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ANALYSIS OF STRESS-STRAIN STATE COMPONENTS
FOR INTERACTING HORIZONTALLY SUPPORTED METRO
WORKINGS

Purpose. The purpose of this research is to analyse the components of the stress-strain state (SSS) for two hori-
zontally supported metro workings to determine the parameters of their mutual influence. To achieve this, a numeri-
cal analysis of several finite element 3D models has been conducted, allowing consideration of the interaction be-
tween the surrounding massif and the linings, as well as changing the distance between them. Methodology. During
the construction of extended horizontally oriented underground structures with a circular cross-section, a common
scenario occurs where two tunnels influence each other. To perform a numerical analysis of the interacting support-
ed metro workings, a general finite element model has been developed. Cutting fragments and assigning appropriate
deformation characteristics to the soil and lining material, it allows for fast and efficient adjustment to specific de-
sign cases by changing the distance between the workings (b). Findings. The analysis of the obtained SSS results
for the supported workings clearly shows that the isolines and isofields in the second design case undergo drastic
changes compared to the distribution of displacements and stresses in the first (unsupported workings). The essence
of the installation of the lining in the unsupported workings, meaning the shift from the first to the second design
case, lies precisely in the new formation of the SSS. For unsupported workings, it depended on their diameter and
soil mass properties such as the modulus of elasticity, Poisson's ratio, and specific gravity. For supported workings,
the lining characteristics are added to these parameters. Originality of the research results lies in obtaining, for the
first time, the stress-strain state distribution of mutually influencing supported workings by varying the distance
between linings. These results demonstrate that the interaction between the supported workings at a distance of one
diameter between linings (b=D) becomes more active due to the formation of a common field of decreasing hori-
zontal and vertical displacements, while all components of the stress state in the linings increase. Practical value of
the results lies in the development of a general finite element model. By cutting fragments and assigning specific
deformation characteristics to the soil and lining material, the model can be quickly and effectively adapted to spe-
cific design scenarios when varying the distance between workings.

Keywords: metro; horizontally supported workings; lining; workings influence each other; stress-strain state;
numerical analysis

Introduction creased stress levels and displacements at the con-
tour of outcrop. The emergence of a second work-
ing at some distance from the first one can lead to
an intensification of the SSS growth, since the in-
fluence of the workings becomes mutual.

Installing permanent support, i.e., lining, does
not solve the problem of mutual influence, which
is significantly modified (Tiutkin, & Bondarenko,
2022). Even during shield tunneling, where the
excavation is supported by the tunnel boring ma-
chine, mutual interaction between the workings
remains evident. This is because the supported
working has a lining made from structural materi-
als with specified strength and deformation proper-
ties (concrete, reinforced concrete, cast iron) (Wu,

During the construction of extended horizontal-
ly oriented underground structures with a circular
cross-section, a common scenario occurs where
two tunnels influence each other. For running tun-
nels that start from and approach a metro station,
the line design most often provides for a corre-
sponding change in the distance between these
tunnels (Fang, Zhang, Li, & Wong, 2015).

Any unsupported working driven in a rock
massif disrupts the geological formation in which
it is located, as well as a specific area of the sur-
rounding massif. This disturbance unequivocally
leads to fluctuations in the stress-strain state (SSS)
of the rock massif, specifically resulting in in-

© 1. V. Demchenko, 2026 Creative Commons Attribution 4.0 International
DOI: https://doi.org/10.15802/bttrp2026-29-04

32



https://doi.org/10.15802/bttrp2026-29-04

ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)

Bridges and tunnels: theory, research, practice, 2026, Ne 29

BRIDGES AND TUNNELS: THEORY, RESEARCH, PRACTICE

Bannikov, Kuprii, & Wu, 2025). Accordingly, the
SSS of the unsupported workings and their mutual
influence change radically.

In two supported workings spaced at a certain
distance, SSS is formed depending on the lining
material and its deformation capacity (TroTekin, &
Hemuenko, 2025). At the same time, if the overall
stress state in the system of the two mutually influ-
encing workings remains within regulatory limits,
the deformed state can increase, enhancing their
mutual influence.

