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Introduction
The process of subway construction is 
undergoing rapid developments in China. 
Shield-driven tunnels are widely used in 
soft ground because of their flexibility, 
cost-effectiveness, and minimal impact 
on ground traffic and surface structures. 
Segmental precast concrete linings (see 

Figure 1) connected by steel bolts are 
commonly used in shield-driven tunnels. 
These are one of the single most important 
elements in the total cost of tunnelling, 
representing 15–40% of the total cost 
(Iftimie 1994).

Segment joint opening is a common 
problem in shield tunnel operations, and is 
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This paper describes the use of segment joints in shield-driven tunnel linings. The opening of 
segment joints due to the application of a bending moment under different levels of axial stress 
is studied. The main focus is the mechanical behaviour of the joints, which are considered to be 
semi-rigid, and the moment-rotation behaviour of the joint. A physically based mathematical 
model is proposed based on the joint dimensions and material properties. Considering joints 
connected by two long curved bolts as an example, the model parameters are evaluated, 
and the moment-rotation curves for the joint are presented. The model distinguishes joint 
behaviour before and after opening, and agrees well with the real mechanical behaviour of 
the joints. A comparison with previous experiments on segment joints and with Janssen’s and 
Gladwell’s models is provided, and the proposed model is found to be accurate and universal.
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Figure 1 Segment lining
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a major cause of water leakage. The width 
of the segment joint opening is an indica-
tor of the deformation of the segmental 
lining. The damage caused to segment 
joints under large bending moments is the 
most common structural problem with 
tunnel linings.

Considerable research has focused on 
the mechanical behaviour of the segmen-
tal linings. Originally the linings were 
simplified as a uniformly rigid ring by 
applying a reduction factor to the flexural 
rigidity (ηEI) of the tunnel linings (Peck 
et al 1972; Muir Wood 1975). Lee and Ge 
(2001) derived an analytical formulation 
of η for the flexural rigidity of segmental 
tunnel linings.

The existence of joints between 
segments is the main characteristic of 
prefabricated linings, because they greatly 
affect the bending moment, which is the 
dominant factor in segment damage. 
Thus, the influence of the segment joints 
on the performance of tunnel linings has 
attracted the attention of many research-
ers. Some consider the segment joints as 
rotational springs, and assume that the 
bending stiffness is constant (ITA 2000; 
JSCE 2000; Ding et al 2004), which means 
the moment-rotation (M-θ) relation is 
linear. Subsequently, bilinear and trilinear 
models for the structural analysis of lin-
ings (Atsushi 2012) have been proposed to 
provide a better approximation.

Combining various linear models, the 
following uniform model can be obtained 
(see Figure 2):

M = k1θ 
		  where M ≤ |MT| 
M = k1θT + k2(θ – θT) 
		  where |MT| < M ≤ |MY| 
M = k1θT + k2(θY – θT) + k3(θ – θY – θT) 
		  where M > |MY|

⎫
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎭

�(1)

where k1 is the bending stiffness before 
joint opening, k2 is the bending stiffness 
after joint opening, k3 is the remnant 
bending stiffness after plastic deformations 
appear in the joint components, MT and 
θT are the bending moment and rotation 
angle just after joint opening, respectively, 
MY and θY are the bending moment and 
rotation angle, respectively, just as the joint 
components (concrete or bolt) reach the 
material strength limit.

In terms of M-θ curves, full-scale joint 
tests suggest that the mechanical behaviour 
is highly nonlinear (Ding et al 2013; Li et 
al 2015; Blom 2000). This is because of 

the nonlinearity of the components and 
the discontinuity of the joint. The bending 
stiffness of the joint decreases significantly 
after the joint has opened.

