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Abstract
In order to study the risk of disc degeneration under load carriage, an osseo ligamentous FE 
model of the L4-L5 segment extracted from the validated lumbosacral model L1/S1 was used. 
Starting from CT images to simplified geometry, many programs and codes were used to simplify 
the geometry, assemble the mesh and formulate the bony structures of the segment. Abaqus 
6.14 was used to pre and post analysis of the FE-model, which included a detailed calibrated 
model of intervertebral disc (IVD), The range of motion (ROM) curves, the intradiscal pressure, 
load-strain amount under pure physiological loads were considered for investigation. The model 
developed in this study considered the holzapfel anisotropy hyperelasticity of the annulus as well 
as a realistic description of the nucleus geometry, which allowed an improved representation of 
in vitro and in vivo experimental data during the validation process.
Keywords: intervertebral disc, L4-L5, range of motion finite element model, CT images, intradiscal 
pressure, Holzapfel anisotropy, hyperelasticity
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1. Introduction
The disc degeneration is characterized by changes in 

the morphology and biochemistry of the IVD [16]. These 
biologic changes of disc degeneration are associated with 
back pain and other spinal disorders, such as disc herniation, 
spondylolisthesis, facet arthropathy, and stenosis. FE method 
is able to simulate a variety of clinical situations in a more 
way, and has been acting a fully matching partnership based 
on experimental approaches for spine biomechanics research 
[12]. The FE-models are widely used to provide an assessment 
of spine with spinal instrumentation and assist in the design, 
development and optimization of that spinal instrumentation. 
Advanced to other methods, these FE-models can predict 
the changes of stresses and strains in the IVD, vertebrae and 
ligaments and very comprehensive ROM data [8, 20]. Our main 
objective is to review the most recent computational studies in 
the application of FE models that report the issue of research 
better understanding of low back pain and eventually treat the 
spinal disorders. Little experiments were performed on intact 
motion segments (Miller 1986, Lin 1978, Hirsch & Nachemson 
1954) and some on FSUs without posterior elements [2, 10, 
13]. In the compression load case, the data from Brown 1957 
is slightly lower than the generated values and the other 
experimental data. Some FE-models simulate the effects of 
degeneration [16], by simply removing some elements from 
the annulus fibrosus. Where others [18, 19, 20] disclose the 
influence of geometrical, mechanical, or poromechanical 
parameters on IVD behavior without showing change in 

mechanical properties of degenerated IVD. More recently, 
recent poroelastic finite element model of the lumbar spine 
was developed to assess spinal response during physiological 
functions and behavior of degenerative disc [15, 16].

2. Methods and materials
A three-dimensional finite element (FE) model of the L4-5 

FSU segment (Fig. 2) by modifying the mechanical properties of 
the intervertebral disc constituents [3]. All the bony structures 
including cortical and trabecular bone, whereas facet cartilage 
layers, annulus ground substance, nucleus pulposus and cartilage 
endplates were modeled by using solid hexahedral elements. 
The nucleus pulposus composed 43% of the whole volume of 
the disc. The symmetric FE-model of the human lumbar disc 
is developed to investigate the optimized properties required to 
mimic the intact by matching model predictions to experimental 
results. Facet joints simulated by a cartilaginous layer extruded 
in Abaqus along the vectors normal to the inferior face of the 
superior articular process to the central of thickness of 0.4 mm 
were modeled to be multi-linear elastic in compression [19] by 
surfaces-to surface contact with softened contact in the normal 
direction. [20] An initial typically gap of 0.2 mm was specified as 
reported [20]. The seven major ligaments were modeled as three 
dimensional, 4 noded Quad elements (T3D2) and allocated 
were as piecewise linear functions in stress-strain relationship 
[7, 8] as shown in Table. 1. This formulation allows simulation 
of changing ligament characteristics with different stress at a 
different level as a function of stress-strain.  
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The entire model consists of approximately 424 S4R shell 
elements and 33360 hexahedral elements C3D8

2.1 The intervertebral disc (IVD)
The intervertebral disc was modeled using two separate 

structure (Figs. 2 and 5). 

