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Abstract - Tunnel lining may be exposed to a range of deterioration and instability phenomena, such as aging. In the present
paper, the ageing behavior of concrete lining has been examined by factorial experiments for three mechanical properties of
the concrete lining material (cohesion, angle of internal friction and tensile strength). Badama railway tunnel in Syria has
been demonstrated as a case study. Complete factorial experiments were performed using the software Universal Distinct
Element Code (UDEC), and further, a correlation between the three studied mechanical properties of the concrete lining was
examined using statistical regression analysis. The results showed that the coefficient of concrete cohesion has the most

significant effect on the other studied properties.
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1. Introduction

Hilly terrain conditions while planning a railway and
highway alignment compel the designer to opt for tunnel
insertion to optimize the route length and also on cost
considerations. Tunnels constitute a critical part of the
construction, and they consume the significant capital cost of
the project. The safety and durability of tunnels must be
ensured during their operations and maintenance of their
lifetime due to the high construction cost. Therefore, the
long-term performance of the used construction materials has
to be studied to determine the structural parameters playing a
significant role in lining deterioration of its strength over
time. In the long run, many types of structural defects are
likely to be developed due to the ageing process, which
would be affected significantly by the mechanical properties
change in the concrete lining.

Many researchers examined the ageing of concrete for
many types of  structures.[19],[20],[21], [22].[5],
[15],[14],[23].[17].[24],[11],[25]. Many other researchers
have studied the ageing behavior of old masonry structures.
[18],[91,[23]1,[2].[101,[71.[61.[8].[3].[16],[4]-  Nevertheless,
the publication focuses on the analysis of old deep concrete
tunnels is very limited.

2. Concrete Ageing Phenomena

The strength characteristics of cement concrete change
with time and depend on the environmental conditions of the
area where the structure is located. The tunnel's concrete
lining is a material that directly interacts with the soil,

subsoil water and moisture and temperature fluctuations,
surcharge loads, lateral forces acting on the soil, etc. Thus,
the dynamic factors influence the concrete's structural and
behavioral characteristics over time, leading to the
development of many types of deteriorations that can appear
and develop in this lining, such as cracks and sometimes
partial deterioration in the lining. The phenomenon of aging
is a complex phenomenon and has many effects on the
structural properties of the tunnel lining material.

Environmental factors and the surrounding soil affect the
properties of the lining, especially if an effective
waterproofing system is not available or damaged where
groundwater can easily penetrate discontinuities and breaks.
With time, some physical, chemical and biological changes
occur in the concrete tunnel lining. This phenomenon and its
effects are called the phenomenon of aging.

3. Badama Tunnel

The Badama Tunnel is one of eight tunnels located on
the axis of the Aleppo-Lattakia railway (Figure 1). The
tunnel is surrounded by soil with a stable rocky structure of
limestone and marl; therefore, the tunnel was excavated
without placing temporary support except in a few parts. The
length of the tunnel is 1885.8 meters, and the maximum
depth of the tunnel with the mountain is 114 m, as shown in
(Figure 2). The tunnel was built in 1971-1972, and the lining
was made of ordinary concrete M-200 without
reinforcement.[26]. The thickness of the concrete lining is
about 60 cm at the wall and 40 cm at the arc (Figure 3).
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Fig. 3 Cross section, Badama Tunnel

4. Numerical Model

The 297th ring of the Badama tunnel was modeled at a
depth of 23 m (Figure 2) and had the section shown in
(Figure 4). At this tunnel ring, many visible structural defects
were observed on the cement concrete lining surface in the
form of cracks or water seepage. The mechanical properties
of the soil, the lining concrete and the discontinuities are
given in (Table 1). The analysis state is a plane strain case,
and the tunnel lining with the surrounding soil follows Mohr-
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Coulomb collapse criteria and has an elasto-plastic
behavior.[26]. Two stages carried out the calculation, the
first one is before tunneling, where the model consolidates in
the initial soil stresses, and the second stage is the tunneling
stage (Excavation and lining construction).
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Fig. 4 Numerical model

5. Modelling Concrete Ageing Behavior

To understand the structural behavior of the cement
concrete lining in tunnels over time, the selected mechanical
properties of the concrete lining have been changed
alternately to determine the effect of these properties on the
structural behavior of this lining and to determine which of
these properties have the most significant impact on
changing the long+ term behavior of the lining.