A number of researchers have attempted 
to carry out M-θ calculations of seg-
ment joints. This is a critical issue in the 
structural analysis of the segment linings. 
Janssen (1983) proposed a simple theoretical 
model that describes the moment-rotation 
behaviour of segment joints in linear materi-
als with full concrete-to-concrete surface 
contact. The model represents the joint as 
an equivalent concrete beam between two 
segments. This concrete element simulates 
the rotations in the joint and additional 
curvature in the two adjoining segments 
caused by a concentrated force introduced 
to the segments. The Janssen model can be 
written as follows:

linear :	 θ = 12
M

Ech2b
, θ < 

2N

Echb
� (2a)

non-linear:	θ = 
8N

9Echb
⎫
⎪
⎭
2M
Nh

 – 1
⎫
⎪
⎭

, θ ≥ 2N

Echb
� (2b)

where Ec is the elasticity modulus of con-
crete, N is the axial force, b is the segment 
width, and h is the segment thickness.

Under Janssen’s theory or the equivalent 
theory developed by Blom (2000), a uni-
fied model involving linear and nonlinear 
branches is established. The model can be 
divided into three different stages:

1.	� Constant bending stiffness until 

	 M > 
Nh

6
. This gives cr = 

bh2Ec

12
� (3)

�where Ec is the elasticity modulus of 
concrete, N is the axial force, b is the 
segment width, and h is the segment 
thickness.

2.	� Bending stiffness is nonlinear, but the 
ultimate compressive strains are in the 
elastic branch, until ε = εc, where εc is 
the initial plastic strain of concrete.

	 This yields cr = 
9bhEcM

⎫
⎪
⎭
2M
Nh

 – 1
⎫
⎪
⎭

2

8N
� (4)

3.	� Bending stiffness is nonlinear and the 
ultimate compressive strains are in the 
plastic branch, until ε = εcu, where εcu is 
the yield strain of concrete.

According to elasticity theory, the 
compressive stress distribution in the 
joint is nonlinear. In reality, the stresses 
will reach infinity at the edge of the 
contact area of the joint. Gladwell (1980) 
developed a relation for the moment-
rotation between two flat surfaces. 
The contact stresses are assumed to be 
concentrated on the edges of the joint. 
The initial stiffness of Gladwell’s model 
is higher, and the joint stays closed 
for longer than in Janssen’s model. 
Gladwell’s model also contains linear and 
nonlinear parts:

k3

k2

k1

M

θθYθT

MT

MY

Figure 2 Uniform linear model for segment joints
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linear :	 M = 
1

32 

πh2bEc

1 – v2
,	 M < 

1

4Nh
� (5a)

non-linear:	M = 
1

2Nh
 – 

2b(1 – v2)

πhEc
,

	 M > 
1

4Nh
� (5b)

where Ec is the elasticity modulus of con-
crete, N is the axial force, b is the segment 
width, and h is the segment thickness.

In recent years, researchers have 
concentrated on developing a better under-
standing of the joint behaviour in the hope 
that this will lead to improved compre-
hension of test results and more realistic 
analytical and numerical modelling. A pro-
gressive mechanical model for longitudinal 
joints was derived by Li et al (2015), who 
divided the duration of joint opening into 
four stages. Dong and Xie (2013) proposed 
an analytic three-stage model.

The objective of this paper is to inves-
tigate the opening of segment joints with 
growing bending moments under different 
levels of axial stress, and to propose an 
analytical model for predicting the M-θ 
behaviour of the joints.

Mechanical analysis of 
concrete segment joints
This section considers a joint in a segment 
lining connected by two long curved bolts 
(see Figures 3 and 4) similar to that used 
in Zhengzhou Metro Line 1 – concrete 
strength grade C50, anti-seepage grade 
P12, main reinforcement HRB335, outer 

Figure 3 Longitudinal joint sections

Figure 4 Long curved bolts
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Figure 5 Dimensions of joint



Journal of the South African Institution of Civil Engineering  Volume 62  Number 2  June 2020 5

diameter of lining ring 6.0 m, inner 
diameter 5.4 m and ring width 1.5 m. The 
pre-tightening force of 6.8 grade M27 bolt 
is 108 kN, and the distance between the 
centre of the bolt hole at the joint and the 
inner arc surface is 120 mm (see Figure 5). 
The segment joint can be considered as a 
semi-rigid connection, as in the design of 
numerous frame structures (Xu 2002; Yee 
& Melchers 1986; Dias 2014).