2.2 The Nucleus Pulposus (NP) 
The Nucleus Pulposus (NP) exhibits a gelatinous core and, 

therein describes the mutually coupled behavior of both solid 
deformation and viscoelastic characteristics of fluid flow [7]. 
An initial hydrostatic pressure of 0.1 MPa was prompted in the 
fluid filled cavity in the nucleus pulposus to simulate unloaded 
motion segments (Fig. 2) [17]. The healthy nucleus pulposus 
was modeled as incompressible fluid while the degenerated 
nucleus was defined as compressible fluid [10]

2.3 The Annulus Fibrosus (AF) 
The Annulus Fibrosus (AF) was modeled as an anisotropic 

continuum structure, with deformation tensor [8], and the 
material coefficients C10, C20, k1, k2 and κ were based on 
biaxial tension tests performed on healthy and degenerated 
annuli fibrosi [9]. The progression of degeneration was 
simulated using three model variants:

Wmatrix = C10 (I1 – 3) + C20 (I1 – 3)2 (1)

 (2)

The human healthy and degenerated intervertebral disc.were 
modeled using three structures:

(a) Healthy intervertebral disc (grade I) defined by healthy 
annulus and healthy nucleus; 

(b) Moderate degeneration disc (grade III) defined by 
healthy annulus and degenerated nucleus; 

(c) Severe degeneration disc (grade IV) defined by 
degenerated annulus and degenerated nucleus. The grading 
is based on the Thompson degeneration scale Fig. 1.

Part Structure Young’s modulus E (MPa) Poisson’s ratio υ Element type Reference

Vertebrae

Trabecular bone
Cortical bone

100 0.2

C3D8

[8, 14]

12,000 0.3 [8]
Posterior element 3,500 0.25 [8, 14]

Cartilaginous End plate 23.8 0. 4 [20]

Facet cartilage 11 0.4 [5, 20]

Facet contact Nonlinear soft contact Contact [21,22]

Annulus Fibrosus
Healthy

C10 C20 K1 K2 kappa

C3D81.5715 9.2044 12.2 39.7 0.113 [22]

Degenerated 1 8.6 18.56 82.31 0.226

Nucleus Pulposus
Healthy Incompressible fluid

F3D4 [6, 19, 21]
Degenerated compressible fluid

Ligaments Nonlinear stress-strain curve S4R [7, 8, 21]

 Table 1.  Material properties used in FE Model
 1. táblázat A végeselemes modellben használt anyagjellemzők

 Fig. 1. (a) Healthy intervertebral discs; (b) moderate degeneration; (c) severe 
degeneration [23]

 1. ábra (a) Egészséges intervertebrális lemez; (b) közepes mértékű károsodás; (c) 
súlyos károsodás [23]

3. Model formulation 
The algorithms proposed in the present study is 

implemented into Abaqus as a User Material UMAT code 
embedded in an Python and Intel Fortran Compiler 
environment to simulate the biomechanical behavior of 
Annulus. This numerical approach consists on Holzapfel’s 
hyperelastic constitutive models of the Annulus and a 
constitutive model of the seven major Ligaments, which were 
implemented in Abaqus via subroutines. The coefficients 
employed in all three conditions are listed in Table 1. While 
the material properties and in situ nuclear pressure were 
altered, osteophytes, local tears or similar macroscopic 
abnormalities were not modeled. Rather than attempting 
to simulate these defects of an independent individual and 
random nature, the focus was kept on the effects of measured 
changes in tissue behavior.

