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The structural performance of shield-driven tunnel linings is 

considerably affected by the existence of segmental joints. 

Nevertheless, segmental tunnel linings are commonly 

modelled as isotropic structures in engineering practice, 

thereby ignoring the joint-induced stiffness reduction in 

numerical analysis. A more realistic approach is to consider 

the tunnel structure as continuous ring with adjusted 

rigidities which is also referred to as indirect-joint model. 

However, this modeling approach is a complicated task since 

it requires the definition of anisotropic stiffness parameters. 

In this context, the present paper introduces a hybrid 

modeling approach, which combines analytical solutions and 

numerical studies. Based on extensive numerical studies, 

anisotropic stiffness parameters are defined to model an 

existing drainage tunnel (SDT). Finally, a case study is 

discussed, where the developed indirect-joint model is used 

to investigate the structural response of the SDT. In this 

context, particular emphasis is placed on the deformation of 

the tunnel crown developing throughout the entire 

construction phase. 
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1. Introduction  

In the latter half of the 20th century, mechanical tunnel driving has made remarkable progress. A 

brief overview of respective tunnelling machines and their applicability is given in [1]. As a 

consequence, shield-driven tunnelling methods are nowadays widely adopted for the 

construction of urban underground tunnels and, in many cases, provide several advantages such 

as cost effectiveness, a minimum impact on ground traffic and surface structures as well as 

flexibility compared to the conventional tunnelling method. This holds particularly true for soft 

soil conditions [2]. Moreover, shield driven tunnel linings are segmented and represent an 

assembly of prefabricated reinforced concrete segments. A general differentiation can be made 

between linings with flat joints (straight-jointed assembly) and linings with offsets (stagger-

jointed assembly) [3]; see Fig. 1 left. Each ring consists of a set of concrete segments which in 

turn interact via segment-to-segment interfaces. The latter are herein referred to as longitudinal 

joints. In contrast, the interaction between concrete segments of adjacent rings is established via 

ring-to-ring-interfaces which are denoted as ring joints; see Fig. 1 right. 

 
Fig. 1. Definition of lining components [4] (left) and assembly configurations [5] (right). 

In general, the lining can fail due to both, failure of the tunnel lining itself or as a consequence of 

failure of the soil behind the lining. To prevent failure of the lining, several design requirements 

and quality standards have to be considered. It is noted that the latter concern not only loading 

conditions subsequent to the lining installation process, but also transportation and installation 

[6]. Furthermore, large deformation effects due to excessive flattening have to be considered, 

which may invoke significant second order bending moments [7]. If the latter exceed the 

bending-moment-reducing effect of the activated ground resistance next to the lining, second 

order bending moments may govern the lining design as they increase until the ultimate bearing 

capacity is reached [8]. Further information on damage mechanisms related to tunnel linings are 

given in [9]. 

In engineering practice, segmental tunnel linings are commonly approached as isotropic rings, 

thus ignoring the jointed configuration. However, since construction joints substantially affect 

the structural response of geotechnical structures resulting in a decreasing rigidity of the overall 

structure, they are expected to behave anisotropic rather than isotropic [10,11]. The latter 

particularly applies for shield tunnel linings since they are separated by joints in two directions 

[12]; ignoring them may lead to a conservative design. On the contrary, overestimating the 
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influence of joints and consequently reducing the stiffness of a tunnel structure extensively could 

result in unrealistic deformations, which might lead to a misinterpretation of the waterproofness 

[13]. To improve the current practice, advanced design approaches should be applied, where the 

peculiarities of segmental tunnel linings are taken into account. 

The present paper aims to quantify the influence of joints on the structural behaviour of 

segmental tunnel linings. To investigate this problem 3D finite element analysis (FEA) have been 

performed, where the lining is modelled as plate element with anisotropic material behaviour. 

This approach is also referred to as indirect-joint model [14]. In order to derive reasonable 

anisotropic stiffness parameters representing the behaviour of the tunnel lining as realistic as 

possible, a hybrid modeling approach is introduced, which combines numerical parameter 

studies and well-accepted analytical formulations. For the presented studies an existing shield-

driven tunnel, which serves as drainage tunnel of a suburban area in Europe, is used as reference 

structure. 