A concrete segment joint connected 
by two long curved bolts is taken as an 
example (Figure 5). In the case of this plane 
joint, adjacent segments in a ring are most-
ly in concrete-to-concrete surface contact 
without packing material. The contact area 
will have a reduced height in comparison 
with the segmental thickness (h).

The joint dimensions and material 
properties are listed in Table 1.

For simplicity, several basic assump-
tions are needed to evaluate the model 
parameters. These assumptions are as 
follows:
1.	 The rotation angle and deformation of 

the joint are very small compared with 
the size of the segment.

2.	 The compressive and detached areas of 
the joint remain in the plane.

3.	 The depth of influence of the 
compression strain in the compres-
sive zone is twice the height of the 
compressive area.

According to these assumptions, the 
geometric model of the segment joint can 
be simplified into the form illustrated in 
Figure 6.

As the bolts are positioned only on 
the inner side of the segments, the M-θ 
behaviour should be investigated in two 
rotational directions (use Figure 6 to define 
+ and − moments). The arc structure of 
the segment and the bolt position mean 
that the joints respond differently under 
positive and negative bending moments. 
The moment-rotation curve can therefore 

be divided into two separate branches. In 
most analytical models of segment joints, 
the arc structure is simplified as a straight 
shape, so that only the location of the bolt 
distinguishes the joints under positive and 
negative bending moments. Therefore, the 
parameter calculations in this model are 
similar when the joints are under negative 
bending moments. In this paper, we con-
sider the positive moment as an example, 
and present a mathematical model describ-
ing the M-θ relation.

First, the physical meaning of some 
parameters is discussed, as this is critical 
to determining the M-θ behaviour of the 
segment joint. The initial bending stiffness 
of the joint, ki, describes the joint rotation 
at the very early stage (i.e. M = θ = 0). The 
joint then starts to rotate, but no opening 
occurs. As the bending moment increases, 
the one edge of the joint becomes divided 
at a certain point in time. At this point, 
M and θ reach values of Md and θd, 
respectively, and the bending stiffness is 
kd. As the bending moment M continues 
to increase, it reaches the plastic moment 
capacity of the joint, Mp, at which point 
the ultimate bending stiffness kp occurs. 
These are the critical points of the M-θ 

relations, although the intervals between 
these critical points are also important. 
The parameter C is introduced to control 
the rate of decay of the M-θ curve.

Regarding the relationship between the 
bending moment and the rotation angle at 
the joint, the nonlinear behaviour of the 
joint can be analysed using experimental 
data. This means that the rotation stiffness 
depends on the rotation angle of the joint. 
According to the mechanical behaviour 
reported by previous studies (Ding et 
al 2013; Li et al 2015; Dong & Xie 2013; 
Luttikholt 2007), the M-θ curve model 
should satisfy the following requirements:
1.	 When no moment exists in a joint’s 

section, no rotation angles will appear 
(M = 0 or θ = 0), which means that the 
M-θ curves pass through the origin.

2.	 Differentiating M and substituting for 
θ = 0 gives the initial bending stiffness 
ki.

3.	 The bending stiffness k then decreases, 
and ki attains a value of kd at the point 
at which the segment joint divides. 
Thus, differentiating M and substituting 
for θ = θd gives kd. This requires that 
the M-θ curve is not only continuous, 
but also differentiable at θd.

4.	 After the joint has opened, the bend-
ing stiffness k decreases rapidly. With 
the rotation angle increasing, plastic 
behaviour appears in one or more 
components of the segment joint. The 
moment M then increases very slowly 
and the bending stiffness k remains 
almost constant.

