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Abstract: When subjected to external loads from the ground and nearby construction, tunnel segmental lining joints are prone 
to damaging deformation. This can result in water leakage into tunnels, posing great safety risks. With this issue in mind, we 
conducted a series of full-scale tests to study the effects of external loads on the waterproofing performance of longitudinal 
joints. A customized rig for testing segmental joints was developed to assess the effect of loading magnitude, eccentricity, and 
loading-unloading-reloading cycles on waterproofing performance. Additionally, the relationship between joint force, sealing 
gasket deformation, and waterproofing pressure was investigated. The results indicate that: (1) the sealing gasket’s compression 
rapidly decreases as external loads increase, which weakens the waterproofing capacity of the joint; (2) the watertightness limit 
dramatically decreases as the bending moment increases; (3) a loading-unloading-reloading cycle leads to degradation of the 
joint’s waterproofing performance. The findings of this study provide a reference for subsequent waterproofing design of 
segmental tunnel joints, helping ensure the safety of tunnels throughout their operational lifespans.
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1 Introduction 

Shield tunneling technology is extensively used 
in tunnel construction due to its efficiency and safety 
(Kasper and Meschke, 2006; Huang et al., 2021, 2024; 
Zhang et al., 2022a). However, precast concrete seg‐
ments form the majority of the tunnel linings, and many 
joints between them eventually become leakage chan‐
nels. As a result, tunnel leakage is commonly observed 
at longitudinal and circumferential segmental joints 
(Shen et al., 2014; Huang et al., 2018; Wu et al., 2020), 
as shown in Fig. 1. Water leakage is a long-term issue, 
and leakage-induced problems have become a signifi‐
cant concern in tunnel engineering (Zhou et al., 2021). 
Moreover, in low permeability soils, tunnel leakage 

creates a new drainage boundary, potentially resulting 
in ground and tunnel settlements (Zhang et al., 2015). 
In highly permeable soils, such as sands or silty sands, 
water leakage can lead to internal erosion, resulting in 
ground loss or adverse effects to the stress perfor‐
mance of the tunnel structure (Zhang et al., 2019; Li 
et al., 2021). These leakage-caused issues can reduce the 
safety of the tunnel during its operational life (Zheng 
et al., 2017; Zhang et al., 2022a).

The common understanding regarding waterproof‐
ing performance of tunnels is that the capability to pre‐
vent water leakage at joints mainly depends on sealing 
gaskets (Xu et al., 2016; Zhang et al., 2021a; Zhang 
DM et al., 2022b). However, environmental disturbances, 
such as surcharge or excavation above the tunnel, fre‐
quently occur in urban areas during the operation of 
segmental tunnels (Shalabi et al., 2016; Lin et al., 2022). 
Additionally, when subjected to unexpected external 
loads, segmental joints are susceptible to unfavorable 
deformations, which can lead to tunnel leakage (Wu 
et al., 2023). In particular, loading-unloading-reloading 
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cycles can cause degradation of the joint’s waterproof‐
ing performance. For instance, Chen et al. (2016) iden‐
tified possible water penetration passages, considering 
the influence of a large excavation in soft soils on 
nearby tunnels. Huang et al. (2017) demonstrated the 
loss of waterproofing at the waist joint of a tunnel due 
to an unexpected surcharge. Therefore, to ensure the 
safety and durability of tunnel structures in the face of 
adjacent disturbances, it is important to investigate the 
waterproofing performance of tunnel segmental joints 
under various external loads.

Sealing gaskets play a crucial role in preventing 
water leakage into tunnels. Numerous studies have 
been conducted on the gasket itself, including its mate‐
rial (Shen et al., 2014; Yang et al., 2018), aging mech‐
anism (Wang et al., 2021; Li et al., 2023), optimal place‐
ment (Petraroia et al., 2024), and form (Gong et al., 
2017; Zhang et al., 2018). Furthermore, several re‐
searchers have focused on the effect of adjacent con‐
crete segments on the sealing gasket in studying water‐
proofing performance. For instance, Shalabi et al. (2016) 
analyzed the gasket load deformation behavior and the 
sealant capacity using a steel frame device for water 
leakage tests. Gong et al. (2019) considered the com‐
pression of joints and established a relationship be‐
tween waterproof pressure and the average contact stress 
of the gaskets. Moreover, Zhang et al. (2022b) ana‐
lyzed the waterproofing mechanism of gaskets under 
different joint deformation conditions, particularly 
focusing on the effect of joint rotation. However, little 
research has focused on joint forces under various ex‐
ternal loads. In particular, the relationship between joint 
force, sealing gasket deformation, and waterproof pre-
ssure has not been established.