The paper is structured as follows. Section 0 provides a brief overview of the methods to model 

tunnel linings. Section 3 presents the basic workflow of the hybrid modeling approach; a detailed 

description is given in [15]. In section 0, the proposed conceptual framework is deployed, where 

the SDT serves as reference structure. Section 0 discusses 3D FEA of a recent suburban 

construction project where the existing SDT was subjected to effects resulting from an above-

crossing tunnel. For the case study, selected aspects of the numerical calculations are highlighted 

whereas particular emphasis is placed on the deformation of the tunnel crown developing 

throughout the construction phase. Section 0 contains the conclusions drawn based on the results 

of the presented analyses. 

All results discussed in this paper are computed with the finite element codes of PLAXIS. The 

numerical calculations were conducted with the versions PLAXIS 2D 2018.01 [16] and PLAXIS 

3D 2018.01 [17]. 

2. Methods to model tunnel linings 

Regarding the design of segmental tunnel linings, three categories exist: empirical methods, 

analytical solutions and numerical methods [18]; an overview is found in [19]. In any method, 

the joint configuration substantially governs the structural response. To take these effects into 

account, the joint-related behaviour of segmental tunnel linings can either be approached as 

indirect-joint or direct-joint model. Indirect-joint models consider lining structures as uniform 

rings with adjusted rigidities due to the construction joints; on the contrary, construction joints 

are explicitly modelled in direct-joint models [20]. Furthermore, a distinction has to be made 

between two loading modes imposed by the surrounding soil, namely the active-loading mode 

and the passive loading mode. For the active loading mode, the load acting on the lining is 

calculated by empirical or analytical formulas, for the passive loading mode, the load acting on 

the lining is calculated taking into account the soil-lining interaction by means of displacement 

compatibility [21]. 
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In case of indirect-joint modeling of the cross-section, the effect of joints can be considered in 

the analysis assuming an indirect proportional relationship between the number of longitudinal 

joints and the circumferential bending rigidity as given in Equation (1) [22]: 

Ὅ ϽὍ Ὅ Ὅ (1) 

where N is the number of concrete segments per ring (N > 4), I0 is the moment of inertia of the 

concrete segments per unit length of a segmental tunnel and Ij is the moment of inertia at the 

longitudinal joints per unit length of a segmental tunnel. During the last decades, this formulation 

was modified by several researchers, whereas additional influencing factors such as joint 

distribution or subgrade modulus Ks were taken into consideration [2]. In this context, the 

effective transversal bending rigidity ratio h was introduced (Equation 2) [23]: 

ʂ ȟ

ȟ
ρ (2) 

where (EI)c,jointed marks the effective flexural rigidity of the jointed ring structure and 

(EI)c,continuous is the flexural rigidity of the equivalent continuous ring structure in circumferential 

direction. Analogously, the concept of the effective longitudinal bending rigidity ratio x was 

established (Equation 3) [24]: 

ʊ ȟ

ȟ
ρ (3) 

where (EI)l,jointed marks the effective flexural rigidity of the jointed ring structure and (EI)l,continuous 

the flexural rigidity of the equivalent continuous ring structure in longitudinal direction. 

Different to the effective transversal rigidity ratio, x addresses a reduced flexural rigidity in the 

longitudinal direction due to the presence of ring joints. By taking x into account, the response of 

the lining in longitudinal direction can take two deformation modes approximately into 

consideration, namely the bending deformation mode and the deformation mode of dislocation; 

see Fig. 2. A comprehensive list of calculation models concerning the longitudinal response of 

shield tunnels is given in [25]. 

 
Fig. 2. Longitudinal deformation modes [25]. 

So far, the transverse and longitudinal behaviour of segmental tunnel linings have been 

approached as two-dimensional problems, though it is a three-dimensional boundary value 

problem. Particularly, because the longitudinal and the transverse stiffness of a liner are related 

to each other [4]; this effect was also shown by [26]. In this context, parametric studies were 
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performed which indicate that the longitudinal bending stiffness of the segmental liner increases 

with the transverse bending stiffness of the tunnel cross-section. In [26] it is also shown that 

longitudinal differential settlements lead to additional tangential bending moments due to 

flattening; unless this is taken into account, the design might be unsafe[7]. Further investigations 

presented in [27] were performed addressing the longitudinal load transfer mechanism of tunnel 

linings by means of a cylindrical shell within an elastic foundation. These calculations led to the 

conclusion that both, an increase of circumferential and radial stiffness results in a decreasing 

bending moment in the cross-section of a tunnel lining. Hence, structural measures should be 

taken to strengthen the shear stiffness between rings in order to reduce the additional bending 

moment induced by ground displacements. In [27], 3D effects of relevant results are highlighted, 

which are only insufficiently captured by 2D analyses. As a consequence, the authors concluded 

that 3D FEA are highly recommended to assess the structural behaviour of segmental tunnel 

linings. Therefore, the subsequent chapter presents a modeling framework using 2D and 3D 