Besides the critical points mentioned 
above, there are several desirable aspects 
to the model. The slope of the math-
ematical expression of the model should 
correspond to the bending stiffness of the 
segment joint for any value of θ. Thus, the 

Table 1 Main physical and mechanical parameters

Parameter Value Unit

Segment width b 1.5 m

Segment thickness h 0.3 m

Distance from bolt to external edge d 0.18 m

Yield stress of concrete σca 5.0 × 104 kN/m2

Yield stress of bolt σba 4.8 × 105 kN/m2

Elasticity modulus of concrete Ec 3.45 × 107 kN/m2

Axial force N 1.5 × 103 kN/Ring

M+

N+
h

d

M+

N+

dc σc

Outer face

Inner face

x

Figure 6 Joint under positive moment
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parameter C describing the decay rate of 
the M-θ curve is introduced.

From the experiments and numerical 
simulations reported by Luttikholt (2007), 
the M-θ curves exhibit exponential-like 
decay. As the rotation becomes large, the 
slope of the M-θ curve approaches the 
bending stiffness kp = 0, and the curve 
tends asymptotically to the moment 
capacity Mp of the joint. However, there 
are some differences before the joint opens 
to after the joint has opened. These two 
states should be considered separately. We 
attempt to describe the M-θ behaviour 
with exponential-like functions, while 
considering that the model should possess 
the properties mentioned above.

The mathematical model of the M-θ 
curve is assumed to be as follows:

M = Φ1(θ),		  0 ≤ θ ≤ θd� (6a)

M = Φ2(θ),		  0 ≥ θd� (6b)

According to the requirements stated above, 
Model 6 should have the following properties:

 � (7)

As shown in Figure 7, when the neutral axis 
is below the inner side of the segment joint, 
joint opening does not occur, and the whole 
section of the joint bears the compressive 
stress. Therefore, the bending stiffness of 
the joint is extremely large in this situation, 
and the moment mainly compensates the 
axial forces. The rotation angle caused 
by the compressive deformations is quite 
small. Additionally, the critical issue of 
the segment joint’s mechanical behaviour 
needs only be considered after the joint has 
opened. In conclusion, the first equation of 
the mathematical model is assumed to be 
linear. Thus, in Equation 7, ki = kd. For the 

nonlinear parts, an exponential-like func-
tion is introduced to reflect the exponential 
decay of the M-θ curve.

According to the properties in 
Equation 7, the following mathematical 
model is derived:

� (8)

where θ̂ = θ – θd, x is the height of the 
compressed region (see Figure 6), Md is 
the bending moment at the point at which 
the joint opens, Mp is the plastic moment 
capacity of the joint, C is a parameter 
describing the decay in the bending stiff-
ness, ki is the initial bending stiffness, and 
kp is the ultimate bending stiffness.

Model 8 satisfies the properties described 
at the beginning of this section. If the model 
parameters can be evaluated exactly, the 
model will qualitatively agree with experi-
mental results in terms of the M-θ relation. 
In the next section, we concentrate on evalu-
ating the parameters in Model 8.

Evaluation of model 
parameters

Evaluation of ki
The initial bending stiffness ki is considered 
to be a uniform bending stiffness (secant 
slope). Hence, ki will be calculated from the 

unloaded state until the point of joint open-
ing. During this interval, the bending stiff-
ness of the joint is very large and decreases 
only slightly. As the neutral axis is located 
on the lower inside edge of the joint, i.e. the 
moment when the joint opens is:

Md = 
Nh

6 � (9)

it is difficult to determine the displacement 
∆c of the concrete on the joint’s upper 
edge. According to Saint-Venant’s principle, 
beyond a certain distance (lcc) from the 
compression area, the stress becomes uni-
form and uniaxial over the section profile 

(Collins & Mitchell 1991), i.e., σz = 
Fc

bh
 

and σy = 0. Ding et al (2013) investigated 
the value of lcc by means of finite element 
analysis. In this study lcc is assumed to be 
twice the height of the compression area 
for simplicity (Atsushi 2012). Thus, the 
displacement ∆c of the upper outer edge 
has the following expression