The use of numerical methods, especially the
finite element method (FEM), is a fruitful approach
to determine the SSS of supported, interacting
workings. Its use enables modelling of complex
underground structures, and the results obtained
with its help are isolines and isofields of displace-
ments and stresses, which are easy to interpret
(Chehade, & Shahrour, 2008; Boldini, Losacco,
Bertolin, & Amorosi, 2018; Nawel, & Salah, 2015;
Alnmr, Sheble, Ray, & Ahmad, 2023).

To perform a numerical analysis of the interact-
ing supported metro workings, a general finite el-
ement model has been developed. Cutting frag-
ments and assigning appropriate deformation char-

acteristics to the soil and lining material, it allows
for fast and efficient adjustment to specific design
cases by changing the distance between the work-
ings (hereafter with letter b).

Purpose

The purpose of this research is to analyse the
components of the stress-strain state for two hori-
zontally supported metro workings to determine
the parameters of their mutual influence. To
achieve this, a numerical analysis of several finite
element 3D models has been conducted, allowing
consideration of the interaction between the sur-
rounding massif and the linings, as well as chang-
ing the distance between them.

Methodology

Creating 3D models helps us eliminate the as-
sumptions inherent in 2D models and, by consider-
ing the plane deformation condition, obtain the full
SSS without cutting the components acting along
the finite element model (Figure 1) (Do, & Dias,
2017; Chortis, & Kavvadas, 2021).

Stage 1

Stage 4

Figure 1. Stages of creating the geometry of finite element models
for unsupported and supported horizontal workings
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When creating 3D models of supported work-
ings, the surrounding massif of the lining, typical
for the Kyiv Metro, consists of loam with the fol-
lowing properties: a modulus of elasticity E = 30
MPa, Poisson's ratio p = 0.3, and specific gravity y
= 20 kN/m?. The linings are prefabricated, made of
reinforced concrete blocks based on concrete of
class C25/30 with the following properties: a mod-
ulus of elasticity E = 30,000 MPa, Poisson's ratio
u=0.2, specific gravity y = 24.5 kKN/m?, and a cal-
culated compressive strength R,=17 MPa.

All 3D model calculations of supported work-
ings that interact during numerical analysis were
based on the multifrontal method with automatic
selection of stiffness matrix optimization, enabling
the highest computational accuracy.

Findings

The distribution of stresses and displacements
for the second design case (supported workings)
has changed considerably from that for the first
(unsupported workings); therefore, the analysis of
the SSS components was performed using a more
detailed layout of points (Figure 2).

Figure 2. Layout of points
for analyzing displacement and stress components
in the lining of a supported working

Such a layout of points for analyzing the SSS
has already successfully proven itself for the sup-
ported variant, which has been validated in practice
and scientifically substantiated. Figures 3 and 4

show the results of calculating the SSS of support-
ed linings with varying distances between them.
Additionally, the most characteristic components
of displacements and stresses are presented, and to
save space in the article, all other details are omit-
ted but analyzed in the text.

The analysis of the obtained SSS results for the
supported workings clearly shows that the isolines
and isofields in the second design case undergo
drastic changes compared to the distribution of
displacements and stresses in the first (unsupported
workings). The essence of the installation of the
lining in the unsupported workings, meaning the
shift from the first to the second design case, lies
precisely in the new formation of the SSS. For un-
supported workings, it depended on their diameter
and soil mass properties such as the modulus of
elasticity, Poisson's ratio, and specific gravity. For
supported workings, the lining characteristics are
added to these parameters.

The installation of the lining slightly decreases
the horizontal displacements of the general finite
element model, which, unlike the unsupported var-
iant, are reduced by 1 mm. A detailed analysis of
this component of the strain state proves that in the
variants with varying distances, the displacements
are quantitatively identical, but their qualitative
pattern changes. Thus, for the variant with the
spacing between the linings equal to one diameter
(b=D), an asymmetry in the distribution of hori-
zontal displacements appears in the crown (point
1) and in the invert (point 9) sections. These dis-
placements are 1 mm smaller than those in a single
working or in variants where (b=(3 ... 5)D), which
indicates the mutual influence of the workings.

