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Abstract: 

 

In this paper, the nonlinear finite element analysis by ABAQUS was used to 

predict the behavior and ultimate capacity of shaft lining steel-concrete composite 

structures. The numerical data for designing the shaft lining structure in coal 

mines; the stress-strain response and damage of steel-concrete composites is 

deeply explore through finite element analysis and analytical methods. The 

present work studies the influence of thickness-diameter ratio on the shaft lining 

structures performance by focusing on the stress-strain characteristics, geometry 

imperfections, damage and deformations occurs inside the materials structure 

properties. The results from the finite element simulation agree very well with the 

experimental observations, especially with regard to load-deflection response, 

crack patterns at different load stages, failure modes and stress-strain mechanisms. 

All these indicate that the constitutive models used for shaft linings concrete by 

ABAQUS are able to capture compressive behavior and stress-strain response of 

the different Z1, Z2, Z3, Z4, Z5, Z6, Z7, Z8, and Z9 specimens. The results show 
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that the nine models have an acceptable agreement with the experimental results 

for stress-strain response and progressive damage with high reliability. In this 

paper the traditional bearing capacity calculation formula is also used to calculate 

the ultimate bearing capacity of the shaft lining structures. The finite element 

software ABAQUS is employed for modeling, analyzing and simulation of a new 

high strength composite for coal mining application design. Finally, the plastic 

strain, compressive damage variable, tensile damage variable, compressive stress-

strain curves, and load-displacement diagrams are obtained at the same time 

verified by incremental loading method employed on ABAQUS for solving the 

rationality of the shaft lining structures bearing in finite element dynamic analysis. 

Based on the present research, for the studied cases, the experiment results of shaft 

linings concrete and FEM analysis by ABAQUS were in good agreement; the 

mean ratios of experimental-to-predicted values for: ultimate load capacities equal 

to 40 MPa; the limit loop strain of steel and concrete varying between 4000 to 

6000 𝜇𝜀; the limit loop stress of steel is about 300 to 400 MPa, while for the 

concrete is about 150 to 200 MPa. Finite element analysis and experimental 

results show that, as loading progressed, the strain distribution in the shaft lining 

structure became approximately uniform indicating the formation of a tied arch 

mechanism. Concrete strain distribution is nonlinear and non-conform to 

Bernoulli’s assumptions for strain and stress distribution; this nonlinearity is due 

to the shear deformations inside the structural element. The study can provide 

certain reference for practical engineering calculation and analysis of compressive 

damage effects & stress-strain response of shaft lining structures.  

 

 

Keywords: Shaft of coal mines; Engineering application; Explicit finite 

element analysis (FEA); 3D detailed modelling. 
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1. Introduction 

 

The development of computer methods for the solution of scientific and 

engineering problems governed by the laws of mechanics and civil engineering 

was one of the great scientific and engineering achievements of the second half 

of the 20th century, with a profound impact on science and technology. Computer 

technology and finite element theory through the commercial finite element 

software is growing very fast in most of the international research centers. 

ABAQUS is one of the large and worldwide use software in the field of structural 

engineering design and mechanics engineering, also in the field of civil 

engineering for the structural coal mining design projects. Commonly use in 

research works and engineering, ABAQUS have a high speed, high accuracy 

coupling with the low cost analysis of numerical calculations of finite element 

analysis software. The operator interface of ABAQUS is more convivial than 

others finite element software and thus, the results visualization is pretty more 

attractive, especially in the case of explicit analysis with some deformations, shear 

stress and bending of the structure [42-68].  

Computer Methods in Applied Mechanics and Engineering was founded over 

three decades ago, providing important research data in the field of science and 

engineering. The range of appropriate contributions is very wide and covers any 

type of computational method for the simulation of complex physical problems 

leading to the analysis and design of structural engineering systems. This includes 

theoretical development and rational applications of mathematical models, 

variational formulations, and numerical algorithms related to finite element, 

boundary element, finite difference, finite volume, and meshless discretization 

methods in diverse fields of computational science and engineering (Solid and 

structural mechanics, Fluid mechanics, Mechanics of material, Heat transfer, 

Dynamics, Geomechanics, Acoustics, Biomechanics, Nano mechanics, 
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Molecular dynamics, Quantum mechanics, Electromagnetics) [42-68]. The 

obtained simulated results coupling with analytical results are compared with the 

experimental data; an analysis with a discussion of these results are made in order 

to serve as a reference for further studies of the finite element analysis on 

ABAQUS. 

 

2. Establishment of the Model 

 

The nine studied shaft lining cylinders are investigated using the ABAQUS 

FEA package [56]. For each parametric configuration two models are solved; one 

with a Frequency step and one with an Explicit Dynamic step to avoid 

convergence on calculations.  

The model for double steel plate concrete shaft lining is illustrated in Figure 1. 

 

Figure 1: Shaft lining structure model  

https://www.sciencedirect.com/topics/engineering/finite-element-analysis
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The steel anchor in the concrete is used to measure the stress, strain, and 

displacement of the studied structure. For an explicit dynamics analysis the time 

is an important parameter for the real time data collecting. There is the full-scale 

shaft lining dimensions, inner and outer thickness, also specimen’s concrete 

strength grade. The height and width of the anchor are half the thickness of the 

shaft lining model.  

 

2.1 Parameters of Constitutive Model  

 

The ABAQUS element library provides a complete geometric modelling 

capability. For this reason any combination of elements can be used to make up 

the model. All elements use numerical integration to allow complete generality in 

material behavior. Element properties can be defined as general section behaviors, 

or each cross-section of the element can be integrated numerically, so that 

nonlinear response can be tracked accurately when needed. 

The shaft lining materials are super strength concrete and steel plate applied in 

both engineering design constructions projects. These materials gives a complete 

stress-strain curve of strength and load of the composite structure. For the 

numerical analysis a geometrical ratio dimensions of the shaft lining structure 

model is adopted, since the prototype dimensions are relatively large.  