∆c = εch = 
σch

Ec
� (10)

where εc and σc represent the strain and 
stress of the upper edge, respectively. The 
rotation angle can be calculated by

θd = 
∆c

h
 = 

σc

Ec
� (11)

and so ki can be expressed as

ki = 
Md

θd
 = 

NhEc

6σc
� (12)

⎫
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ 
⎪
⎭

M = 0	 θ = 0

dΦ1

dθ
 = ki	 θ = 0

dΦ1

dθ
 = kd	 θ = θd

dΦ2

dθ
 = kd	 θ = θd

dΦ2

dθ
 = kp	 θ  ∞

M  Mp	 θ  ∞

⎫
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎪
⎪
⎭

M	=	
x(3h – 2x)bEcθ

24
, 0 ≤ θ ≤ θd

M	=	(Mp – Md) ⎫
⎬
⎭
1 – exp

		
– (ki – kp + Cθ̂)θ̂

Mp – Md

⎫
⎬
⎭
 + kpθ̂ + Md ,

		  θ ≥ θd

M M

Outside

Neutral axis

Inside

NN

Figure 7 Neutral axis is below the inner side
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Because N = 
1

2
hbσc, we have that 

N

σc
 = 

bh

2
. 

 
Thus, the expression for ki can be rewritten as

ki = 
bh2Ec

12
� (13)

When M = Md, the rotation angle θd is 
given by

θd = 
2N

bhEc
� (14)

Therefore, we can distinguish two stages 
in which the rotation angle θ of the joint 

increases: θ ≤ 
2N

bhEc
, when the joint is 

always closed, and θ > 
2N

bhEc
, when the joint 

becomes divided along the inner edge.

Evaluation of Mp
As the bending moment increases, the 
components of the joint generate plastic 
deformations. The joint then develops into 
a plastic hinge. It is the bending moment 
M that transforms the joint into a plastic 
hinge. Therefore, the moment capacity 
of the joint, Mp, is a critical parameter in 
Model 8. Mp is the maximum moment that 
can be transmitted by the segment joint 
without strain hardening, and is governed 
by the failure of the weakest component, 
such as the bolts, bolt pockets, and the con-
crete section of the joint. This parameter 
can be calculated as follows:

Mp = Fbolt
⎫
⎪
⎭
d – 

h

2
⎫
⎪
⎭
 + Fc

⎫
⎪
⎭

h

2
 – 

x

3
⎫
⎪
⎭
� (15)

The moment capacity Mp depends on the 
strength and size of the components of the 
joint connected by two bolts. When one or 
more of the following component failures 
appear, the joint will lose its ability to sus-
tain further loads.

Fbolt = 2σbaAb� (16a)

Fbolt = 2σcaAp� (16b)

Fc = 
1

2
σcabx� (16c)

where σba is the yield stress of bolt, σca is 
the yield stress of concrete, Ab is the cross-
sectional area of the bolt, Ap is the bearing 
area of the nut and washer on the concrete, 
Equation 16a indicates bolt failure (in 
tension), Equation 16b represents concrete 

squashing near the bolt pocket, and 
Equation 16c represents concrete squash-
ing of the compression zone. Calculations 
indicate that concrete compression zone 
squashing will occur first, which is in 
accordance with the results of full-scale 
tests. Actually Mp can be calculated with 
the help of the following equations:

Fbolt = (d – x)θkj� (17a)

Fc = 
1

2
bxσca� (17b)

xθ = 
lσca

Ec
� (17c)

Fc – Fbolt = N� (17d)

where kj is the tension spring coefficient of 
the segment joint. From Equation 17, the 
height of the compression area x can be 
obtained from:

1

2
bxσca – (d – x)

2σca

Ec
kj = N� (18)

The distance x and moment capacity Mp 
can then be calculated. The calculation 
process is described in the Appendix at the 
end of this article.