 Fig. 2. Finite Element Model of the Intervertebral Disc IVD  
 2. ábra Intervertebrális lemez IVD végeselemes modellje 
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4. Loading and Boundary Conditions
The IVD model comprises the intervertebral disc and the 

adjacent vertebral bodies. The lower vertebral body was rigidly 
fixed. Pure unconstrained axial compressive of 2000 N was 
applied to the upper vertebral body to the reference point 
which coupled all points on upper surface of the disc. The 
resulting stress-strain distribution at the center of the disc 
were estimate and the intradiscal Pressure IDP was predicted 
using the cavity point. Theoretically speaking, we used the 
concept of nucleus pulposus pressure measurement; by 
means of in vitro experiments on vertebra-disc-vertebra 
preparation whither, we found that the incompressible fluid 
pressure within the nucleus is directly related to the axial 
compression applied to the disc. The lower portion of the L5 
vertebral body and its inferior facets were rigidly fixed. The 
load was applied through a reference node constrained to 
the upper surface of the L4 vertebrae using Abaqus Coupling 
Constraints elements (CCE). The L4/L5 Functional Spinal Unit 
(FSU) move in six different directions (six degrees of freedom 
(DOF)). A pure bending moment was incrementally increased 
0, 1, 2.5, 5, 7.5, 10 Nm and applied to the model in all three 
planes of motion. 

5. Results 
5.1. ROM results

The finite element model predicted an increase in hydrostatic 
stress in the middle regions of the annulus by nearly seven 
fold. The intradiscal pressure IDP is considered to be very 
significant component to approximate internal stress behavior 
of the intervertebral disc. The in vitro measurements of the 
nucleus pressure in human intervertebral discs have shown 
proportion between IDP pressure and applied Load on the 
superior surface motion (ROM) in all loading directions except 
for lateral bending comparing to experimental. 

 Fig. 3. (a) Comparison of intradiscal pressure (IDP) of the Healthy model with 
experimental results (b) Comparison of nominal strain of fibers against the 
Load (N) of Healthy, Moderate and Severe models

 3. ábra (a) Kísérleti intradiszkális nyomás (IDP) összehasonlítása az egészséges 
modell alapján számított értékkel; (b) Szálmegnyúlás és terhelőerő 
összehasonlítása egészséges, közepes és súlyos modellben

The greatest changes between Healthy and Moderate and 
Severe models were predicted in axial rotation by 30 % and 36 
%. In lateral bending, a 27% increase in ROM was predicted 
in the Severe scenario (with respect to the Healthy condition), 
while the change in the Moderate scenario was approximately 
32% (Fig. 4). 

 Fig. 4. ROM of L4-L5 FSU
 4. ábra L4-L5 funkcionális szegmentális egység (FSU) mozgásterjedelme (ROM)

5.2. Stress and strain results 
The analysis of the stress results allowed us to prove the most 

loaded region. As a most critical region for of spinal diseases, 
the presence of disc degeneration under physiological load 
steer to the alteration of the spine comportment and the pain 
function. The results for the body functions (Figs. 5-6) indicate 
that the superior values of the stresses were situated at posterior 
region which reaches stress of 2.9 MPa for healthy disc and 2.4 
MPa for the degenerated disc; as expected, the results highlight 
that the most risky load condition corresponds to posterior 
side. For the degenerated nucleus the results presented in 
Moderate degeneration a decreased stress according to strain 
decreasing comparing to Healthy IVD. Furthermore, the 
magnitude of stress predictions were reduced in the anterior 
region of the disc while they increased in the posterior 
region as the simulated degeneration progressed. In all 
cases, the highest stresses were concentrated in the posterior 
region of the disc in extension loading. The highest strain 
were concentrated in the posterolateral region of the disc in 
lateral bending loading as degeneration progressed (Healthy-
Moderate-Severe). The compressive strain prediction in the 
annulus increased in anterior extremities in extension and in 
the posterior extremities in flexion Fig. 5.

6. Discussion
The aim of this work was to construct an accurate FE-

model to characterize the mechanical behavior of healthy 
and degenerated IVD. This model takes into account the IVD 
nature and also the clear preferential orientation of the collagen 
fibers in the annulus. The reduction in nonlinearity behavior 
with degeneration could suggest a diminished compaction 
effect of the degenerate tissues at large deformations which 
could be related to structural changes in annulus. The obtained 

ÉPA 2018_4.indd   112 2018. 10. 20.   18:22:56



építôanyag § Journal of Silicate Based and Composite Materials

 Vol. 70, No. 4 § 2018/4 § építôanyag § JSBCM |   113

 Fig. 5. Axial stress distribution and compressive strain predictions obtained from FE Models in the mid-height plane of the IVD from posterior to anterior midline under Compression 
(2000 N), Flexion and Extension (10 Nm).