Because of the investigation of the stress-strain distribution of the shaft lining 

structure, it will be necessary to evaluate the ultimate loading of the damage. The 

equations analysis methods of the shaft lining static model is as follows: 𝑪𝜺𝑪𝒍/𝑪𝜹 = 𝟏  is related to the structure geometry; 𝑪𝝆/𝑪𝝈 = 𝟏  is a 

boundary equation; the physical equation of the model is get by: 
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𝑪𝜺𝑪𝑬𝑪𝝈 = 𝟏, 𝑪𝒗 = 𝟏; where 𝐶𝑙 is the geometrical similarity constant, 𝐶𝜌 the 

load or surface force similarity constant, 𝐶𝜀 the strain similarity constant, 𝐶𝐸 the 

elastic modulus similarity constant, 𝐶𝛿 the displacement similarity constant, 𝐶𝜎 

the stress similarity constant, 𝐶𝑣 the Poisson ratio similarity constant. Before and 

after the loading deformation the shaft lining model will keep the same geometry 

conditions as show in the follow equation: 𝑪𝑬 = 𝑪𝝈 = 𝑪𝝆 = 𝑪𝑹 = 𝟏, 𝑪𝜺 = 𝟏 

Where 𝐶𝑅  is the strength similarity constant, while the bearing capacity is the 

model ability to bear load. We will consider 𝐶𝑙 as the amplified displacement of 

the model, so we can only approximate the geometrical similarity constant of the 

shaft lining structure. We consider the elastic strain modulus as the ratio between 

40% of load for the axial compressive strength. The Poisson’s ratio is uniformly 

take at 0.2 or 0.26. 

 

2.2 Finite Element Analysis Approach   
 

Finite Element Method (FEM) is a very strict numerical analysis method of 

theoretical system which converts ideally the continuum into a discrete structure; 

the structure is composed of a finite number of units and analyzes the stress and 

deformation according to each unit. The FEM is more comprehensive considering 

the constitutive relation, strain compatibility condition and static equilibrium 

between stress and strain; also there are some advantages of solving various 

complex boundary conditions, heterogeneous and nonlinear structural 

engineering problems.  
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Figure 2: Finite element modelling, geometry and mesh of the shaft lining 

models 

The geometry for the shaft lining model was created using ABAQUS/CAE. The 

Figure 2 shows the finite element meshes used in the dynamic explicit simulation 

of a shaft lining borehole cylinder. Reduced-integration shell elements employing 

stiffness hourglass control have been used to discretize the nine studied composite 

models. The constitutive behavior of the double steel plate is represented by a 

rate-dependent Mises plasticity model. The mesh-independent fasteners have also 

been used to simplify the modeling of parts structure; so the mesh configuration 

is more smoothly. Surfaces specified in the general contact domain can include 

rigid and deformable regions with mixed element types. The general algorithm 

enforces constraints using a specific method which works very well with mesh-

independent fasteners, and other type of constraints. 

Several researchers have carried out numerical simulation and finite element 

modeling of concrete structures. It was found that the FEM is in good agreement 

with the experimental tests data. The general contact algorithm in 

ABAQUS/Explicit is used for this analysis. The design of shaft lining model 

parameters consider the ultimate thickness which have been previously studied in 

the reference [1] during the experimental tests. The inner and outer cylinder 

thickness will vary according to the height of each models. The three steel-
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concrete composites C65, C70 and C75 are considered in this research paper 

according to the “Code for Design of Concrete Structures” [36-38]. 

 

2.3 General Methodology: Model geometry, 

Boundary conditions, and Loading 

 

Numerical simulations of shaft linings composites were done by using 

commercial software ABAQUS Standard 6.12 [56]. The concrete material was 

modelled as a homogeneous 3D solid section; the Drucker-Prager plasticity model 

is used during the numerical simulation of the composite. The numerical model 

should be able of capturing the critical and essential phenomena which occurs 

inside the material structure [20-35].  

The axial and tangential axes are constrained along the circumference. The 

cylinder bottom is encastred with pinned conditions, while the top cylinder is 

subject to peak deformations. All the steel cylinders of the composite are fixed at 

the bottom, and the top end is kept free in all directions with the applied axial 

loading. Embedded region constraint available in ABAQUS Standard is used to 

define the bonding of steel-concrete composite. To determine the axial load-

deflection history of shaft lining structures up to failure, a static monotonic load 

is applied at the top by the displacement control. The constraint tie is used to apply 

the boundary conditions and an equal distribution of different loads. The steel 

plates are considered as rigid elements with Young’s modulus of 210 GPa and 

density of 7.85.10-9 ton/mm3. The most specific details of the geometry and 

modelling finite element models of shaft lining composites are shown in Figure 2. 

 

 



9 

 

3. Model Test Verification 

3.1 Details of validated model 

 

The solid (or continuum) elements in ABAQUS can be used for linear analysis 

and for complex nonlinear analyses involving contact, plasticity, and large 

deformations. In this research paper, regarding the finite element models, three 

dimensional 8-node first order fully integration continuum elements (C3D8 – 

Bricks) are used to model the concrete composites and loading steel plate’s 

cylinders. The mentioned abbreviation stands for: 

 

Most of the time the geometry size of the cylinders models is not helpful for the 

full-experimental tests; in the case of numerical analysis a reduced-scale model is 

consider during the input parameters in the finite element software ABAQUS. 

The outside diameter of the model is 925 mm while the height is 562.5 mm (see 

Figure 1). For the shaft lining thickness-diameter ratio we have the values of 

0.2692 mm, 0.2886 mm, and 0.3076 mm for 98.1 mm, 103.6 mm, and 108.8 mm 

respectively.  

Because of the elasticity of the studied models we consider the equilibrium, 

geometric and physical equations which take in account the strain ratio, 

displacement, force, stress and Poisson ratios. Several expressions should be 

consider as shown below: 
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𝑪𝜺.𝑪𝒍𝑪𝒖 = 𝟏                                                                              (1) 𝑪�⃗⃗� 𝑪𝝈 = 𝟏                                                                                  (2) 𝑪𝜺.𝑪𝑬𝑪𝝈 = 𝟏, 𝑪𝒗 = 𝟏                                                      (3)    

 

Where 𝐶𝜀  is the strain similarity ratio, 𝐶𝑙  the geometry similarity, 𝐶𝑢  the 

displacement ratio, 𝐶𝐸  the elasticity modulus ratio and 𝐶𝑣  the Poisson’s ratio. 