Evaluation of kp
As strain-hardening of the joint is not 
considered in this study, kp = 0. According 

to the stress–strain relationship of the 
segment concrete and the M-θ curves 
derived from previous full-scale tests, 
the M-θ curve of the joint is asymptotic 
with respect to Mp. In this case, a plastic 
hinge exists, i.e. plastic deformation of the 
concrete compression zone occurs, and 
the bending stiffness of the joint tends 
to kp.

Calculation results of model 
parameters
Using the parameter values given at the 
beginning of this section, the parameters 
of the M-θ model can be calculated. The 
results are presented in Table 2.

Setting the rate of decay parameter 
C to values of 1 and 100, and using the 
parameters in Table 2, the M-θ curve 
can be plotted (see Figure 8). The tension 
spring coefficient of the segment joint, kj , is 
approximately equal to the tension spring 
coefficient of the bolts, kb . Therefore, kj can 
be calculated as (Atsushi 2012):

Table 2 Calculation results of model parameters

Item Values Units

Md 75 kN ∙ m

θd 3.86 × 10–4 rad

ki 1.94 × 105 kN ∙ m/rad

x 5.0 × 10–2 m

Mp 2.61 × 102 kN ∙ m

350

300

250

200

150

100

50

0

M
om

en
t (

kN
*m

)

M–q curves of segmental joint

Rotation angle (10–3rad)
0 1 2 3 4 5 6 7

Joint open

c = 1

c = 100

Figure 8 Curves showing the M-θ relations
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kj = 
EbAb

Lb
 = 9.54 × 105 kN ∙ m� (19)

where Eb is the elasticity modulus of the 
bolts, Ab is the useful cross-section of 
the bolts, and Lb is the useful length of 
the bolts.

Model validation
The proposed model of this paper is 
mainly dominated by the parameters of 
critical points Md, Mp and the parameter 
of decay rate C. The physical behaviour 
of the segment joints with an increasing 
bending moment, can also be reflected by 
these parameters. The bending moment 
Md describes the behaviour of the joint 
opening, and Mp describes the situation 
where the components of the joint perform 
plasticity. The parameter C describes the 
decay rate of the M-θ relation. Therefore, 
when using this model, the parameters Md, 
Mp, and C should be calculated, so that the 
model reflects the real physical behaviour 
of the segment joints.

Effects on model of parameters
Evaluations indicate that the model 
parameters are closely related to the axial 
force N and the intrinsic parameters of the 
segment (such as the segment dimensions 
b, h, d and the material properties Ec, σca). 
Subsequently, Figure 8 was obtained, which 
shows the M-θ relation.

The following paragraphs discuss the 
main factors that influence the model 
parameters. According to Equations 9, 13 
and 14, at the point at which the segment 
joint opens, the bending moment Md and 
the rotation angle θd both increase with 

increasing axial force N. This is because the 
bending moment mainly counteracts the 
effects of N on the joint section. Thus, as 
N increases, a larger value of Md is needed 
to initiate joint opening, and the increased 

deformation ∆c will enlarge θd. Additionally, 
Md will grow with the segment thickness 
h, and the rotation angle θd will decrease as 
the segmental size parameters (h, d) and the 
elasticity modulus Ec increase.

2.5
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1.5

1.0

0.5

0

k i
 (k

N
*m

/r
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) (
× 

10
6 )
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Figure 9 Curve showing the ki – h relation
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Figure 10 Curve showing the N – Mp relation
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Figure 11 Schematic overview of the test set-up
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The initial bending stiffness ki will 
become larger as the segmental size 
parameters (h, d) and elasticity modulus 
Ec increase. Consequently, the straight 
part of the M-θ curve will extend as the 
axial force N increases, i.e. ki is positively 
related to bh2Ec. Therefore, the segment 
thickness h has a significant impact 

on the initial bending stiffness ki (see 
Figure 9).