FEA, which allows to evaluate the effects of joints on the (three-dimensional) behaviour of 

segmental tunnel linings. However, main emphasis is put on the derivation of modeling 

parameters in order to capture the structural behaviour as realistically as possible. 

3. Hybrid modeling approach - Workflow  

This section introduces a hybrid modeling approach combining both, analytical formulations and 

numerical results. Therefore, the existing SDT lining, which is modelled as plate element with 

anisotropic material (indirect-joint model), serves as reference structure. In order to account for 

the effects of segmental joints on the lining behaviour, the bending stiffness EĀI, the normal 

stiffness EĀA as well as the shear stiffness GĀA have to be adapted; Fig. 3 illustrates the basic idea 

of the joint-induced stiffness reduction. 

 
Fig. 3. Basic idea of the joint-induced stiffness reduction in longitudinal direction. 

For a given plate thickness d, the effective material cross section areas for both, shear forces and 

normal forces, represent constants, the same applies for the moment of inertia against bending. 

Thus, the geometric properties cannot be modified in order to reduce EĀI, EĀA and GĀA to model 

the effects of joints. Hence, to model the joint-induced stiffness reduction an adjustment of the 
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anisotropic stiffness parameters E1, E2, G12, G13 and G23 (see Fig. 4) is required. In other words, 

geometric anisotropy is approached as material anisotropy. In this context, several 

recommendations are reported in the literature with respect to the modeling of T-shaped floor 

profiles, sheet-pile walls and retaining walls [10,11,28]. The present study extends the basic idea 

of the joint-induced stiffness reduction to model segmental tunnel linings, thereby addressing the 

following questions: 

¶ How do longitudinal joints affect the cross-sectional behaviour? 

¶ How can ring joints be taken into consideration by means of an indirect-joint model? 

¶ To which extent is the max. cross-sectional bending moment influenced by the joint-induced 

shear stiffness reduction? 

To investigate the problem and to answer the questions, a five-step procedure is established, 

which also allows to determine the anisotropic stiffness parameters of a segmental tunnel lining 

(i.e. E1, E2, G12, G13, G23). In the following, a brief description of each step is given; a detailed 

description is given in [15]. However, the key results are reported in the subsequent section. The 

SDT serves as reference structure for all studies discussed in the following. 

 
Fig. 4. Orientation of shear forces, shear moduli and shear deformations. 

Step 1: Simplification of SDT geometry 

The considered drainage tunnel represents a stagger-jointed ring assembly formed by hexagonal 

concrete segments with no plane of symmetry present. For the following studies, the investigated 

tunnel geometry has been simplified as illustrated in Fig. 5 left. 

 
Fig. 5. Simplified geometry (left); SDT-parameters (right). 
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In the FEA, both, the longitudinal and the ring joints are approximated as flat joints, which 

extend parallel and perpendicular to the tunnel axis, respectively. In other words, the present 

stagger-jointed lining assembly is considered as straight-jointed lining assembly. With respect to 

the longitudinal deformation behaviour of a four-fold segmented tunnel lining, the eligibility of 

this simplification approach is strengthened by [22,26]. 

Step 2: Examination of cross-sectional structural behaviour 

Based on the simplified cross-section, 2D as well as 3D calculations are conducted where a 

differentiation is made between loading and unloading conditions. The 3D models are generated 

by extending the 2D geometries by three metres in the third dimension. While shape functions of 

fourth order are used for the majority of the 2D calculations, quadratic shape functions are used 

for some FEA for reasons of comparison between 2D and 3D (offers only shape functions of 

second order). In this way, it is possible to evaluate differences based on geometrically 

equivalent models in 2D and 3D. Fig. 6 shows both, the model dimensions and the mesh 

discretization of the boundary value problem. With regard to longitudinal-joint-modeling, the 