These initial conditions are important to satisfied and ensure the strain relationship 

between the full-scale shaft lining and the nine different studied models. In this 

case 𝐶𝜀 = 1  and the previous equations 1, 2, and 3 can be simplified in the 

equation 4 below: 

 𝑪𝒍𝑪𝒖 = 𝟏, 𝑪�⃗⃗� 𝑪𝝈 = 𝟏, 𝑪𝑬𝑪𝝈 = 𝟏, 𝑪𝒗 = 𝟏                     (4) 

 

The strength conditions have to be satisfied to ensure a good deal between the 

failure load and the failure form of the nine shaft lining models. Those equations 

are helpful to get the stress-strain relationship point of the models during the 

loading process. The failure criterion and the strength part of the model are 

important for the stress-strain characteristics. All the models materials are similar 

and satisfied the strength also boundaries conditions as specified in the equation 

5. 

 𝑪𝒍 = 𝑪𝒖, 𝑪𝑬 = 𝑪𝒗 = 𝑪𝝈 = 𝑪�⃗⃗� = 𝑪𝝆 = 𝑪𝒇 = 𝟏  (5) 
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The steel content here is symbolize by 𝐶𝜌, while the strength similarity ratio is 

materialize by 𝐶𝑓. 

 

3.2 Reasonability of numerical model 

 

The FE models are generated using ABAQUS CAE FE package and the models 

are parameterized via Python scripts. In order to apply the loads and boundary 

conditions (BCs), a reference point is set at the center of each free edge of the 

cylindrical shells and connected using multi-point constraint (MPC). Also to 

obtain accurate results from the FE model, all the elements in the model were 

purposely assigned the same mesh size to ensure that each of two different 

materials shares the same node. The type of mesh selected in the model is 

structured; modeling and mesh generation are developed using same techniques 

for all specimens.  

The nine studied models are composed of two materials: steel and concrete. When 

the concrete is undergoing elastic deformations, the circumferential stresses are 

distributed according to the stress distribution law of thick-wall cylinders defined 

by: 

 𝝈𝒕 = 𝒃𝟐𝝆𝒃𝟐−𝒂𝟐 (𝟏 + 𝒂𝟐𝒓𝟐)                                                           (6) 

 

Where 𝜎𝑡  is stress circumference of the concrete;  𝜌 the external load; 𝑎 is the 

inner radius and b the outer radius of the shaft lining structure; r is the radius at 

the calculation point in the finite element software.  
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For the comprehensive physical and mechanical properties of the nine studied 

shaft lining composites we can refers to the Table 1. The modulus of elasticity (Ec) 

of concrete was calculated using the ACI code given by the following expression: 𝐸𝑐 = 4700√𝑓𝑐𝑙                                           (7) 

Table 1: Physic-mechanical parameters of shaft lining structures 

N° Concrete 
Strength 
Grade/MPa 

Thickness-
Diameter 
Ratio 

Concrete 
Compressive 
Strength/MPa 
[1] 

Ultimate 
Strength/MPa 
[1] 

Analytical data (MPa) 

Strain at end of 
softening curve 

Elastic 
Modulus/MPa 

Poisson’s 
ratio 

Z1 C60 0.2692 66.9 29.5 0.0039 23.020 0.2 

Z2 C60 0.2692 71.1 33 0.0040 22.850 0.2 

Z3 C60 0.2692 75.6 37 0.0040 24.150 0.2 

Z4 C70 0.2886 65.8 33.5 0.0040 22.450 0.2 

Z5 C70 0.2886 71.4 38 0.0038 23.320 0.2 

Z6 C70 0.2886 
 

76.5 37.5 0.0031 23.210 0.2 

Z7 C80 0.3076 
 

65.8 36 0.0030 23.680 0.2 

Z8 C80 0.3076 
 

71.5 35 0.0042 24.290 0.2 

Z9 C80 0.3076 
 

76.8 40 0.0036 24.140 0.2 

 

The master and slave surface concept was used to define the interaction between 

concrete cylinders and steel plates. The bottom surface of the top steel plate and 

the bottom surface of the concrete cylinder was taken as master’s surfaces; the top 

surface of the concrete cylinder and the top surface of the bottom steel plate are 

considered as slave’s surfaces. The load transferring surfaces are taken as master 

surfaces.  

A total of 09 full-scale cylinders specimens were modelled in ABAQUS under 

different loading conditions, from which all the 09 specimens were reinforced 

longitudinally and transversely with thin steel cylinders (the thin steel cylinders 

have different diameter ratio according to their inner and outer diameter thickness). 
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4. Parameters analysis 

4.1 Simulation Scheme 

 

The numerical simulation will be conducted by using the Python code on the 

Commercial Finite Element Software ABAQUS [56]. The stress-strain 

relationship is obtain during the deformation when the material tend to stabilize; 

the ultimate bearing can also be observe at this stage until failure when the loads 

are applied.  