Thus, the axial force N must exceed a 
magnitude of 108 kN/ring for x to reach 
the axis of symmetry (X = 11 250; see 
Equation A5 in the Appendix). Until the 
axial force N reaches that order of magni-
tude, the plastic moment capacity of the 

joint Mp will increase with the growth in 
N. Figure 10 shows that Mp and N have an 
approximately linear relationship, because 
2Ec (the coefficient of N in Equation A4) is 
small compared with bσcaEc + 4σcakj.

Comparison with other analytic 
models and test results
The parameter C determines the rate of 
decay of the M-θ curve (Maquoi & Jaspart 
1987). In this study, we compare the effects 
of C = 1 and C = 100.

Hordijk & Gijsbers (1996) conducted 
experiments on segment joints without 
packing materials. The specimens used 
in the tests had a segmental thickness of 
350 mm and a segmental width of 500 mm. 
The contact height of the joint was 
158 mm. Two tunnel segments were loaded 
by increasing the bending moment under 
various normal forces. The influence of the 
bolts on the rotation capacity of the joints 
was also considered. A schematic overview 
of the test set-up is shown in Figure 11.

Under different axial forces, the model 
proposed in this paper is compared with 
the test results reported by Hordijk & 
Gijsbers (1996), Janssen’s model, and 
Gladwell’s model.

From Figures 12 – 16 it is clear that 
the moment-rotation curves exhibit linear 
and nonlinear branches. Gladwell’s model 
always overestimates the bending moments 
in the joint; Janssen’s model underestimates 
the bending moments under higher axial 
forces. Under lower axial forces, Janssen’s 
model predicts larger bending moments 
before the joint opens. For the Janssen’s 
and Gladwell’s models, axial force N has 
no effect on the initial bending stiffness ki, 
which is not in conformity with real behav-
iour of segment joints. From these com-
parisons, it appears that our model predicts 
the M-θ behaviour more accurately than 
Janssen’s and Gladwell’s models.

The axial force N has significant effects 
on the M-θ relation of the joint. The initial 
bending stiffness ki increases with N, espe-
cially when N is relatively low. The plastic 
moment capacity of the joint Mp grows 
under larger values of N.

The N – Mp relation is almost linear 
(see Figure 17), which is in accordance with 
the proposed model.

Conclusions
Bolted connections in segmental linings 
were regarded as semi-rigid connections in 
establishing a physically based mathematical 
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Figure 12 �Comparison of proposed model with the test results and previous models (Janssen’s 
and Gladwell’s) for axial force of N = 2.2 × 103 kN/m
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model expressed by the joint dimensions 
and material properties. This model allows 
the M-θ behaviour of segment joints to be 
predicted.

The model parameters were evaluated, 
and M-θ curves for the joint were presented. 
The calculation process allowed us to iden-
tify the key factors that influence the model 

parameters. The segment thickness h has 
a significant impact on the initial bending 
stiffness ki. As h increases, the initial bend-
ing stiffness ki also increases. The plastic 
moment capacity of the joint increases Mp 
approximately linearly with increases in N.

The critical mechanical behaviour of 
the model was revealed by the physically 

based parameters. With regard to critical 
points of the M-θ curve, the parameters 
Mp and Md accurately reflect the mechani-
cal behaviour of the joints. With the help of 
a decay parameter C, the proposed model 
was shown to be consistent with experi-
mental test data.
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APPENDIX
From Equations 15, 17a, 17b and 18 we obtain:

Mp	=	d
⎫
⎪
⎭
d – 

h

2
⎫
⎪
⎭
kjθ + 

 

1

4
bhσca  – 

⎫
⎪
⎭
d – 

h

2
⎫
⎪
⎭

		  kjθ X – 
1

6
bhσca X2� (A1)

X =  
2NEc + 4σcakjd

bσcaEcd + 4σcakj
� (A2)

Substituting Equation A1 into A2 yields:

Mp	=	d
⎫
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Here θ = 
2σca

Ec
, so: 

Mp	=	d
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Then:

Mp = �2.99 × 10–4 + (5 625 – 1.66  
× 10–3)X – 0.25X2� (A5)
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