The model shown in (Figure 4) was analyzed to study
the primary state of the tunnel stability, and the principal,
maximum and minimum stresses affecting the lining were
calculated. Accordingly, Mohr circles have been drawn that
determine the approved collapse criteria for all the elements
of the divided network of the lining, as in (Figure 5), which
shows that the stresses are affecting the network elements of
the tunnel lining fall entirely below the Mohr-Coulomb
collapse line indicating that the behavior of this concrete
lining material is quite elastic.

The figure also shows the limiting values of cohesion,
tensile strength and friction angle of the concrete lining at
which the behavior of the lining can be changed from elastic
to plastic. Thus, the researchers can determine the minimum
and maximum limits for changing the property values.
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Table 1. Behavior of concrete Lining and surrounding soil

Table 2. studied values of concrete aging

specifications (Koehne RVP 2004) ] Internal Plastic
Strength - . . Ex. Cohesion S‘{enmlﬁ] Friction | Elements
parameter Concrete Lining | Surrounding soil Number | C[MPa] t[rIS/Inlga] Angle Number
E(MPa) 23E3 15E3 Deg] | (PE)
v 0.3 0.35 1 1.8 1 45 0
K(MPa) 19166.7 16666.7 2 1.8 1 20 1
G(MPa) 8846.2 5555.6
3 1.8 1 0 39
- 4 1.8 0,5 45 12
s
e 5 1.8 0,5 20 13
6 1.8 0,5 0 52
7 1.8 0 45 292
s 1.8 0 20 292
9 1.8 0 0 297
10 0.9 1 45 34
11 0.9 1 20 149
o [MPa)
' ! 12 0.9 1 0 322
0,5 -3
13 0.9 0,5 45 43
Fig. 3 Mohr circles for the studies section 14 0.9 05 20 154
6. Studied Mechanical Properties 15 0.9 0,5 0 320
The Three mechanical properties of the concrete lining
have been chosen as variables to study their effect on the 16 0.9 0 45 292
structural behavior of the tunnel. These properties are
concrete cohesion, tensile strength, and internal friction 17 0.9 0 20 304
angle. 18 0.9 0 0 358
To examine and evaluate the effect of changing each of 19 0.3 1 45 334
these three factors on the behavior of the tunnel, it is
necessary to monitor some essential changes in the model's 20 0.3 1 20 369
behavior that occur after changing the value of this factor.
So, the change in the number of network elements that 21 0.3 1 0 370
change their behavior from elastic to plastic will be
monitored (Figure 6). 22 0.3 0.5 45 334
. . . 23 0.3 0,5 20 370
The values of cohesion, tensile strength and internal
friction angle of the concrete lining were changed in three 24 0.3 0,5 0 370
stages within the appropriate range of the studied model, and
27 cases have been obtained as in (Table 2). Where 25 0.3 0 45 335
appropriate analysis and calculations were performed, the
number of plastic elements produced for each studied case 26 0.3 0 20 370
was monitored. 27 03 0 0 370
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7. Results and Discussion
7.1. 2D Relations Analysis

The analysis results were plotted as graphs in Figure (7).
Where the change of cohesion with the number of plastic
elements is plotted, this figure shows that changing the
cohesion coefficient has an apparent effect on the structural
behavior of the lining concrete, and its effect is greater than
the effect of the tensile strength on the behavior of the tunnel
lining, as shown in Figure (8) because decreasing the
cohesion values rapidly increases the number of plastic
elements in the lining. Figure (9) shows that the effect of
changing the angle of friction is also important, but to a
lesser extent than the effect of changing the cohesion.
However, it is difficult to accurately compare the effect of
the internal friction angle with the effect of the other two
coefficients through these two-dimensional diagrams. Due to
these limitations, these values should be presented in 3D

response surfaces to compare these results well.
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Fig. 7 Relation between C and PE