Among various research methods, experimental 
testing is a universal and effective approach to investi‐
gating the waterproofing performance of gasketed joints 

(Zhang et al., 2021b). Generally, laboratory joint leak‐
age tests can be categorized into two types according 
to the material of the joint: steel (Shalabi et al., 2016) 
and concrete (Ding et al., 2017). The former is easy to 
process and operate. However, since gaskets are glued 
into concrete grooves in practice (Fig. 2), the contact 
surface characteristics between the two are inconsis‐
tent, which may make experimental results unreliable 
(Gong et al., 2022). In view of the disadvantages of 
traditional steel structural testing, many researchers have 
used concrete specimens in testing (Ding et al., 2017; 
Zhang et al., 2022b). However, relevant experimental 
studies on sealing gaskets have mainly been performed 
at small scales. Although this is time-saving and eco‐
nomical, as it simplifies the tunnel segments, the me‐
chanical behavior and geometric characteristics of the 
lining structure and joints are not properly accounted 
for. For this reason, Shalabi et al. (2012) evaluated 
the longitudinal joint sealant behavior under static and 
dynamic loadings using large-scale straight concrete 
segments. Compared to a segment with curvature, there 
are significant differences in the modes of deformation 
and forces, and the relationship between joint force, 
joint deformation, and waterproof pressure is not well 
characterized. Accordingly, Zhang et al. (2021b) pro‐
posed a novel full-scale experimental set-up to investi‐
gate the waterproofing and mechanical behavior of 
sealing gaskets for circumferential joints, detecting the 
leakage process of gaskets in a detailed manner (Zhang 
et al., 2021a).

However, in the event of a surcharge, joints located 
at the crown or invert are subjected to positive bend‐
ing moments, while the longitudinal joints located along 
the springline are subjected to negative bending mo‐
ments (Fig. 3). In Fig. 3, M and N represent bending 

Fig. 1  Leakage in segmental tunnels: (a) at a circumferential 
joint; (b) at a longitudinal joint

Fig. 2  Schematic of the groove and the sealing gasket
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moments and axial forces, respectively. In the negative 
bending mode, the joint opens at the segment extrados 
(the side in contact with the soil), and the compres‐
sion of the sealing gasket decreases more significantly, 
increasing the possibility of a leak (Huang et al., 2017). 
Notably, our understanding of the sealing process of 
longitudinal joints under external loads is limited, espe‐
cially for joints subjected to negative bending moments.

Given the restrictions described above, a series 
of full-scale tests are conducted to study the effect of 
external loads on the waterproofing performance of 
longitudinal segmental joints under negative bending 
moments. First, a custom testing rig was developed 
for concrete segmental joints to account for the effect 
of load magnitude and eccentricity on waterproofing 

performance. The impacts of load magnitude, eccen‐
tricity, and loading-unloading-reloading cycles on 
waterproofing performance were then evaluated based 
on three sets of experimental results. In this way, the 
relationship between joint force, sealing gasket defor‐
mation, and waterproof pressure was investigated.

2 Joint waterproofing test 

2.1 Prototype

The typical lining structure used in the Shanghai 
subway system is adopted in this study. Fig. 4 illus‐
trates the structure of the tunnel segmental ring and 
its corresponding details. The tunnel segmental ring is 
characterized by a symmetrical structure with an ex‐
ternal diameter of 6.2 m. The thickness and width of 
the tunnel segment are 0.35 and 1.20 m, respectively. 
Each segmental ring comprises one key segment (F), 
two adjacent segments (L1 and L2), two standard seg‐
ments (B1 and B2), and one inverted segment (D). 
According to the Chinese national concrete design 
code (MHURD, 2010), the strength grade and imper‐
meability of the segment concrete are C55 (i.e. having 
an ultimate compressive strength of 55 MPa) and P10 
(i.e. capable of resisting hydrostatic pressure of 1.0 MPa 
without seepage), respectively. The longitudinal joints 
and circumferential joints of the segment are connected 

Fig. 3  Schematic of the joint deformation under surcharge

Fig. 4  Prototype of the tunnel (unit: mm): (a) segmental lining; (b) steel reinforcement; (c) waist joint
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by straight bolts. Fig. 4 presents a scheme of the steel 
reinforcement within each concrete segment and de‐
picts detailed joint geometry information. The joint is 
equipped with a guidance groove and elastic sealing 
gaskets with a width of 36.8 mm and a height of 16 mm 
(Fig. 5), which are made of ethylene propylene diene 
monomer (EPDM).