 

4.1.1 Stress invariants 

The yield stress surface makes use of two invariants, defined as the equivalent 

pressure stress, 

 𝝆 = − 𝟏𝟑  𝒕𝒓𝒂𝒄𝒆 (𝝈);                                         (8) 

 

And the Mises equivalent stress, 

 𝒒 = √𝟑𝟐  (𝑺 ∶ 𝑺);                                              (9) 

 

Where S is the stress deviator, defined as: 

 



14 

 

𝑺 = 𝝈 + 𝝆𝑰                                                    (10) 

 

In addition, the linear model also use the third invariant of deviatory stress, 

 𝒓 = (𝟗𝟐  𝑺 . 𝑺 . 𝑺)𝟏𝟏𝟑                                         (11) 

 

 

4.1.2 Yield stress ratios 

Alternatively, the strain rate behavior can be assumed to be separable, so the 

stress-strain dependence is similar at all strain rates: 

 �̅� = 𝜎0 (𝜀𝑝𝑙̅̅ ̅̅  , 𝜃 , 𝑓𝑖) 𝑅 ( 𝜀𝑝𝑙̀  , 𝜃 , 𝑓𝑖 ),                (12) 

 

Where 𝜎0 (𝜀𝑝𝑙̅̅ ̅̅  , 𝜃 , 𝑓𝑖) is the static stress-strain behavior and 𝑅 ( 𝜀𝑝𝑙̀  , 𝜃 , 𝑓𝑖  ) is the 

ratio of the yield stress at nonzero strain rate to the static yield stress. Two methods 

are offered to define R in ABAQUS; specifying an overstress power law or 

defining the variable R directly as a tabular function of 𝜀𝑝𝑙̀  

The Cowper-Symonds overstress power law has the form: 

 𝜀𝑝𝑙̇ = 𝐷 ( 𝑅 − 1)𝑛  For  �̅� ≥ 𝜎0
 ,                             (13) 
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Where 𝐷 (𝜃 ;  𝑓𝑖  ) and 𝑛 ( 𝜃 , 𝑓𝑖  ) are material parameters that can be functions of 

temperature and, possibly, of other predefined field variables.  

 

4.1.3 Linear Drucker-Prager model 

The linear model is written in terms of all three stress invariants. It provides for a 

possibly noncircular yield surface in the deviatory plane to match different yield 

values in triaxle tension and compression, associated inelastic flow in the 

deviatory plane, and separate dilation also friction angles.  

The linear Drucker-Prager criterion is written as [30-41]: 

 𝑭 = 𝒕 − 𝒑 𝒕𝒂𝒏𝜷 − 𝒅 =  𝟎,                        (14) 

 

Where; 

 𝒕 =  𝟏𝟐  𝒒 [𝟏 + 𝟏𝑲 − (𝟏 − 𝟏𝑲) (𝒓𝒒)𝟑]                         (15) 

 

 𝜷 (𝜽 , 𝒇𝒊) is the slope of the linear yield surface in the p-t stress plane and is 

commonly referred as a friction angle of the material; 𝒅 is the cohesion of the material; and 𝑲 (𝜽 , 𝒇𝒊) is the ratio of the yield stress in 

triaxial tension to the yield stress in triaxial compression and, thus, controls the 

dependence of the yield surface on the value of the intermediate principal stress 

as show in the Figure 3. 
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Figure 3: Yield flow surfaces of the linear model in the deviatory plane 

 𝒕 = 𝟏𝟐 𝒒 [𝟏 + 𝟏𝑲 − (𝟏 − 𝟏𝑲) (𝒓𝒒)𝟑]                 (16) 

 

 

Table 2: Linear yield criterion 
Curve K 

a 1.0 

b 0.8 

 

For the hardening defined in uniaxial compression, the linear yield criterion 

precludes friction angles 𝜷 > 𝟕𝟏. 𝟓° (𝒕𝒂𝒏𝜷 > 𝟑) , which is unlikely to be a 

limitation for real materials.  

When 𝑲 = 𝟏, 𝒕 = 𝒒, which implies that the yield surface is the von Mises circle 

in the deviatory principal stress plane; in which case the yield stresses in triaxle 

tension and compression are the same. For a convex yield surface we need to make 

sure that the following expression 17 is verified: 
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𝟎. 𝟕𝟕𝟖 ≤ 𝑲 ≤ 𝟏. 𝟎                                                         (17) 

 

The cohesion d of the material is related to the input data as: 𝒅 = (𝟏 − 𝟏𝟑 𝐭𝐚𝐧𝜷 )𝝈𝒄 if the hardening is defined by the uniaxial compression 

yield stress, 𝜎𝑐; = (1𝐾  +  13  tan𝛽 ) 𝜎𝑡 if hardening is defined by the uniaxial tension yield stress, 𝜎𝑡; = 𝑑  if the hardening is defined by the cohesion, 𝑑 = √32  𝜏 (1 + 1𝐾) 
 

 

4.2 Verification of the Empirical Formula for 

the Ultimate Capacity 

 

The numerical model is built in ABAQUS CDP (Concrete Damage Plasticity) 

model based on the concrete stress-strain curve provided by the code FORTRAN 

for concrete structure design. The key of finite element method to solve the 

ultimate bearing capacity is how to determine whether the structure reaches the 

ultimate destructive state based on the results of finite element calculation. There 

are several criteria [39-68] as follows: 

The first criteria is according to the finite element calculation and the convergence 

which is the standard for the failure of shaft lining structures. The corresponding 

load to the non-convergence is taken as the ultimate bearing capacity of the 

structure. During the structure instability, the displacement and plastic strain can 

mutate so the numerical calculation won’t converge.   
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For the second criteria, the plastic area on the structure reflect the damage state 

and take the corresponding load during the ultimate bearing capacity of the shaft 

lining. There is a possibility to map the distribution of generalized plastic strain 

at this step. 

The third criterion is the ultimate load which correspond here to the inflection 

point on the displacement (s) and load (p) curve. The displacement and load curve 

of the FEM are the most intuitive reaction of the shaft lining structure instability. 

The inflection point of the p-s curve is used as a criterion of critical damage state 

of the structure.  