7.2. Response surface analysis:

3D response surfaces have been generated to preview the
results. The height of the plane surface was adopted to
represent the number of plastic elements related to the
change of the other two parameters. Thus, it is possible to
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study the effect of these two factors and know the possible
overlapping effect between them.
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Fig. 9 Relation between ¢ and PE

The response surfaces, as shown in Figure (10), show
that there are two essential factors whose change clearly
affects the structural behavior of the lining. These factors are
the cohesion coefficient (C) and the angle of internal
friction(d). At the same time, there does not appear to be a
noticeable effect of the change in the tensile strength of the
concrete lining.

Also, it is difficult to compare the effect of the
coefficient of cohesion and the angle of internal friction on
the structural behavior of the lining from the 3D graphic
surface. There appears to be an essential potential overlap
between these two parameters, where this overlap depends
on the values of stresses where:

t=onTan (@) +C (D)

The lower the value of oy, the greater the effect of C will

be than that of @. In order to study the effect of these two
coefficients, a multiple regression analysis will be used.
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7.3. Multiple Regression Analysis

The regression analysis tool analyzes linear regression
using the theory of least squares, through which it is possible
to analyze the extent to which a single dependent variable is
affected by the values of one or Mohr non-dependent
variables. This analysis aims to obtain a relationship between
a dependent variable and a set of variables that affect the
value of this dependent variable. In our case, the dependent
variable is the number of plastic elements PE, and the
variables are the cohesion coefficient C, the internal friction
angle @ and the tensile strength of the concrete lining
thickness t. The general form of a linear function is:

PE =/, + AC + AT + A4d+ 4,(C.T)+ 1, (T.¢) @
+45(C.¢) + 455 (C. T, 9)

Where:

PE: the number of plastic elements

A0: constant

A0, A1, A2 A3, A12, A23, A13, A123: non-dependent variables
and they are the values that must be determined as a result of
the multiple regression analysis.

Multiple regression analysis of the studied values was
carried out using the Satgraphics program.

PE —18.18— 65.18C — 24.15T —41.74—37.14(C, T)
_11.47(C, §) + 4.44(T, ) ~1.3(C. T, §) ©)

Figure. 11 shows all the values of the variables resulting
from the analysis, and it appears from the figure that C and @
have an essential effect on the behavior of concrete due to
the high values of the variables associated with them.
Moreover, their overlapping effect is greater than the
overlapping effect between each and the tensile strength.
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8. Conclusion

The purpose of this paper was to simulate and identify
ageing effects on the behavior of an old concrete tunnel using
the distinct element method implemented by UDEC code.

Complete factorial experiments were performed. These
experiments express the change of three mechanical
properties of the concrete lining over time. The chosen
properties were lining concrete tensile strength, cohesion and
friction angle.

Analysis results show that both the coefficient of
cohesion and the angle of internal friction significantly affect
the mechanical behavior of the lining concrete, while the
tensile strength of the concrete affects less. In addition,
cohesion has the most significant effect among the three
studied properties. The effect value of each of these
coefficients and the overlapping effect value between them
were determined by performing multiple regression analysis.

[1] S.A.S. Akers, and J.B. Studinka, "Ageing Behaviour of Cellulose Fiber Cement Composites in Natural Weathering and Accelerated
Tests," International Journal of Cement Composites and Lightweight Concrete, vol. 11, no. 2, pp. 93-97, 1989.

Crossref, https://doi.org/10.1016/0262-5075(89)90119-X

[2] N. Bicanic, C. Stirling, and C.J. Pearce, "Discontinuous Modelling of Structural Masonry," Fifth World Congress on Computational
Mechanics, Vienna, Austria, 2002.

[3] N. Bicanic, C. Stirling, and C.J. Pearce, "Discontinuous Modelling of Masonry Bridges," Computational Mechanics, vol. 31, no. 1, pp.
60-68, 2003. Crossref, http://dx.doi.org/10.1007/s00466-002-0393-0

[4] C. L. Brookes, and P. J. Mullett, "Services Load Testing, Numerical Simulation and Strengthening of Masonry Arch Bridges,” CIMNE,
Barcelona, 2004.