 5. ábra Tengelyirányú feszültségeloszlás és összenyomódás a végeselemes modell alapján az intervertebrális lemez középsíkjában, a posteriorból az anteriorba, nyomás (2000 N), 
hajlítás és megnyúlás (10 Nm) hatására

 Fig. 6.  Von-Mises Stress distribution obtained from FE Models: Healthy, Moderate, Severe
 6. ábra Von-Mises feszültségeloszlás a végeselemes modell alapján egészséges, közepes és súlyos modellben
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results are also in agreement with the experimental behavior 
[9, 20]. Experimental results, showed an increase of the elastic 
modulus in the toe part, thus there is a big role of fibers 
therefore when the fibers act there is no additional stiffening. 
In this analysis it has been obtained that the degeneration 
affects the biomechanics of this FSU; in particular an increase 
of the ROM in extension and partial decrease in flexion and 
lateral bending has been noticed.

 
7. Conclusions

In conclusion, the developed FE-model is capable of 
generating the mechanical behavior of normal and degenerated 
NP tissue with a favorable approximation. But on the 
degeneration of the other segments is a very complex procedure 
which should be identified in the degeneration of the AF tissue 
with accurate mechanical properties. Furthermore, the current 
work provides a qualitative analysis of the influence of single 
level disc degeneration on the mechanics of the segments 
under flexion/extension, lateral bending and axial rotation 
moments. It has been seen that degeneration modified the 
degree of motion and loading of the degenerated level. These 
changes could increase the risk of progression of degeneration 
to the nearest segments of the spine. The results obtained 
with the FE model seem to be in good agreement with in-
vitro data as showed in Figs. 2 to 4. Additionally, nonlinear 
analytical functions used in the IVD ligaments facet joint may 
be used as input data to perform more accurate computational 
simulations of the full lumbosacral spine. 
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IMPORTANT DATES

Final date for forwarding abstracts November 30, 2017

Approval of abstracts and notification April, 2018

Final date for forwarding papers September, 2018

Approval of papers and designation of speakers February, 2019

SUBMISSION OF ABSTRACTS

Abstracts for proposed papers for presentation must meet conditions published on website  
www.iccc2019.org and can be sent only via this website.

ORGANIZERS

Organized by

With the collaboration of

CONGRESS SECRETARIAT

Guarant International spol. s r.o.
Na Pankráci 17, 140 21 Prague 4, Czech Republic, phone: +420 284 001 444, 
fax: +420 284 001 448, e-mail: iccc2019@guarant.cz, www.iccc2019.org

Ladies and Gentlemen,
Dear Cement Researchers, Producers and Users,

This is our honour and great pleasure to invite you to the 15th International Congress on the Chemistry 
of Cement (ICCC 2019) which will be held in September 16–20, 2019 in Prague, Czech Republic.

The International Congress on the Chemistry of Cement (ICCC) is the renowned global platform which 
summarizes the state of art of cement chemistry as well as major trends in cement application. 
Since the first International Congress on the Chemistry of Cement started in London in 1918,  
it has provided a strong and fruitful link between the academic world and the cement industry. 
It has always stimulated scientific exchanges and discussions between students and those who 
have already gained working experience in all of the many fields of chemistry relevant to cement 
production and its use in concrete and mortar.

The ICCC 2019 will present cement and environmental development worldwide and renowned 
experts from all over the world are invited to present their work at the Congress. The scientific 
programme will cover the topics of the newest and the most important research and development 
describing cement and clinker chemistry (incl. kiln process technology), the nano and macro properties  
of the clinker and cement, hydration processes, the impact of additives and admixtures, leaching 
processes, the behaviour of trace elements, microscopy outputs, alternative binders, durability  
of concrete, standards and codes, as well as modern laboratory instrument equipment.  
The Congress will consist of many plenary lectures and parallel sessions on a variety of topics, offering  
to the scientists, researchers, producers and users from all over the world the opportunity to meet, 
to present and to exchange their research results and knowledge.