2.2 Design of the test

A schematic of the test mechanism is shown in 
Fig. 6. Loading is applied through vertical forces (P) 
and horizontal axial forces (N) to simulate the stress 
on the joint. In the diagram, A represents the water 
storage hole sealed by a gasket, B is the water inlet 
pipe connected to an automatic hydraulic press, and 
C is the water outlet pipe sealed at the beginning of 
the experiment. Under a certain external loading con‐
dition, the water pressure is continuously increased 
under the control of the hydraulic press until leakage 
occurs at the sealing gasket; at this point, the joint has 
reached its watertightness limit. Subsequently, the test 
is continued by modifying the loading conditions to 
obtain the relationships between the joint force, seal‐
ing gasket deformation, and watertightness limit.

Due to the limitations of the loading system, the 
specimens were cut from the tunnel lining ring, as shown 

in Fig. 7. After cutting and assembling, the specimen 
formed an arc with an angle of approximately 48°. 
The inlet and outlet water pipes were embedded within 
the concrete during the casting of the segment. Mean‐
while, the water pipes were sealed to prevent concrete 
ingress, as shown in Fig. 8.

The production of the gasket is crucial for the 
water leakage test. In this study, a special sealing gasket 
is used to maintain the water pressure in the water 
storage hole (A in Fig. 6), as shown in Fig. 9a. Its dimen‐
sions were determined based on the gasket groove, as 
shown in Figs. 9b and 9c. In creating the sealing gasket 
groove, the guidance groove can be used as one edge 
of the sealing gasket groove. As shown in Fig. 9d, 
two concrete grooves of the same specifications were 
cut at appropriate positions perpendicular to the seal‐
ing gasket groove, forming the sealing gasket groove 
required for the test. One semi-cylindrical edge and 
three sealing edges (one long and two short) made 
up the entire sealing gasket. The diameter of the 

Fig. 5  Details of the sealing gasket (unit: mm)

Fig. 6  Schematic of the test mechanism

Fig. 7  Schematic diagram of segment cutting: (a) segment 
cutting plan (unit: mm); (b) on-site segment cutting
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semi-cylindrical edge was 40 mm. Meanwhile, to 
ensure that water leakage did not occur in the semi-
cylindrical part, a “filling part” was added, where the 
upper surface of the filling part was coplanar with the 
upper surface of the sealing gasket. The entire sealing 
gasket and the “filling part” are made of EPDM.

2.3 Testing and measurement system

In full-scale testing, the applied loading should 
align with the actual stress conditions experienced by 
the tunnel structure under external loads. Ground sur‐
charge or unloading can impact the internal force dis‐
tribution of tunnel structures, especially in shallow 
tunnels. Under the action of a surcharge above the 
tunnel, longitudinal joints will experience significant 
bending moments (M) and axial forces (N). Addition‐
ally, ground unloading can influence the mechanical 
and waterproofing performance of the joints.

By using an analytical joint model of a segmental 
tunnel based on the multi-hinge ring calculation method 
(Lee and Ge, 2001) or the modified routine method 
(Koyoma and Nishimura, 1998), the values of M, N, 
and M/N (i.e., eccentricity) at tunnel joints can be 
calculated under various geological conditions and ex‐
ternal loads. In this study, different eccentricities and 
axial forces were applied to investigate the impact of 
external loads. The surcharge condition was simulated 

Fig. 8  Water pipes: (a) temporary sealing treatment of 
water pipe; (b) welding of water pipes to the reinforcement 
cage

Fig. 9  Sealing gasket: (a) photograph of the sealing gasket; (b) 3D schematic of the sealing gasket (unit: mm); (c) side 
view of the sealing gasket (unit: mm); (d) sealing gasket groove (unit: mm)
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by applying axial forces at the joint under specific ec‐
centric conditions, and the unloading condition was 
simulated by removing these forces. Therefore, the 
testing rig was capable of controlling the eccentricity 
and axial force of the joints.