[5] L. Czernuschka, K. Nincevic, |. Boumakis, Lin Wan-Wendner and Roman Wan-Wendner, "Ageing Behavior of Normal and High
Strength Concretes," Computational Modelling of Concrete Structures, 2018. Crossref, http://dx.doi.org/10.1201/9781315182964-24

[6] T.E. Ford, C.E. Augarde and S.S. Tuxford, "Modelling Masonry Arch Bridges Using Commercial Finite Element Software," The 9th
International Conference on Civil and Structural Engineering Computing, Netherlands, 2003.

[71 E. Giuriani, A. Gubana and A. Arenghi, "Structural Rehabilitation of Masonry Vault," Proceedings From the UNESCO-ICOMOS
Millennium Congress, Paris, 2001.

[8] T.G. Hughes, A.W. Davies, P.R. Taunton , "The Influence of Soil and Masonry Type on the Strength of Masonry Arch Bridges," Arch

Bridge, A. Sinopoli Edition, pp. 321-330, 1998. Crossref, http://dx.doi.org/10.1201/9781003078494-46

48


https://www.sciencedirect.com/science/article/abs/pii/026250758990119X#!
https://www.sciencedirect.com/science/article/abs/pii/026250758990119X#!
https://www.sciencedirect.com/journal/international-journal-of-cement-composites-and-lightweight-concrete
https://www.sciencedirect.com/journal/international-journal-of-cement-composites-and-lightweight-concrete/vol/11/issue/2
https://doi.org/10.1016/0262-5075(89)90119-X
http://dx.doi.org/10.1007/s00466-002-0393-0
http://dx.doi.org/10.1201/9781315182964-24
http://dx.doi.org/10.1201/9781003078494-46

(9]
[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]
[21]
[22]
[23]
[24]

[25]

[26]

Bader Eddin Alasali & N. Srinivasa Reddy / 1JCE, 9(11), 43-49, 2022

J. Idris, M. Al Heib and T. Verdel, "Numerical Modelling and Mechanical Behaviour Analysis of Ancient Tunnel Masonry Structures,"
Tunnelling and Underground Space Technology., vol. 23, no. 3, pp. 251-263, 2007. http://dx.doi.org/10.1016/j.tust.2007.04.006

J. Idris, T. Verdel and M. Al Heib, "Numerical Modelling and Mechanical Behaviour Analysis of Ancient Tunnel Masonry Structures,"
Tunnelling and Underground Space Technology, vol. 23, no. 3, pp. 251-263, 2007. http://dx.doi.org/10.1016/j.tust.2007.04.00

Klaas Van Breugel, T. A. Van Beek, "Ageing of Old and Modern Concrete Structures — Observations and Research,” (Revista
ALCONPAT) Magazine of the Latin American Association of Quality Control, Pathology and Recovery of Construction, vol. 7, no. 1, pp.
57, 2017. Crossref, http://dx.doi.org/10.21041/ra.v7i1.17

Ayambire Patrick Nyaaba, Qi Huang, Awopone Albert, "Tunnel Magnetoresistive Sensors Based Current Transducer with Adaptive
Blind Source Separation,” SSRG International Journal of Electrical and Electronics Engineering, vol. 4, no. 11, pp. 6-11,
2017. Crossref, https://doi.org/10.14445/23488379/1JEEE-V4111P102

P.B. Lourencgo, "Analysis of Historical Constructions: From Thrust-Lines to Advanced Simulations," Historical Constructions P. Roca
(Eds.), Guimarae, pp. 91-116, 2001.

R. Pinto, S. Hobbs, K.Hover, "Accelerated Aging of Concrete: A Literature Review. National Transportation Library, United States.
Federal Highway Administration,” Office of Infrastructure Research and Development, 2002.