 

 

Table 3: Parameters and capacities of shaft lining models  

N° Concrete 
Strength 
Grade/MPa 

Thickness-
Diameter 
Ratio 

Concrete 
Strength (MPa) 

Ultimate Capacity /MPa 

Test Value /MPa Calculated Value /MPa Relative Error /% 

Z1 C60 0.2692 66.9 29.5 27,97 1.41 

Z2 C60 0.2692 71.1 33 31,34 1.38 

Z3 C60 0.2692 75.6 37 35,18 1.64 

Z4 C70 0.2886 65.8 33.5 31,74 1.55 

Z5 C70 0.2886 71.4 38 36,1 1.87 

Z6 C70 0.2886 
 

76.5 37.5 35,81 1.73 

Z7 C80 0.3076 
 

65.8 36 34,18 2.02 

Z8 C80 0.3076 
 

71.5 35 33,45 1.49 

Z9 C80 0.3076 
 

76.8 40 38,28 1.77 
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Figure 4: Comparison curves of ultimate bearing capacity of shaft lining 

structures 

 

At the ultimate load state, the compressive strain distribution in the concrete is 

nonlinear as it no longer follows the parabolic shape or intensity linearity of 

normal (shallow) shaft linings. This condition is due to the predominant effect of 

the post-cracking, the reduction in the concrete’s compression area and the shear 

deformation that is prevalent in shaft linings structures. 

 

4.3 Progressive damage and failure 

 

The damaged plasticity model for concrete available in the ABAQUS material 

library is adopted to model concrete response, since it has been shown to perform 

satisfactorily in similar applications [2-19]. In ABAQUS/Explicit the extended 

Drucker-Prager models can be used in conjunction with the models of progressive 

damage and failure. The ability allows for the specification of one or more damage 

initiation criteria, including ductile, shear, forming limit diagram (FLD), forming 

limit stress diagram (FLSD), and Müschenborn-Sonne forming limit diagram 
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(MSFLD) criteria. After damage initiation, the material stiffness is degraded 

progressively according to the specified damage evolution response. The model 

offers two failure choices, including the removal of elements from the mesh as a 

result of tearing or ripping of the structure. The progressive damage models allow 

for a smooth degradation of the material stiffness, making them suitable for both 

quasi-static and dynamics situations [30-41]. 

 

Table 4: Damage parameters data before failure 

N° Concrete 
Strength 
Grade/MPa 

Thickness-
Diameter 
Ratio 

Concrete 
Compressive 
Strength/MPa 
[1] 

Ultimate 
Strength/MPa [1] 

Numerical Simulation  data (MPa) 

Axial Compressive 
Strength 
 

Ultimate Capacity /MPa 

Z1 C60 0.2692 66.9 29.5 65.82 28,2 

Z2 C60 0.2692 71.1 33 70.73 31,57 

Z3 C60 0.2692 75.6 37 73.11 35,41 

Z4 C70 0.2886 65.8 33.5 66.2 31,97 

Z5 C70 0.2886 71.4 38 69.42 36,33 

Z6 C70 0.2886 
 

76.5 37.5 75.35 36,04 

Z7 C80 0.3076 
 

65.8 36 65.4 34,41 

Z8 C80 0.3076 
 

71.5 35 71.14 33,68 

Z9 C80 0.3076 
 

76.8 40 75.78 38,51 

 

In case where the specimen failed in shear-compression (SC), the load decreased 

abruptly upon reaching the ultimate value and failure was brittle. But for 

specimens that failed in flexure (FC), the load remained almost constant with 

increasing deflection at ultimate, indicating ductile specimen behavior. Generally, 

the cracks propagated toward the loading point as the load is increasing; we can 

observe more flexural-shear cracks along the shaft lining shear spans. So there 

will be an eventual shear-compression failure resulting in the crushing of concrete 

in the compression zone of the shaft lining structure. ABAQUS can monitor and 
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capture the shape and propagation of cracks during loading till failure [20-56] as 

show in the Figure 5. 

 

 

Figure 5: Shape and propagation of cracks during loading till failure of the 

Shaft Lining Structure 

 

The strain distribution along the bottom layer of the borehole cylinder as the load 

increased is shown in Figure 5; as more cracks formed closer to the supports, the 

measured strains in the composite model would also increase closer to the support. 

In the un-cracked regions, strain readings showed minimal strain changes in the 

shaft lining composite structure. As loading progressed, the strains in the structure 

became similar between the supports indicating the formation of a tied arch 

mechanism [2-19]. 
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4.3.1 Definition of plastic flow potential and yield 
function 

 

Concrete is a complex material characterized by several parameters as 

compressive strength, tension strength, crushing energy, fracture energy, and 

many others structural parameters [20-41]. The most important characteristics can 

be calculated directly from the average strength 𝑓𝑐𝑚  which can be obtained 

through the static uniaxial compressive experiments. From this parameter it is 

more convenient to establish the CDP (Concrete Damage Plasticity), and to 

describe the concrete behavior from the un-crack / un-crush stage to the failure 

stage. The CDP model is widely used in ABAQUS software to increase the 

concrete strength due to the effects of confinement [56].  

According to the CDP model, the following non-associated potential plastic flow 

rule is used: 

 𝜀�̇� = �̇� 𝜕𝐺𝜕𝜎                                                     (18) 

 

Where 𝜎 and 𝜀�̇� denote the stress and plastic strain rate tensors, respectively, �̇� is 

a plastic multiplier and G defines Drucker-Prager hyperbolic function in the 

model given by the equations 19 and 20. 

 𝐺 = √(∈ 𝜎𝑡𝑜 𝑡𝑎𝑛𝜙)2  + (𝑞)2̅̅ ̅̅̅    −     𝑝 ̅ 𝑡𝑎𝑛𝜓    (19) 
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𝑝 ̅ = − 13 𝑡𝑟 (𝜎) , 𝑞 ̅ = √32  ‖𝑑𝑒𝑣(𝜎)‖               (20) 

 

Where 𝑝 ̅ and 𝑞 ̅ are the hydrostatic stress and the von-Mises equivalent stress, 

respectively. The parameter 𝜓 is the dilation angle registered in the 𝑝 ̅ − 𝑞 ̅ plane 

at high confining pressure. ∈ Denotes the eccentricity of the potential plastic 

surface, which is defined as the rate at which the function reaches the uniaxial 

tensile.  

The default value used in ABAQUS is equal to ∈= 0.1 and the uniaxial tensile 

stress at failure condition is 𝜎𝑡𝑜. 

The yield surface of the concrete have the coefficient 
𝜎𝑏𝑜𝜎𝑐𝑜  = 1.16 

This coefficient causes the compressive stress to increase due to the effective 

confinement and it can be obtained from the maximum of the experimental range, 

including a uniaxial and biaxial compression test.  