rotational rigidity KRO, which is defined as the bending moment-per-unit length required to 

develop a unit rotation angle along the joints of the assembled segments, lies somewhere 

between the extreme values for ideally rigid and ideally hinged joints. Hence, finite element 

analyses are conducted in which the rotation degrees of freedom (i.e. representing longitudinal 

joints) are modelled as rigid and fully hinged, respectively. In an additional analysis, the SDT is 

modelled as uniform ring without joints as well. However, the translational degrees of freedom 

remain fixed in all calculations. It is further noted that the model depth is not constant and varies 

for loading and unloading conditions. With these models, deviations resulting from different 

longitudinal joint modeling approaches are investigated. The derived findings are then used to 

determine the transversal bending rigidity ratio ɖ of the SDT. 

 
Fig. 6. Uniform ring model - 2D finite element mesh (left); 3D finite element mesh (right). 

Step 3: Examination of the longitudinal structural behaviour 

In this step, the drainage tunnel is modelled as continuous circular 3D plate element with 

anisotropic material, thereby taking into account the effect of both, longitudinal joints and ring 

joints on the lining behaviour. Considering the influence of longitudinal joints, the effective 
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transversal bending rigidity ratio ɖ, which is deduced from step 2, is used to modify both the 

normal stiffness (E2ĀA2) and the bending stiffness (E2ĀI2) in circumferential direction as follows: 

ὉϽὍ Ὁ Ͻ– Ͻ
 Ͻ

 (4) 

ὉϽὃ Ὁ Ͻ– ϽὸϽρά (5) 

where I2 is the moment of inertia against bending over the longitudinal axis, A2 is the effective 

material area for axial forces in the circumferential direction, E2 is the effective Youngôs 

modulus in the circumferential direction and ESDT is the Youngôs modulus of the SDT concrete 

segments; see Fig. 5 right. Regarding the presence of ring joints, both, the normal stiffness 

(E1ĀA1) and the bending stiffness (E1ĀI1) in longitudinal direction are modified according to [29]. 

Therefore, an analytical solution is used to quantify the longitudinal bending rigidity ratio ɝCont.: 

ὉϽὍ Ὁ Ͻ‚ ȢϽ
 Ͻ

 (6) 

ὉϽὃ Ὁ Ͻ‚ ȢϽὸϽρά (7) 

In the Equations (6-7), I1 is the moment of inertia against bending over the circumferential axis, 

A1 is the effective material area for axial forces in the longitudinal direction, E1 is the effective 

Youngôs modulus in the longitudinal direction and ESDT is the Youngôs modulus of the SDT 

concrete segments. 

Step 4: Model transformation 

The previous steps focus on the joint-induced reduction of the normal stiffness as well as the 

bending stiffness. In addition, segmental joints also affect the shear stiffness GĀA [27]. However, 

indirect-joint models have shortcomings regarding the investigation of complex joint 

characteristics such as the joint-induced shear stiffness reduction. To overcome this limitation 

and to investigate the effect of joints on GĀA, the indirect-joint model used in step 3 is 

transformed to the direct-joint model as illustrated in Fig. 7 left. For the direct-joint model, the 

following two assumptions are made: 

¶ Longitudinal joints have a minor effect on the rigidity of the lining, if the number of 

segments is less or equal four [22]. Hence, the segmental lining is approached as a series of 

uniform isotropic rings (Lsegment = 0.52 m) separated by ring joints (Ljoint = 0.28 m), whereas 

the latter is assumed to be equal to the lining thickness. 

¶ Ring joints are modelled as thin plate sections. In this way, both a reduced longitudinal 

bending stiffness (E1ĀI1)Joint and a reduced normal stiffness (E1ĀA1)Joint of the ring joint area 

compared to the adjacent isotropic rings is accounted for. In contrast to the indirect-joint 

model, in which both stiffness components are uniformly reduced along the entire tunnel 

length, the direct-joint model restricts the influence of the ring-joint-induced stiffness 

reduction to the ring joint area. Consequently, the impact of the ring-joint-induced shear 

stiffness reduction can be studied in more detail. 

To provide consistency between both models, comparative 3D calculations were conducted in 

which the vertical deformations occurring at the crown were chosen as matching parameter; the 
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model dimensions are shown in Fig. 7 right. Consequently, the longitudinal bending rigidity ratio 

of the ring joint area ɝJoint is selected such that the vertical deformations at the crown show 

good agreement amongst both models. 

