads (0.5 MPa, 0.9 MPa, and 1.5 MPa) were applied.

The results are presented in Figure 20. Under low load levels (0.5 MPa), the maximum
displacement of the roof slab exhibited a decreasing trend as the concrete strength grade
increased. Specifically, when the concrete was increased from C30 to C50, the maximum
displacement decreased from 18.5 mm to 18.0 mm, corresponding to an approximate
reduction rate of 2.7%. These findings suggest that the influence of concrete strength on
structural deformation appears to be relatively limited during the elastic stage.
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Figure 20. Deflection—time history of roof slab under different concrete strengths.



Processes 2025, 13, 1621

21 of 26

Under medium (0.9 MPa) and high load levels (1.5 MPa), the displacement-time
history curves for concrete with varying strengths exhibited a high degree of similarity.
For the 1.5 MPa load condition, the maximum displacements of C30 to C50 concrete
were measured as 24.8 mm, 24.6 mm, 24.5 mm, 24.3 mm, and 24.2 mm, respectively,
and a maximum variation of only 2.4% was observed. These results suggest that, under
high blast loads, increasing the concrete strength has limited influence on mitigating
blast-induced deformation.

Notably, the limited marginal benefit of high-strength concrete under blast loads can
be attributed to two key factors: (1) High-strength concrete primarily enhances structural
performance in over-reinforced scenarios (where concrete crushing dominates), which was
not observed in this study, and (2) strain rate effects reduce the tensile dynamic increase
factor (TDIF) for higher-strength concrete. For instance, while increasing concrete strength
from C30 to C40 improves its static tensile strength (2.01 MPa to 2.20 MPa), the tensile
dynamic increase factor (TDIF) decreases from 8.05 to 7.04 under blast loading. This results
in a net dynamic tensile strength reduction of 7% (16.2 MPa to 15.5 MPa).

Figure 21 demonstrates the effect of varying concrete strengths on the energy absorp-
tion capacity of tunnels under three different loads. The results indicate that the energy
absorption of C30 and C35 concrete is relatively similar, showing minimal differences.
However, when the concrete strength increases to C40, a notable improvement in energy
absorption is observed. This enhancement becomes increasingly pronounced as the peak
pressure rises, suggesting that higher concrete strength (above C40) contributes more
significantly to energy absorption under higher blast load.
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Figure 21. Internal energy of tunnel under different peak pressure.

High-performance concretes, such as ultra-high-performance concrete (UHPC) rein-
forced with steel fibers, demonstrate significant potential for enhancing blast resistance due
to their superior tensile capacity and improved interface bonding. These properties can
effectively mitigate the failure modes observed in this study, such as excessive deformation
and delamination, as supported by prior research [47,48]. However, the practical adoption
of UHPC for blast-resistant applications faces challenges, including high costs as well as
limitations in existing design codes. Overcoming these barriers will require advancements
in cost-effective manufacturing techniques, the development of standardized guidelines,
and further research to validate its performance under extreme loading conditions.

4.4. Reinforcement Configuration
4.4.1. Reinforcement Ratio

The reinforcement configuration was identified as a critical factor influencing the blast
resistance of the composite precast assembled utility tunnel. As discussed in previous
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chapters, the side slabs and joints of the tunnel were recognized as critical stress-bearing
components. Preliminary analysis indicated that under a 1.5 MPa blast load, the side slabs
and base slabs exhibit minimal displacement, which can be attributed to the apparent
soil confinement effects. Accordingly, this section concentrates on examining the impact
of reinforcement ratios on the blast resistance of the roof slab. In accordance with code
specifications and engineering practices, reinforcement ratios of 0.44%, 0.56%, 0.69%, and
0.84% were selected for parametric analysis. Three load levels (0.5 MPa, 0.9 MPa, and
1.5 MPa) were applied, with the D/H ratio—defined as the ratio of maximum displacement
to section height—adopted as the primary evaluation metric.

As shown in Figure 22, under blast load levels of 0.5 MPa and 0.9 MPa, a significant
reduction in the D/H ratio—by 10.5% and 9.3%, respectively—was observed when the
reinforcement ratio was increased from 0.44% to 0.56%. However, further increases in the
reinforcement ratio resulted in diminishing suppression effects on displacement. This trend
can likely be attributed to the structure operating predominantly within its elastic working
state. At a higher load level of 1.5 MPa, the D/H ratio exhibited a more consistent linear
decreasing trend with increasing reinforcement ratios. Specifically, the D/H ratio decreased
by approximately 0.04 for every 0.1% increment in the reinforcement ratio.
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0.021
044 056 0.69 0.84

p (%)
Figure 22. Effect of reinforcement ratio on D/H under different loads.