However, this coefficient is only suitable to simulate problems which are affected 

by the normal strength. On the case of a composite shaft lining concrete-steel, this 

coefficient is modified based on experimental studies and a ratio of a biaxial-to-

uniaxial compressive strength [39-77]. Especially, in this research paper, we 

propose  
𝜎𝑏𝑜𝜎𝑐𝑜  = 1.42  to establish the yield surfaces of concrete in static and 

dynamic loading for compressive high-strength shaft lining concrete. 

 

4.3.2 Compressive behavior 

For the concrete especially, it is characterized by the stress-strain relationship. 

Thus, if the stress is between 0 and 0.4𝑓𝑐𝑚, the stress-strain relationship is linear, 
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and if the stress is between 0.4𝑓𝑐𝑚 to 𝑓𝑐𝑚, the stress-strain relationship is nonlinear. 

After reaching the peak value 𝑓𝑐𝑚, the compressive damage variable 𝑑𝑐 is used 

for the strain at equivalent compression plastic 𝜀𝑐𝑝𝑙, and elastic 𝜀𝑐𝑒𝑙. The crushing 

strain 𝜀𝑐𝑖𝑛 denotes the damaged extent of concrete in compression loading. For this 

research paper we will focused on the three principal phases of the concrete 

behavior as shown below [19-41]: 

 

Phase 1: 

The stress and strain relationship of the concrete has a linear relationship, and the 

stress-strain relationship is expressed as follows: 

 𝜎𝑐1 = 𝐸0𝜀𝑐                                                   (21) 

 

This linear relationship can be determined based on the secant modulus of 

concrete materials, which is determined by equations 22 and 23: 

 𝐸0 = (0.8 + 0.2 𝑓𝑐𝑚88 )𝐸𝑐𝑖                          (22) 𝐸𝑐𝑖 = 10000𝑓𝑐𝑚1/3
                                      (23) 
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Phase 2: 

Here the concrete reaches the crushing strain, and the stress-strain relationship is 

nonlinear and determined by the following equation 24: 

 𝜎𝑐2 = 𝐸𝑐𝑖 𝜀𝑐𝑓𝑐𝑚−( 𝜀𝑐𝜀𝑐𝑡𝑚)21 +(𝐸𝑐𝑖 𝜀𝑐𝑓𝑐𝑚−2) 𝜀𝑐𝜀𝑐𝑡𝑚  𝑓𝑐𝑚                       (24) 

 

Where 𝐸𝑐𝑖 is the Modulus of concrete’s elasticity 

 

Phase 3: 

In this phase, the concrete stiffness starts to decrease due to the appearance of 𝑑𝑐, 

and the stress-strain relationship can be calculated by using the equation 25. 

 𝜎𝑐3 = 𝑓𝑐𝑚 + (𝜎𝑓 − 𝑓𝑐𝑚)𝑒𝑥𝑝 [𝜁 (1 − 𝜀𝑓−𝜀𝑐𝑚𝜀−𝜀𝑐𝑚 )]   (25) 

 

Where 𝜎𝑓, 𝜀𝑓 are the stress and strain at the complete crushing. For this research 

paper we consider 𝜎𝑓 = 0.7𝑓𝑐𝑚 and the parameter 𝜁 also 𝜀𝑓 are not obtained from 

experimental data; their values are proposed to match the numerical data and 

experiments. We should remember that the values of 𝜁 and 𝜀𝑓 are only useful for 

the high concrete grades as C65, C70, C75. The stress-strain relationship of the 

nine studied shaft lining models are presented in the Figures 8, 9, 10, and 11. 
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4.3.3 Compressive damage variable 

This parameter is used to define the compression hardening data for the concrete 

damaged plasticity material model. It can also be used to specify the compressive 

stiffness degradation. Noted (𝑑𝑐), this parameter assumed that damage initiates 

only after the maximum stress is attained, because it is very challenging to get the 

damage quantitatively during the compression test [39-77]. So the equation 26 is 

proposed to calculate the compressive damage variable: 

 𝑑𝑐 = 1 − 𝑓𝑓𝑐𝑚                                                 (26) 

 

To improve the damage model of concrete it is benefit to consider the effects of 

mesh size as mentioned in the equation 27. 

 𝑑𝑐 = 1 − 12+𝑎𝑐 [2(1 + 𝑎𝑐) 𝑒𝑥𝑝(−𝑏𝑐𝜀𝑐𝑐ℎ) − 𝑎𝑐 𝑒𝑥𝑝(−2𝑏𝑐 𝜀𝑐𝑐ℎ                                        (27) 

 

Where 𝑎𝑐 and 𝑏𝑐 can be determined from the equations 28 and 29.  

 𝑎𝑐 = 2(𝑓𝑐𝑚𝑓𝑐𝑜) − 1 + 2√(𝑓𝑐𝑚𝑓𝑐𝑜)2 − √(𝑓𝑐𝑚𝑓𝑐𝑜)        (28) 

𝑏𝑐 = 𝑓𝑐𝑜𝐼𝑒𝑞𝐺𝑐ℎ (1 + 𝑎𝑐2 )                                             (29)                  
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Where 𝑓𝑐𝑜 denotes uniaxial compressive yield strength, 𝐼𝑒𝑞 denotes the mesh size 

in the numerical model. The Figures 6 and 7 shows the relationship of 

compressive damage variable-crushing strain of shaft lining models C65, C70, 

and C75. 
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Figure 6: Compressive damage variable (dc) vs. crushing strain 

 

4.3.4 Tensile behavior 

At this phase, when the concrete has no cracks, the stress-strain relationship is 

considered linear and determined through the modulus of elasticity. At this stage 

of concrete, the behavior is independent of the mesh size after the crack 

phenomenon, and the strain-softening phase appear when the stress-strain 

relationship becomes nonlinear and dependent of the finite elements mesh size. 