 
Fig. 7. Model transformation - indirect-joint and direct-joint model (left); 3D finite element mesh (right). 

Step 5: Analysis of joint-induced shear stiffness reduction 

Based on the calibrated direct-joint model, step 5 aims to get a better understanding of the 

consequences of the joint-induced shear stiffness reduction. In order to account for the shear-

induced offsets at the ring joints, the translational movements are approximated as shear 

deformation of the thin plates representing the ring joints; see Fig. 8. Correspondingly, 

(G12ĀA12)Joint and (G13ĀA13)Joint, that determine the shearing behaviour in the ring joint area, are 

reduced by employing a parameter called shear stiffness reduction ratio yWƻƛƴǘ: 

‒
Ͻ

Ͻ
ρ (8) 

where (GĀA)Joint is the effective shear stiffness of the ring joint area in the direction of the 

respective axes (G12ĀA12)Joint or (G13ĀA13)Joint and (GĀA)SDT is the shear stiffness of the SDT 

concrete segments. 

 
Fig. 8. Modeling approach to account for the ring-joint-induced shear stiffness reduction. 

The effective material cross section area for both, the shear force Q12,Joint, A12,Joint, as well as for 

the shear force Q13,Joint, A13,Joint, represent constants for a given plate thickness d. Hence, slipping 

at the ring joints is taken into consideration by reducing the corresponding shear moduli G12,Joint 

and G13,Joint as follows: 

Ὃ ȟ Ὃ  Ͻ‒  (9) 
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Ὃ ȟ Ὃ  Ͻ‒  (10) 

To analyse the effect of the ring-joint-induced shear stiffness reduction on the SDT concrete 

segments, six sets of coefficients (Wyƻƛƴǘ = 0.01, 0.05, 0.1, 0.3, 0.5, 1.0) are adopted in this study. 

These results allow to assess the effect of the joint-induced shear stiffness reduction on both, the 

SDT deformation behaviour and the max. cross-section bending moment Mmax, which is, in turn, 

significant for the design of the concrete segments. 

4. Hybrid modeling approach - Numerical parameter study 

This section captures key observations of the numerical studies which were conducted by means 

of 2D and 3D FEA; in this context, loading as well as unloading conditions were considered. 

Since the present paper concerns the practical application of the hybrid modeling approach rather 

than modeling details, the reader is referred to [15] regarding further details of the performed 

analysis. 

4.1. Effect of longitudinal joints on cross-sectional behaviour 

Concerning step 2 of the hybrid modeling approach, the development of bending moments 

around the circumference of the lining is investigated in the following. Therefore, the effect of 

rotational rigidity KRO is evaluated. In order to deduce more general statements, different loading 

intensities are considered in the FEA. The results shown in Fig. 9 represent upper and lower 

boundary values with respect to the possible bending moment M since they constitute extreme 

KRO-values (i.e. rigid, fully hinged, uniform ring). The results clearly demonstrate that the 

rotational rigidity does not affect the distribution of bending moments around the circumference 

of the tunnel in both investigated loading cases. Likewise, the 2D results show good agreement 

with those obtained from the corresponding 3D models provided that quadratic shape functions 

are used; see Fig. 10. The results show that the jointed cross section can be approached as 

uniform ring corresponding to a ɖ-value of 1.0, which is in accordance with the findings 

presented in [22]. 

 
Fig. 9. Bending moments considering different joint configurations and loading conditions (2D). 
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Fig. 10. Bending moments considering different joint configurations (unloading conditions). 

Based on the FEA, the SDT structure can therefore be considered as a series of concrete 

segments separated by ring joints. However, the following assumptions were made for the 

performed studies: 

¶ Symmetrical (un)loading conditions 

¶ Straight-jointed lining assembly 

¶ Ring geometry composed of four segments 

¶ No slipping of adjoining concrete segments at the longitudinal joints 

4.2. Modeling of longitudinal structural behaviour 

As described in step 3 of the hybrid modeling approach, the analytical solution proposed by [29] 

is used to quantify the ring-joint-induced stiffness reduction in longitudinal direction by means 

of the longitudinal bending rigidity ratio ɝCont.; Table 1 summarizes the SDT-related input data 

required to determine ɝCont.. 