Fig. 10 illustrates the testing rig for waterproof‐
ing performance tests. Generally, the rig consists of 
three components: (a) the loading system, which in‐
cluded horizontal and vertical hydraulic jacks; (b) steel 
brackets with steel rollers, which formed a roller bear‐
ing condition with low friction; (c) the test specimen, 
which included two concrete specimens and a sealing 
gasket. Fig. 11 illustrates the loading diagram. In this 
regard, horizontal and vertical hydraulic jacks were 
set to correspond with the actual force applied to the 
joint. The relationship between the external vertical 
force, axial force, and bending moment in the joint 
section is shown in Eq. (1):

M =P × ( L3 - L1 ) +G × ( L2 - L1 ) -N × h (1)

where N represents the axial force applied by the 
hydraulic jack, which is equivalent to the axial force 

on the tunnel joint; P represents the external vertical 
force; M denotes the joint bending moment. There‐
fore, the external vertical force (P) can be adjusted to 
change the eccentricity (e) of the joint under specific 
external horizontal loading conditions: L1=1190 mm, 
L2=595 mm, L3=400 mm, and h=250 mm; FR is the 
support force; G is the segment weight, which is 12.6 kN. 
These variables are shown in Fig. 11.

During testing, particular attention was paid to the 
deformation of the joint. The extrados joint opening, 
intrados joint opening, and opening at the sealing gasket 
were measured by linear variable differential trans‐
ducers (LVDTs). The details of the measurement pro‐
gram are listed in Table 1, and measurement points of 
the LVDTs are illustrated in Fig. 12, where the segments 
unfold along one side for better visualization. Two 
measurement points were used to monitor the opening 
at the sealing gasket and the extrados joint opening. 
The monitoring results were represented by their aver‐
age value. Additionally, a ZH-201 automatic hydraulic 
press was used to set the water pressure. This appara‐
tus utilizes a pressure sensor to input pressure signals 
into the system, which automatically controls the start 
and stop of the water pump based on the actual pres‐
sure value, maintaining a constant pressure. During the 
test, the main variables observed included displace‐
ment, time, and the amount of water leakage. Due to 
spatial limitations, the water leakage was measured 
using a semi-qualitative method. Water leakage was 

Fig. 11  Loading diagram of a specimen

Fig. 10  Testing system diagram

Fig. 12  Test measurement point layout diagram (unit: mm)

Table 1  Summary of the details of the measurement program

Symbol

  
 

  

Number

H5, H10

H11

H1, H12

Measurement location

Opening at the sealing gasket

Intrados joint opening

Extrados joint opening
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categorized into three levels: start of leaking (one drip 
every 3–5 s), continuous leaking (3–5 drips/s), and water‐
tightness limit (0.08 L/min, where the outflow equals 
the inflow). In this study, the watertightness limit value 
is considered to represent the waterproofing capacity 
of the joint under the given external loading condition.

2.4 Test cases and procedure

The design of the test scheme is summarized in 
Table 2. The influence of external loads on the waterproof‐
ing performance of longitudinal joints, with regards to 
eccentricity, magnitude, and loading-unloading-reloading 
effects, are investigated in subsequent tests. Accord‐
ing to existing full-scale ring tests (Liu et al., 2016) 
and numerical simulations (Zhao et al., 2017) of the 
ultimate strength of tunnel linings, the eccentricity is 
about 0.15 m for a longitudinal joint. Considering that 
the eccentricity of the longitudinal joint located along 
the springline will change under different loading con‐
ditions, our tests used three values of eccentricity: e=0.15, 
0.20, and 0.25 m. Among these, incremental loading 
was used for cases with an eccentricity of 0.15 m. For 
the other two cases, loading-unloading-reloading tests 
were conducted initially, followed by incremental load‐
ing until specimen failure.