Roman Wan-Wendner, "Aging Concrete Structures: A Review of Mechanics and Concepts," Die Bodenkultur:Journal of Land
Management, Food and Environment, vol. 69, no. 3, pp.175-199, 2018. Crossref, http://dx.doi.org/10.2478/boku-2018-0015

S. K. Sumon, N. Ricketts, "Strengthening of Masonry Arch Bridges," Chapter in Arch Bridges, Publication Thomas Tellord, London,
1995.

G. Tobias, "Multiphysical Analysis Methods to Predict the Ageing and Durability of Concrete," Doctoral Thesis, KTH Royal Institute of
Technology Department of Civil and Architectural Engineering Division of Concrete Structures, Stockholm, Sweden, 2019.

M.R. Valluzzi, L. Binda, and C. Modena, "Mechanical Behaviour of Historic Masonry Structures Strengthened By Bed Joints Structural
Repointing," Construction and Building Materials, vol.19, no. 1, pp. 63-73, 2005. Crossref,
https://doi.org/10.1016/j.conbuildmat.2004.04.036

Klaas Van Breugel, T. A. Van Beek, "Ageing of Old and Modern Concrete Structures — Observations and Research,” (Revista
ALCONPAT) Magazine of the Latin American Association of Quality Control, Pathology and Recovery of Construction, vol. 7, no. 1,
pp.57, 2017. Crossref, http://dx.doi.org/10.21041/ra.v7i1.174

R. Wan-Wendner, "Aging Concrete Structures: A Review of Mechanics and Concepts," Materials Science, Die Bodenkultur" Journal of
Land Management, Food and Environment., 2018.

Q.A. Pathan, A.S. Qureshi and S. A. Mangi, "Ageing Factor for Fly Ash Cement Concrete (FACC)," Environmental Science and
Pollution Research, Springer, vol. 29, no. 3, pp. 1-8, 2022. Crossref, https:/link.springer.com/article/10.1007%2Fs11356-021-17807-6
M. A. Ardebili, L. Sanchez and R. Rezakhani, "Ageing of Concrete Structures and Infra Structures: Causes, Consequences and Cures,"
Advances in Material Science and Engineering, pp. 1-3, 2020. Crossref, http://dx.doi.org/10.1155/2020/937059

M. Usman, R. Galler, "Long-Term Deterioration of Lining in Tunnels,” International Journal of Rock Mechanics and Mining Sciences,
vol. 64, pp. 84-89, 2013. Crossref, http://dx.doi.org/10.1016/j.ijrmms.2013.08.028

Y. Han, S. Jeong, "A Study on Concrete Lining Behavior Due to Tunnel Deterioration"”, Journal of the Korean Geotechnical Society,
vol. 30, no. 4, 2014. Crossref, http://dx.doi.org/10.7843/kgs.2014.30.4.21

Li. Rihua, G. Xingiang and C. Kong, "Study on the Aging Deterioration Curve of Tunnel Lining in Water Rich Area," IOP Conference
Series Material Science and Engineering, vol. 741, no. 1, pp. 012021, 2020. Crossref, http://dx.doi.org/10.1088/1757-
899X/741/1/012021

Koehne RVP, The Detailed Report of Lattakia- Aleppo Tunnels Maintenance, Amhan Center for Engineering Consultancy, Aleppo,
2004.