The Congress is organized by Research Institute of Binding Materials Prague and the Czech 
Cement Association under the auspices of the President of the Czech Republic, the Prime Minister  
of the Czech Republic and the Ministry of Industry and Trade. Following the previous successful 
congresses, the last in Beijing, China, this is a big challenge for both organizers to keep  
and to improve the very high standard of congresses and satisfy all expectations of attendees.  
The Organizing Committee is pleased with the possibility to host this unique event in the Czech 
Republic – a small, pleasant country in the heart of Europe with rich history, beautiful countryside, 
modern infrastructure and nice people.

Everyone from around the world is invited to come and actively participate in this event, to get new 
information and contacts and to enjoy the favourable social activities.

Moreover, participation in ICCC 2019 is for you a unique occasion to visit Prague, one of the most 
charismatic cities on Earth, renowned for its rich history, stunning architecture, friendly people,  
and a fun-loving culture.

We sincerely look forward to meeting you in Prague in September 2019.

Lukáš Peřka Jan Gemrich
Chairman of the Organizing Committee Chairman of the Scientific Committee

Secretary of the Steering Committee

THEMES AND MAIN TOPICS OF THE CONGRESS

1. Process Technology and Clinker Chemistry
• natural and alternative raw materials and meal

composition
• alternative fuels
• preheater and kiln reactions and bypass operations
• clinker formation chemistry and cooling processes
• grinding and grinding aids
• capture and reuse of greenhouse gases,

control of other emissions

2. Hydration, Structure and Thermodynamics
of Portland Cements
• hydration kinetics and hydration reactions modeling
• C-S-H and other hydration phases
• thermodynamics processes
• new techniques for micro and nano structure

characterization

3. Supplementary Cementitious Materials (SCMs)
• processing and reactivity and influences on hydration
• new SCMs and its combination
• control of workability
• wastes and solid industrial residues as SCMs

4. Other Binders and their Application
• alkali-activated materials
• calcium sulfoaluminate cements
• belite-based cements and other low carbon binders
• tailored made binders as rapid hardening,

polymer modified etc.

5. Fresh and Hardened Concrete
• chemical admixtures
• rheology and workability of fresh concrete
• shrinkage, creep and thermal crack
• recycled concrete

6. Concrete Durability
• alkali-aggregate reaction
• sulfate attack
• resistance to freeze and freeze/thaw attack
• carbonation and chloride penetration resistance
• resistance to marine exposure
• leaching of hydrated products
• methods to assess durability, service life modeling

and evaluation
• quality of concrete on site

7. Testing Methods – Standardization and New Approach

TECHNICAL VISITS

Organizers plan visits of the appropriate technological research centres and suitable concrete plants 
and cement factories in the Czech Republic.

CALL FOR PAPERS

Interested authors will be invited to submit an abstract related to the themes listed in this brochure. 
Abstracts for proposed papers for presentation must meet conditions published on website  
www.iccc2019.org and can be sent only via this website.

LANGUAGE

The official language of the Congress is English. This includes all sessions and presentations.

EXHIBITION

The scientist exhibition will be held during the Congress and feature universities, companies  
and research centres presenting a variety of innovative new technologies and projects for the 
cement chemistry branch.

VENUE

The 15th International Congress on the Chemistry of Cement Prague 2019 will be held at the Prague 
Congress Centre. The Congress Centre is located 5 minutes by metro from Prague centre with famous 
view to the historical Old Town and Prague Castle which has one of the highest concentrations  
of UNESCO World Heritage Sites in Europe.

Prague Congress Centre
5. května 1640/65, 140 00 Prague 4 – Nusle, Czech Republic, www.kcp.cz
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