Fig. 13 summarizes the joint waterproofing test 
procedures. The joint waterproofing test starts after the 
completion of the sealing gasket installation, segment 
assembly, and other preparatory steps. The axial force 
N is increased in incremental steps with a magnitude 
of 50 kN. If the vertical jack displacement is unstable 
during one loading step, which indicates that the con‐
crete is approaching its strength limit, the increment is 
reduced to 25 kN. The bending moment M is con‐
trolled by the equation M=N·e. The waterproofing per‐
formance of the joint is monitored simultaneously with 
its deformation. The deformation of the joint is mea‐
sured at each increment, and the waterproof pressure 
is measured every two increments. While measuring 
waterproof pressure, water flows from the automatic 
hydraulic press through the water inlet pipe (B) into 
the water storage hole (A) (Fig. 6). The pressure from 

the automatic hydraulic press increases at a rate of 
0.1 MPa/min until water flows through the sealing 
gasket, reaching the watertightness limit. This pressure 
represents the waterproof pressure under a specific ex‐
ternal loading condition.

Continuous monitoring of the test is conducted 
to observe the development of leakage and record the 
waterproof pressure. A waterproof pressure of 0 indi‐
cates a loss of waterproofing function, meaning the 
joint has reached its ultimate waterproofing capability 
(i.e. it is no longer watertight). After this point, water‐
proof pressure is no longer measured as the external 
loads increase. However, the joint deformation contin‐
ues to be measured until specimen failure. In Cases 2 
and 3, external loads are gradually unloaded along the 
original path until reaching 0, and then this is followed 
by reloading. The loading process is illustrated in Fig. 14 
with Case 2 as an example. Joint deformation and wa‐
terproof pressure are monitored during the reloading 
process, as done previously.

3 Experimental results and discussion 

3.1 Evolution of the waterproof pressure

Our experimental observations indicate that as 
water pressure increases for a given load magnitude, 

Fig. 13  Test procedure for the joint waterproofing test

Table 2  Test cases

Test case

Case 1

Case 2

Case 3

Eccentricity, e

0.15 m

0.20 m

0.25 m

Loading course

Incremental loading

Loading-unloading-reloading cycle

Loading-unloading-reloading cycle

997



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(12):991-1005

the joint initially starts leaking, followed by continuous 
dripping, and eventually progresses to water spraying, 
which indicates the watertightness limit has been 
reached. Fig. 15 illustrates the relationship between 
waterproof pressure and axial force for different eccen‐
tricities. The dashed line represents the water pressure 
at which leakage begins for the joint, while the solid 
line represents the water pressure at which water spray‐
ing occurs under different axial forces. In each test case, 
the waterproof pressure decreases with an increase in 
external loads. As shown in Fig. 15, the waterproofing 
performance of the joint decreases sharply in the early 
stages of loading (N<200 kN) and gradually trends 
to 0. This observation may be due to the nonlinear de‐
formation of the sealing gasket that occurs with the 
increase in external loads. This will be investigated 
further in Section 3.4.

Regardless of the size of the external loads, when 
the sealing gasket starts to leak (approximately one 

drip every 3–5 s), a slight increase in external loads is 
enough for the joint to reach its watertightness limit, 
as shown in Fig. 15. Moreover, these two curves grad‐
ually converge as the axial force increases. This phe‐
nomenon may be caused by the formation of a leakage 
path at the gasket-to-gasket interface or gasket-to-groove 
interface when the joint starts to leak, as shown in 
Fig. 16. Accordingly, this seepage path becomes a weak 
point in the entire gasket. The sealing gasket soon 
reaches its watertightness limit due to the rapid expan‐
sion of the seepage channel caused by increased water 
pressure or additional joint opening. As a result, the 
joints exhibiting initial leakage are extremely sensitive 
to external loads, and this sensitivity grows with in‐
creasing external pressure. Thus, the joint will quickly 
exceed its watertightness limit if external environmental 
circumstances change, such as rising groundwater levels 
or surcharges.

A larger eccentricity in the joint corresponds to a 
greater bending moment under the same axial force 
conditions, resulting in more severe joint deforma‐
tion. Comparing different eccentricities, the waterproof 
pressure decreases as the eccentricity increases through‐
out the entire loading process. This decrease in water‐
proof pressure is more evident at lower axial forces 
(N<100 kN), while for N levels beyond 250 kN, the 
effect of eccentricity on waterproof pressure is minor. 
Correspondingly, the axial force significantly decreases 
as the eccentricity increases when the ultimate water‐
proofing capability is reached. Specifically, the axial 
forces corresponding to the ultimate waterproofing 
capability are 550, 400, and 350 kN for eccentricities 
of 0.15, 0.20, and 0.25 m, respectively. This indicates 
that the larger the eccentricity, the more susceptible the 
joint is to waterproofing failure under external loads. 