49


http://dx.doi.org/10.1016/j.tust.2007.04.006
http://dx.doi.org/10.1016/j.tust.2007.04.00
https://www.researchgate.net/profile/Klaas-Breugel?_sg%5B0%5D=wJzZbEtn1QAfnqKfcaDGd7wNTtm3-rp1Ej1DrdLpi3gNVvyPIBbKG84bWhEhT0vHoniFztE.yQzCS8923YnNrL7sa5Pu4_1hHIhFV03DcCU_vTrqNcgcRL-nymZAeZDd4NiAAS7jU8XuuntxErg-HUqmYi4HAQ&_sg%5B1%5D=qflvn9IdmeeGR0_5uCuHv9sdqXL4lrUrC1GfIInu9QHO-fWpBAW8SzBKdi1I2xoI0Eby_v0.eto8_YzLDiw8WHNYC7pJnzquVdXFizFmT2p4fvf-vgWAO5HDgXI-0EhvEqXaJbT6syu-VsX0wVknQiWEl97PNA
https://www.researchgate.net/scientific-contributions/T-A-Van-Beek-2121867584?_sg%5B0%5D=wJzZbEtn1QAfnqKfcaDGd7wNTtm3-rp1Ej1DrdLpi3gNVvyPIBbKG84bWhEhT0vHoniFztE.yQzCS8923YnNrL7sa5Pu4_1hHIhFV03DcCU_vTrqNcgcRL-nymZAeZDd4NiAAS7jU8XuuntxErg-HUqmYi4HAQ&_sg%5B1%5D=qflvn9IdmeeGR0_5uCuHv9sdqXL4lrUrC1GfIInu9QHO-fWpBAW8SzBKdi1I2xoI0Eby_v0.eto8_YzLDiw8WHNYC7pJnzquVdXFizFmT2p4fvf-vgWAO5HDgXI-0EhvEqXaJbT6syu-VsX0wVknQiWEl97PNA
http://dx.doi.org/10.21041/ra.v7i1.17
https://doi.org/10.14445/23488379/IJEEE-V4I11P102
https://rosap.ntl.bts.gov/gsearch?ref=docDetails&sm_creator=Pinto%2C%20R.
https://rosap.ntl.bts.gov/gsearch?ref=docDetails&sm_creator=Hobbs%2C%20S.
https://rosap.ntl.bts.gov/gsearch?ref=docDetails&sm_creator=Hover%2C%20K.
http://dx.doi.org/10.2478/boku-2018-0015
https://doi.org/10.1016/j.conbuildmat.2004.04.036
https://www.researchgate.net/profile/Klaas-Breugel?_sg%5B0%5D=wJzZbEtn1QAfnqKfcaDGd7wNTtm3-rp1Ej1DrdLpi3gNVvyPIBbKG84bWhEhT0vHoniFztE.yQzCS8923YnNrL7sa5Pu4_1hHIhFV03DcCU_vTrqNcgcRL-nymZAeZDd4NiAAS7jU8XuuntxErg-HUqmYi4HAQ&_sg%5B1%5D=qflvn9IdmeeGR0_5uCuHv9sdqXL4lrUrC1GfIInu9QHO-fWpBAW8SzBKdi1I2xoI0Eby_v0.eto8_YzLDiw8WHNYC7pJnzquVdXFizFmT2p4fvf-vgWAO5HDgXI-0EhvEqXaJbT6syu-VsX0wVknQiWEl97PNA
https://www.researchgate.net/scientific-contributions/T-A-Van-Beek-2121867584?_sg%5B0%5D=wJzZbEtn1QAfnqKfcaDGd7wNTtm3-rp1Ej1DrdLpi3gNVvyPIBbKG84bWhEhT0vHoniFztE.yQzCS8923YnNrL7sa5Pu4_1hHIhFV03DcCU_vTrqNcgcRL-nymZAeZDd4NiAAS7jU8XuuntxErg-HUqmYi4HAQ&_sg%5B1%5D=qflvn9IdmeeGR0_5uCuHv9sdqXL4lrUrC1GfIInu9QHO-fWpBAW8SzBKdi1I2xoI0Eby_v0.eto8_YzLDiw8WHNYC7pJnzquVdXFizFmT2p4fvf-vgWAO5HDgXI-0EhvEqXaJbT6syu-VsX0wVknQiWEl97PNA
http://dx.doi.org/10.21041/ra.v7i1.174
https://www.semanticscholar.org/author/R.-Wan%E2%80%90Wendner/1422255575
https://link.springer.com/article/10.1007%2Fs11356-021-17807-6
http://dx.doi.org/10.1155/2020/937059
http://dx.doi.org/10.1016/j.ijrmms.2013.08.028
http://dx.doi.org/10.7843/kgs.2014.30.4.21
http://dx.doi.org/10.1088/1757-899X/741/1/012021
http://dx.doi.org/10.1088/1757-899X/741/1/012021