When the cracks appear in the concrete, they are growing very fast until the failure 

of the concrete [39-77]. The mesh size 𝑙𝑒𝑞  in the FEM is responsible of the 

convergence after the model implementation.  
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The curve of stress-crack opening to replace the stress-strain curve is given by the 

equation 30. 

 𝜎𝑡(𝑤)𝑓𝑚 = [1 + (𝐶1 𝑤𝑤𝑐)3] 𝑒−𝐶2 𝑤𝑤𝑐       − 𝑤𝑤𝑐 (1 + 𝑐13)𝑒−𝐶2       (30) 

 

Where 𝐶1 = 3 ; 𝐶2 = 6.87  and 𝑤𝑐  is the critical crack opening; it can be 

considered as the fracture crack opening according to the equation 31.  

 𝑤𝑐 = 5.14 𝐺𝐹𝑓𝑚                                                        (31) 

 

For the numerical analysis of this paper, the crack spacing is ignored because of 

the mesh size effects. Also, we can observe that the crack occurs in each element 

after tensile stress reaches a maximum peak. The strain at tensile strength 𝜀𝑚 can 

be calculated from crack opening by the equation 32. 

 𝜀𝑡 = 𝜀𝑚  +  𝑤𝑙𝑒𝑞                                                  (32) 

 

Where 𝑙𝑒𝑞 is the length of the element mesh or the mesh size. From the obtains 

results, we deduct that the tensile stress-strain is more suitable when we use the 

finite element analysis, because it consider the effects of elements length as the 

mesh size, and also can be calculated from the previous equations 30, 31, and 32. 
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Figure 7: Tensile damage variable (dt) vs. Cracking strain 

 

 

 

4.4 Numerical Simulation Results 

4.4.1 High-strength composite shaft linings 

 

The experiments of Reference work [1] are used to quantify the average 

compressive strength in the static and dynamic conditions of concrete composites 

Z1 to Z9. The specific concrete grades are C65, C70, and C75 with a model 

structure height varying between 98.1 mm to 108.8mm. 
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Figure 8: Strain and loading correlation curves between the inner and outer 

of steel plates for the different shaft lining models 

Plots of the strain-stress variations determined by the FE analysis along the 

section circumference of the cylinder under first crack load and ultimate load are 

shown in Figures 4, 8, 9, 10, and 11. It shows that the strain-stress distribution in 

the shaft lining structure is nonlinear. The number of neutral axes decreases with 

incremental loads and, at ultimate stage only one neutral axis is present. The 

compression strain in the top circumference cylinder increases as the load 

increases; but in the tension area, the strain predictions are disturbed by the cracks 

propagation (see Figure 5). 



31 

 

0 10 20 30
0

1000

2000

3000

4000
Inner Concrete Cylinder

Outer Concrete Cylinder

Z2, Z4, Z9 Models

0 10 20 30
0

1000

2000

3000

4000

5000

Inner Concrete Cylinder

Outer Concrete Cylinder

Load /MPa

S
tr

a
in



Z3, Z5, Z7 Models

0 10 20 30
0

1000

2000

3000

4000

5000 Inner Concrete Cylinder

Outer Concrete Cylinder

Load /MPa

S
tr

a
in



Z1, Z8 Models

0 10 20 30
0

1000

2000

3000

4000

5000 Inner Concrete Cylinder

Outer Concrete Cylinder

Load /MPa

S
tr

a
in



Z6 Model

Load /MPa

S
tr

a
in



 

Figure 9: Correlation curves between strain and load of the shaft lining steel-

concrete structure, inner and outer ledge for the different models 

 

Distribution of strains along the concrete surface and compression structure were 

modeled by finite element analysis using ABAQUS, and the various locations of 

strain gauges to monitor the strains are shown in Figures 8 and 9. 

The difference in the maximum compression strain in the extreme compression 

concrete in shallow and deep shaft linings is due to reasons such as the size effect 

and the load transferring mechanism; another reason is the concrete strength 

because the shallower compressive stress model is required to equilibrate the 

tension zone forces. The stress-strain curves in the Figures 9 and 11 shows the 

increasing of concrete compressive strength during the static load application 

under dynamics conditions. The stress-strain relationship curves will be necessary 

for a further validation of the experimental proposed model of the reference work 
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[1]. A CPD model is proposed in the next section and verified by the static and 

dynamics calculations through the Finite Element Software ABAQUS. 
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Figure 10: Stress and loading correlation curves between the inner and outer 

of steel plates for the different shaft lining models 

 

The stress are obtained from the numerical strain values by calculation using the 

formula of the equations 6, 8, 9, 10, and 11. The load stress curves are plotted in 

the Figures 10 and 11; it shows that the load hoop stress of the steel and concrete 

are constrained. For the small loads the shaft lining structure show interesting 

linear elastic characteristics, and the stress of the nine studied composites increase 

linearly according to the applied loads. The stress distribution vary considerably 

and is more complex for the steel-concrete shaft lining; the whole structure is 
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subject to compressive stress under uniform load. We can observe a high deviation 

of the stresses values when the concrete structure enter the elastic-plastic stage.  
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Figure 11: Correlation curves between stress and load of the shaft lining 

steel-concrete structure, inner and outer ledge for the different models 

 

In the triaxle conditions, the coefficient compressive strength of the concrete 

increase and there is some stress distributions at the top circumference of shaft 

lining. The critical value is obtain at the failure load step, which satisfied the stress 

and deformation conditions. The linear load is observe at the elastic stage of the 

concrete; the load increase has a direct impact on the strain and plastic stage of 

the concrete. The large plastic deformation always precede the total destruction 

of the concrete composite. So it is convenient to conclude that the shaft lining 
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diameter-ratio considerably affect the bearing capacity of the nine studied 

composite cylinders.  

 

4.4.2 Discussion Results 

 

The numerical data available in this research paper show the large gap between 

the strain values of different models (Figures 8, 9, 10, 11). Bernoulli’s hypothesis 

facilitates the flexural design of shaft linings concrete structures by allowing a 

linear strain distribution. The Figure 12 shows that the shaft lining composite is 

far from being linearly elastic when the ultimate load is reached. This nonlinearity 

of strain distribution is due to the shear deformations that are often less obvious 

in concrete structures, but that are significant in shaft lining steel-concrete 

composites.  