Fig. 16  Leakage path diagram

Fig. 15  Waterproof pressure-load relationship of the joint 
under different eccentricities

Fig. 14  Loading process in Case 2 (e=0.20 m)
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Therefore, the joint moment is a crucial factor affect‐
ing the waterproofing performance.

3.2 Effect of a loading-unloading-reloading cycle 
on the waterproofing performance

In the experiments with eccentricities of 0.20 and 
0.25 m, a leakage water test was conducted under one 
cycle of loading. Based on these results, the relation‐
ship between the axial force and the watertightness 
limit during the loading process is depicted in Fig. 17. 
It is observed that there is a significant reduction in 
the joint’s waterproofing performance during reload‐
ing. Specifically, the ultimate watertightness limit of 
the joint decreases by approximately 50% during re‐
loading compared to initial loading at the same load 
level. Analyzing the experimental process reveals two 
main factors for the decrease in the joint’s waterproof‐
ing performance under one cycle of loading.

(1) The primary cause of the decrease in water‐
proofing performance is the increased sealing gasket 

deformation caused by the loading-unloading-reloading 
cycle. Monitoring of the sealing gasket deformation 
showed that even after unloading, the deformation was 
not fully reversible. For example, Fig. 18 shows the 
change in the opening of the sealing gasket during one 
cycle of loading for Case 2. After unloading, the open‐
ing of the sealing gasket did not return to the initial 
level, but remained at 2.99 mm; the deformation of 
the sealing gasket only recovered by about 30%. This 
phenomenon may be attributed to the compression 
and densification of microcracks in the concrete of the 
stressed zone during the early loading process. Addi‐
tionally, the bolts of the joint undergo short-term irre‐
versible elastic or plastic deformation under tension, 
leading to some unrecoverable openings in the joint. 
Therefore, these deformations do not completely re‐
cover during unloading, resulting in a significant de‐
crease in the waterproofing performance of the joint 
under cycle loading.

(2) Waterproofing tests using the same set of 
tunnel segments revealed that the locations of leakage 
during the loading-unloading-reloading process were 
essentially consistent. The pressurized water consis‐
tently flowed out through the path with the weakest 
waterproofing capacity at the gasket-to-gasket interface 
(Fig. 16). This phenomenon indicates that the area 
experiencing water leakage becomes the weak link in 
the joint’s waterproofing ability. The existing leakage 
paths in the joint during the early stages become 
“channels” for later leakage, contributing to the deteri‐
oration of the joint’s waterproofing performance. Even 
if the joint no longer leaks due to the restoration of 

Fig. 17  Watertightness limit-axial force relationship of a 
joint during one cycle of loading in: (a) Case 2 (e=0.20 m); 
(b) Case 3 (e=0.25 m)

Fig. 18  Deformation-loading level relationship of the joint 
during one cycle of loading
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external conditions, the weak link remains. Therefore, 
we conclude that the variation in waterproofing per‐
formance is largely related to the stress history of the 
gaskets that are subjected to external loads.

Our research results suggest that segmental tunnels 
may face great difficulty in repairing joint deforma‐
tion and waterproofing capabilities following even one 
loading-unloading-reloading cycle. As a result, after 
experiencing surcharge, increased attention should be 
paid to tunnel leakage flaws even after unloading. To 
ensure that the gaskets are tightly compressed in the 
groove, the use of grouting and other methods should 
be prioritized to restore tunnel joint deformations.

3.3 Deformation of the sealing gasket

Essentially, external loads impact the joint’s wa‐
terproofing performance by altering the deformation 
of the sealing gasket. The deformation of the sealing 
gasket is thus synchronized and controlled by the joint 
deformation. In this subsequent test, the deformation 
behavior of the joint and sealing gasket is investigated 
in terms of the extrados joint opening, intrados joint 
opening, and the opening at the sealing gasket. Taking 
Case 1 as an example, Fig. 19 depicts the development 
curves of the deformation increments. Δds, Δdej, and 
Δdij are opening deformations at the sealing gasket, 
extrados joint, and intrados joint, respectively. We can 
see that the extrados joint gradually opens, while the 
intrados joint undergoes compression, indicating a 
slight rotation in the segmental joint. Simultaneously, 
under the influence of joint rotation, the opening at the 
sealing gasket gradually enlarges. When the axial 
force was increased to 550 kN, the joint reached its 
ultimate waterproofing capability. Ultimately, the test 
was terminated when the segmented concrete at the 
joint intrados contact area suddenly was crushed.