4.4.2. Steel Reinforcement Strength

To assess the influence of rebar’s strength on the blast resistance of tunnels, four
strength grades (HRB235, HRB335, HRB400, and HRB500) were selected for comparative
analysis. The results, as illustrated in Figure 23, indicate that under the 0.5 MPa load
condition, the influence of increased reinforcement strength on structural displacement
was negligible. This can be attributed to the fact that the steel stress generally remained
below its yield strength at this stage. When the load increased to 0.9 MPa, the D/H
ratio decreased by 11% as the reinforcement strength was upgraded from HRB235 to
HRB335. However, further increases in reinforcement strength provided only marginal
improvements in displacement, indicating limited practical benefits from higher-grade
reinforcement under this load condition. At the 1.5 MPa load level, the D/H ratio exhibited
a nonlinear decreasing trend with increasing reinforcement strength, highlighting a more
complex relationship between reinforcement grade and displacement performance under
higher blast loads.
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Figure 23. Effect of reinforcement strength on D/H under different loads.

5. Conclusions

This study systematically investigates the blast resistance of composite precast assembled
utility tunnels through validated numerical simulations, leading to three principal findings:

(1) Progressive failure mechanism

The tunnel exhibits a characteristic three-stage failure sequence: (I) initial joint cracking,
induced by stress concentration at geometric discontinuities; (II) interface delamination,
resulting from bond-slip between the precast and cast-in-place layers; (III) the formation of
midspan penetration cracks, driven by the dominance of bending moments. This failure
progression underscores the critical vulnerability of joints and interfaces, emphasizing the
need for targeted structural reinforcement in these areas.

(2) Parametric analysis

Load intensity: As blast load increases (500-1500 kPa), the failure mode of composite
precast assembled utility tunnel is observed to transition from local bending to global
plastic damage. When the load exceeds 700 kPa, yielding of the rebars is observed in
the joint regions, accompanied by a pronounced reduction in structural stiffness and a
significant increase in residual displacement. These findings indicate that joints may serve
as critical zones for the degradation of blast resistance.

Interface performance: Enhancing the normal interface strength to 5 MPa results in
a 99.8% reduction in Interface 3 displacement (from 4.12 mm to 0.009 mm). Conversely,
complete interface decoupling leads to a 9.0% increase in midspan deflection by disrupting
the composite action. With interface strength increases, the energy absorption capacity of
the tunnel shows a significant upward trend.

Material properties: Variations in concrete strength (C30—C50) result in less than a
2.5% difference in displacement under loads exceeding 0.9 MPa, primarily due to the non-
over-reinforced scenarios and the influence of TDIF. However, increasing concrete strength
can enhance the energy absorption, particularly under high-level loads. Increasing the
reinforcement ratio from 0.44% to 0.56% reduces the D/H ratio by 10.5%. Additionally, the
displacement suppression effect of steel reinforcement strength grades (HRB235-HRB500)
becomes significant under high load conditions (1.5 MPa), with the D/H ratio exhibiting a
linear decreasing trend as the reinforcement strength increases.

(3) Design implications

The revealed failure mechanism highlights the importance of enhancing joint reinforce-
ment and implementing interface treatments (e.g., surface roughening to NFLS > 5 MPa by
using mechanical grooving with adhesive layers, for example). For roof slabs, a minimum
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reinforcement ratio of 0.56% is recommended to reduce midspan displacement by 10.5%,
while C40 concrete optimizes energy absorption under high loads. Applying a reduction
factor of 0.92 to resistance for composite precast assembled tunnels aligns calculations with
cast-in-place tunnels.

This research fills the knowledge gap in the blast response of composite precast
assembled tunnels, offering two main innovations: (a) the identification of the progressive
failure pattern in composite precast assembled tunnels; (b) quantitative characterization
of the interface effects on blast resistance. The findings advance the safety design of
prefabricated underground infrastructure in explosion-prone environments.

This study simplifies the numerical modeling by using a basic soil-structure interac-
tion model, excluding thermal effects, and omitting post-blast damage mechanisms. Future
research should address these limitations for a more comprehensive analysis. Environ-
mental effects, such as moisture ingress and repeated loading, which can significantly
impact interface durability and increase delamination risks, are also excluded and require
further investigation.
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