0.00 0.01 0.02 0.03 0.04
0

50

100

150
20/s

40/s

60/s

110/s

Strain

C
o

m
p

re
s
s
iv

e
 S

tr
e
s
s
 (

M
P

a
)

 

Figure 12: Compressive stress-strain curves of typical concrete C70 under 

different strain rates 
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The compressive strains along the shaft lining structure with the highest measured 

strain are around 0.04. It can also be seen that shaft linings composite exhibit a 

significant reduction in stiffness after the initiation of the first crack; this behavior 

is attributed to the low elastic modulus of the steel-plates cylinders. The low 

modulus of elasticity affects the ability to control concrete cracking. This 

decreases the tension stiffening effect for concrete between cracks leading to a 

reduced effective moment of inertia and hence large deflections (see Figure 13).  
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Figure 13: Effect of steel-plates on load-deflection response of shaft linings 

composite structures 
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At the initial boundary conditions during the load stage, the hoop strain both of 

the steel and concrete shaft lining structure still linear according to the load 

conditions. The change shape of the structure material display with the concrete 

strength; especially during the elastic stage of the shaft lining. The bearing 

capacity vary at the ultimate elastic load until the failure of the shaft lining 

composite.  

A linear relationship can be observe between the hoop strain of the steel and the 

concrete when the applied load increase with time. The steel strain value is much 

higher than for the concrete. 

 

Figure 14:  Von Mises shear-stress S11 deformations propagation 
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During the plastic stage of the shaft lining there is a combine action between the 

inner/outer steel cylinders and the concrete intermediate: both the structure 

elements are constrained and subject to a deformation. Before the structure failure, 

specific results for strain are obtains: ultimate load capacities equal to 40 MPa; 

the limit loop strain of steel and concrete varying between 4000 to 6000 𝜇𝜀; the 

limit loop stress of steel is about 300 to 400 MPa, while for the concrete is about 

150 to 200 MPa. 

 

Figure 15: Displacement magnitude instability for the shaft linings  
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During the external load process the inner steel of the composite do not shows any 

radial confining forces due to the bi-axial compressive stress. The tensile 

deformation of the shaft lining structure can be explain here by the Poisson’s 

effect; this is the weak structure point.  

For the damaged structure the maximum hoop stress of the shaft lining reach the 

values of 300 MPa which exceed the numerical compressive strength of the 

concrete. During the loading process the concrete of the inner and outer of shaft 

lining model switch from the bidirectional to the three-dimensional compression 

state. The compressive strength of concrete will increase gradually under 

multiaxial stress conditions.  

 



39 

 

Figure 16: Von Mises shear-stress S22 deformations propagation 

 

Notice that the shaft lining structure did not buckle at the plastic deformation stage; 

especially the inner steel cylinder of the composite. The inner and outer steel of 

the cylinder strongly contained the concrete (which is located at the intermediate 

composite layer) layer to avoid eventual crack and deformation. There is 

interesting plastic properties of the shaft lining structure during the concrete 

compressive strength increasing as show in Figures 6 and 7. The experimental 

data of the reference [1] verified the numerical data of the compressive strength 

for this research paper; the concrete hoop stress for all the nine specimens will 

increase higher and higher until the failure of the structure.  
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Figure 17: Magnitude instability for the deformations propagation of the 

structural element 
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Figure 18: Engineering stress-strain behavior of the shaft lining composite 

structure steel-concrete for the specific concrete grade C70 

The concrete grade C70 show optimums numerical results with a high bearing 

capacity compare to the two others concrete grade C65 and C75. We can conclude 

that the thickness diameter ratio has an impact on the structural properties of the 

shaft lining steel-concrete. For the specimens with a high thickness diameter ratio 

as for Z3, Z5 and Z7, we observe good results compared to others specimens: the 
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inner and outer thickness of the steel and concrete are the induct parameters of the 

shaft lining performances properties.  

 
 

Figure 19: Normalized instability U1 deformation variation of the shaft 

lining structure 
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Figure 20: Normalized instability U2 deformation variation of the shaft 

lining structure 
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Figure 21: Normalized instability U3 deformation variation of the shaft 

lining structure 
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5. Conclusion 

 

This research paper has endeavored to present the implementation of FEA using 

ABAQUS to predict the compressive damage effects and stress-strain response of 

nine shaft lining composites. Deformed configurations for the nine geometries 

obtained from the ABAQUS/Explicit dynamic simulation predicts the 

deformation mode accurately in all cases. Stress-strain response predicted by 

ABAQUS match well with experimental observations. The agreement between 

the numerical simulations and experimental findings demonstrates the overall 

accuracy and reliability of the analytical models in predicting the response of this 

new type of structural elements.  

The concrete damaged plasticity model is used for the modelling of nonlinearity 

of the composite structure. The finite element modelling is the most challenging 

part of the research paper, especially the numerical modelling of concrete in shaft 

lining composite structures. The CDP model in this paper is also available in the 

ABAQUS finite element software but have been modified to improve the 

compressive stress-strain curve of the studied models. Also, the damaged 

variables are benefic for the new version of high-strength concrete C65, C70 and 

C75 under static loading. Numerical calculation is an effective method to study 

the bearing capacity of shaft lining structures. The nine studied shaft lining models 

reaches ultimate destructive state according to the development of the stress, 

strain and displacement of the FEM numerical results. It is crucial to noticed that 

the plastic displacement and the structure deformation notably influence the 

bearing capacity of shaft linings structures.  

Based on the obtain results we can conclude that ABAQUS/Explicit predictions 

exhibit good correlation with experimental results. The FEM can find out the 

development process of strain and stress, but also allow us to understand and to 

follow the process of damage & failure surface of shaft lining composites 
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structures. So, the explicit dynamic analysis simulation can be included in a multi-

stage analysis that includes the shaft lining manufacturing effects.   
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