To further investigate the deformation of the seal‐
ing gasket, we should first note that the compression 
of the sealing gasket is defined as:

Cg = t - d -
δ
2
 (2)

where t is the thickness of the sealing gasket (t=32 mm), 
d is the depth of the gasket groove, and δ is the joint 
opening at the sealing gasket. The principle of Eq. (2) 
is illustrated in Fig. 20. Fig. 21 depicts the development 
of the compression of the sealing gasket under differ‐
ent eccentricities before reaching the watertightness 

limit. Note that the initial compression of the sealing 
gasket may differ due to manual assembly differences. 
However, under different eccentricities, the compres‐
sion of the sealing gasket does show an accelerated 
decline as the axial force increases, which is attributed 
to the decline in the joint’s flexural stiffness.

Through this test, the relationship between exter‐
nal loads and the deformation of the sealing gasket 
was revealed, showing that the deformation was pri‐
marily governed by joint rotation. The sealing gasket 
mainly exhibits a reduction in compression under ex‐
ternal loads. This has also been confirmed by previous 

Fig. 21  Compression-load relationship of the sealing gasket 
under different eccentricities

Fig. 19  Load-deformation relationship for the joint and 
the sealing gasket

Fig. 20  Principle behind calculating the compression of the 
sealing gasket
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studies (Gong et al., 2018; Wang and Huang, 2020), 
which showed that a reduction in compression of the 
sealing gasket was the main factor influencing water‐
proofing performance.

3.4 Effect of gasket deformation on waterproofing 
performance

To explore systematically the relationship between 
the compression of the sealing gasket and waterproof‐
ing performance, an analysis based on both theoretical 
results and experimental findings has been conducted. 
The waterproofing performance of the elastic sealing 
gasket is mainly determined by the contact stress be‐
tween the gaskets. The waterproofing principle of the 
sealing gasket is shown in Fig. 22. Under the action 
of the confining stress Pc, external water pressure Pw, 
and contact stress Pge, forces from these pressures are 
balanced (Eq. (3)). In a leakage situation, the external 
water pressure is greater than a critical water pressure 
(i.e. the watertightness limit Pcw) to flow through the 
sealing gasket. Based on the research by Robin (1973) 
and Walsh (1981), Eq. (4) was established to describe 
the watertightness limit (Pcw) under different degrees 
of opening and offset of the sealing gasket (also illus‐
trated in Fig. 23). Herein, the sealing coefficients kɛ 
and ks account for the influences of the opening and 
offset of the sealing gasket, respectively. The water‐
tightness limit can be rewritten as Eq. (5) after substi‐
tuting Pcw into Eq. (3). It is worth noting that Pge is 
represented in terms of the elastic modulus (E) and 
strain (ɛ) in Eq. (5). The sealing coefficient is given 
by Eq. (6), in which ξ, κ, and λ are gasket parameters 
that can be easily determined from the test data.

Pc =Pw +Pge (3)
Pcw = kskεPc (4)

Pcw =
kskε

1 - kskε
Eε (5)

ì

í

î

ïïïï

ïïïï

ks = ( )wg - s
wg

ξ

kε = κε + λ 

 (6)

where kɛ and ks are the coefficients that depend on the 
strain (ɛ) and offset (s) of the sealing gasket, respec‐
tively, and wg is the width of the sealing gasket. In this 
test, it is assumed that there is no offset of the sealing 
gasket. Therefore, deriving from Eq. (5), the water‐
tightness limit can be rewritten as Eq. (7):

Pcw =
kε

1 - kε
×Eε. (7)

According to research by Gong et al. (2018) and 
Wang and Huang (2020), the parameter values are as 
follows: E=1.66 MPa, κ=1.38, and λ=0.27. Then, the 
watertightness limit can be calculated by Eq. (7) with 
respect to the compression of the sealing gasket. Fig. 24 
illustrates the development of theoretical and measured 
watertightness limit pressures for the three tested eccen‐
tricity values.