Table 1 
SDT-related input data required to determine ɝCont. 

 
 

Due to the fact that there is no information about the influence length Lf of the present ring joint, 

a sensitivity study was first conducted to investigate its effect on ɝCont.. The longitudinal bending 

rigidity ratio decreases with increasing Lf-values, whereas ɝCont. remains almost constant for 

Lf-values greater than 0.05 m; see Fig. 11. Since the flexural rigidity of jointed ring structures is 

lower compared to equivalent continuous ring structures, the observed tendency is reasonable; 

accordingly, ɝCont. reaches its maximum if the ring joints disappear (Lf = 0 m). 
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Fig. 11. Relationship between influence length of ring joint Lf and longitudinal bending rigidity ratio ɝCont. 

In Fig. 11, [26] and [27] serve as guideline to mark a typical range of ɝCont.-values considered for 

segmental tunnel linings (i.e. 0.14 and 0.40). In the present case, the influence length of the ring 

joint is defined as Lf = 3 mm which corresponds to the SDT ring joint thickness. Based on the 

analytical solution, this gives a ɝCont.-value of 0.24 which falls within the range of typical values 

as shown in Fig. 11. 

4.3. Influence of shear stiffness reduction on max. cross-sectional bending moment 

In order to study the consequences of a joint-induced shear stiffness reduction, the indirect-joint 

model is transformed into a direct-joint model; see Fig. 7. To provide consistency between both 

models, the vertical crown displacements developing in longitudinal direction are used for 

calibration purposes. Preliminary studies showed that the direct-joint model is in good agreement 

with the structural behaviour of the indirect-joint model (ɝCont. = 0.24) if ɝJoint is set to 0.10 for 

both, loading and unloading conditions; see also [15]. 

The total shear deformations of the SDT are considered as the sum of the shearing of the 

concrete segments plus the shear-induced offsets at the joints. The latter is herein accounted for 

by introducing the shear stiffness reduction ratio of the ring joint area Jyoint (see Fig. 8). As 

expected, reducing the shear stiffness (Jyoint < 1) results in an increase of the differential 

displacements for loading as well as unloading conditions; see Fig. 12 and Fig. 13. The tendency 

towards increased differential displacements can be explained by additional translational 

movements at the ring joints (i.e. ring joint slipping). It can be further inferred from the results 

that the crown displacements are almost not affected for Jyoint-values greater than or equal to 0.30. 

On the contrary, crown displacements are significantly influenced when the equivalent shear 

stiffness Jyoint is smaller than 0.10 indicating a much softer longitudinal deformation behaviour. 

Since bending is considered the most relevant type of deformation with respect to tunnel linings 

[4], the definition of Jyoint is particularly of importance, as Jyoint-values smaller than 0.10 may 

overestimate the crown displacements significantly. 
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Fig. 12. Effect of shear stiffness reduction Wyƻƛƴǘ on the longitudinal distribution of vertical crown 

displacements (3D, loading). 

 
Fig. 13. Effect of shear stiffness reduction Wyƻƛƴǘ on the longitudinal distribution of vertical crown 

displacements (3D, unloading). 

Regarding the max. cross-sectional bending moment Mmax a similar tendency is observed as a 

consequence of reducing the shear stiffness in the ring joint area. When the lining is subjected to 

loading conditions, an increase of the shear stiffness leads to decreasing max. bending moments 

in the cross section as shown in Fig. 14. This shear stiffness dependence is observed for different 

constitutive models representing the soil behaviour. For the presented studies the HSS 

constitutive model [30] as well as linear elasticity have been used to model the soil, whereas it 

has to be addressed that the latter predicts lower variations of the max. bending moment. The 

obtained results agree also with the observations made in [27]. However, it has to be mentioned 

that the opposite tendency is observed when unloading conditions are considered; in other words, 

an increase in shear stiffness leads to higher max. bending moments. This again applies for 

different constitutive models. Thus, it can be concluded that the recommendations regarding 

structural measures for segmental tunnel linings presented by [27] are restricted to loading 

conditions (i.e. the shear resistance ability between rings should be increased in order to reduce 

the additional internal forces induced by ground displacement). Nevertheless, similar to what has 

been observed for the crown displacements, the max. bending moments are almost constant, if 

Jyoint-values are set greater than or equal 0.30 (see Fig. 14). 