The experimental results indicate that the water‐
tightness limit increases at an accelerating rate with 
the increased compression of the sealing gasket, which 
is consistent with previous studies (Gong et al., 2018; 
Wang and Huang, 2020; Zhang et al., 2022b). This is 
plausible because the contact forces at the different 
interfaces (such as the gasket-gasket or gasket-groove 
interface) increase with the compression of the seal‐
ing gasket. Consequently, water leakage becomes less 
likely as the compression increases.

Fig. 22  Waterproofing principle of the sealing gasket

Fig. 23  Schematic of the sealing gasket deformation
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The measured and theoretical watertightness limits 
were found to be relatively similar. However, the theo‐
retical watertightness limit tends to be lower than the 
actual watertightness limit when the sealing gasket com‐
pression is considerable, suggesting that the theoretical 
predictions are conservative. In general, the theoretical 

approach only accounts for one potential leakage path, 
namely, the gasket-gasket interface. Therefore, as the 
sealing gasket becomes increasingly compressed, the 
theoretical approach shows a roughly linear growth in 
watertightness limit. This implies that the experimen‐
tally observed nonlinear acceleration of water leakage 
with increasing compression is not well described by 
the theoretical formulation.

Based on the above analysis, the impact of exter‐
nal loads on waterproofing performance can be sum‐
marized in two parts: (1) As the external loads increase, 
the compression of the sealing gasket declines at an 
accelerating rate; (2) As the compression of the gasket 
decreases, the waterproofing performance declines at 
an accelerated rate. However, part (1) has a more domi‐
nant impact. This is because the waterproofing perfor‐
mance of the joint experiences an accelerated decline 
as the external loads increase, as was discussed in 
Section 3.1 and shown in Fig. 15.

4 Conclusions 

We investigated the influence of external loads on 
the waterproofing performance of longitudinal segmental 
joints through full-scale experiments. The effects of load 
magnitude, eccentricity, and loading-unloading-reloading 
cycles on waterproofing performance were accordingly 
revealed. Additionally, the correlations between the 
joint force, the deformation of sealing gasket, and the 
waterproofing performance were analyzed.

The joint’s waterproofing performance was found 
to be significantly impacted by the magnitude of the 
external load and the bending moment. Our results in‐
dicate that the watertightness limit dramatically de‐
creases as the external load and bending moment in‐
crease, particularly in the early stages of loading (N<
200 kN). The joints exhibiting initial leakage were ex‐
tremely sensitive to external loads, approaching their 
watertightness limit with only a 100 Pa increase in 
water pressure.

It was also shown that even one loading cycle can 
considerably decrease a joint’s waterproofing perfor‐
mance. Only about half of the watertightness limit 
during initial loading was retained during the reloading 
process. The primary cause of this is the irreversible 
deformation of the sealing gasket and the development 
of weak points during the loading cycle.

Fig. 24  Comparison between the results of measured and 
theoretical watertightness limits: (a) Case 1 (e=0.15 m); (b) 
Case 2 (e=0.20 m); (c) Case 3 (e=0.25 m)
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Under external loads, the extrados joint gradually 
opens, while the intrados joint undergoes compression, 
indicating that the segmental joint rotates. It was also 
observed that an increase in external load accelerates 
the joint’s rotation, causing the compression of the 
sealing gasket to rapidly decrease. This is the primary 
reason why segmental tunnel joints leak under external 
loads.

Based on both theoretical and experimental re‐
sults, as the compression of the sealing gasket increases, 
the watertightness limit increases rapidly. Nevertheless, 
the theoretical approach only accounts for one poten‐
tial leakage path, which is the gasket-gasket interface. 
Therefore, the rapid change in watertightness limit 
with the compression of the sealing gasket is difficult 
for theoretical formulations to describe.

The findings of this study can support segmental 
tunnel waterproofing design, potentially bolstering safety 
and longevity in the face of effects from surcharge 
and unloading. Nonetheless, we should note that in these 
tests, the stress and deformation of the joints were mainly 
approximated by bending moments. In practice, the 
joint located along the springline is subjected to lateral 
soil pressure, which might limit the development of 
the lateral opening. Thus, the conditions of our wa‐
terproofing experiments may not fully reflect the com‐
plicated scenarios experienced in real underground 
situations. As a result, future study might investigate 
the impact of lateral pressures and utilize more sophisti‐
cated forms for the sealing gaskets.
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