This influence is more clearly demonstrated by
the pattern of the vertical component distribution
of the strain state (Figure 3), which is natural since
the emergence of a ring with a modulus of elastici-
ty much higher than that of the soil massif in the
unsupported working aims at a sharp decrease in
deformation intensity.

Qualitatively, the vertical displacements distri-
bution in the supported variant differs from the
unsupported one by a smooth distribution of iso-
lines around the working. When the distance be-
tween the workings equals the diameter (b=D),
there is a thickening of the isofield between points
on the horizontal diameter (point 3 (90°)), which is
common to both linings.
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Figure 3. Isolines and isofields of vertical displacements in the lining
of the 3D model of supported workings with varied distance b
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Figure 4. Isolines and isofields of vertical stresses in the lining
of the 3D model of supported workings with varied distance b

For the variant with a distance of three diame-
ters (b=3D), this pattern disappears, and with a
five-diameter distance (b=5D), exhibits a distribu-
tion of vertical displacements close to that of a sin-
gle working. A quantitative analysis of this defor-
mation component allows us to observe the influ-
ence of installing the lining with a decrease in the
intensity of displacements by 2.5 ... 2.6 times
(Figure 3) compared to the unsupported variant.
Moreover, as for the horizontal component, when
the distance between workings is equal to the di-
ameter (b=D), the vertical displacements decrease
guantitatively by 1 mm, and then, with varying
distances (b=(3 ... 5)D), they tend to resemble the
case of a single working.

The change in deformation properties within
the overall system has a more significant impact on
the development of the stressed state, and this is
clearly evident across all three components being
analyzed. Unlike the unsupported variant, changes
in the supported one are both qualitative and quan-
titative in nature. Specifically, for horizontal nor-
mal stresses, the stress concentrators in the lining
(in contrast to the unsupported variant) shift from
the horizontal diameter to the crown (point 1) and
increase by approximately 40 ... 45 times. Such an
intensification of stress should not cause concern,
since the concentrators of the horizontal compo-
nent are less in value than the strength of rein-
forced concrete blocks based on concrete class

© 1. V. Demchenko, 2026
DOI: https://doi.org/10.15802/bttrp2026-29-04

36

Creative Commons Attribution 4.0 International


https://doi.org/10.15802/bttrp2026-29-04

ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)

Bridges and tunnels: theory, research, practice, 2026, Ne 29

BRIDGES AND TUNNELS: THEORY, RESEARCH, PRACTICE

C25/30 with a design compressive strength of R, =
17 MPa.

Qualitatively, the distribution patterns of hori-
zontal stress isolines and isofields are identical,
with no asymmetry observed, similar to the strain
state components. Moreover, when the distance
between workings is one diameter (b=D), the hori-
zontal stresses are quantitatively lower by approx-
imately 300 ... 500 kN/m?, confirming a zone of
mutual influence. If displacements along the hori-
zontal axis, due to the significant rigidity of the
linings, cannot form an intensive mutual influence
zone, then the stresses along this axis are mutually
compensated. When the distance between work-
ings varies (b=(3 ... 5)D), their mutual influence
disappears, and the horizontal stress components
approach the values of a single working, while in-
creasing slightly.

For vertical stresses in the linings, the localiza-
tion zone (Figure 4) remains unchanged, unlike the
unsupported working, and the concentrators are
positioned on the horizontal diameter, increasing
the value by 25 ... 27 times. This also should not
cause concern since the design compressive
strength of concrete (R,=17 MPa) is sufficient to

maintain the overall strength of the lining. Howev-
er, it should be noted that stresses reach 19 ... 21
MPa, i.e., exceed the design resistance in the zone
on the horizontal diameter. But, the size of the
concentrator only indicates the possibility of crack-
ing. Qualitatively, the distribution patterns of iso-
lines and isofields of vertical stresses are identical,
while when the distance between the workings
equals the diameter (b=D), the guantitative values
are approximately 600 ... 1000 kN/m? lower. This
suggests the presence of a mutual influence region,
which disappears when the distance (b=(3 ... 5)D)
between the workings varies.

Qualitatively, the nature of the shear stress dis-
tribution in the vertical plane within the linings has
not changed compared to the unsupported working
condition; the stress concentration of this compo-
nent occurs at approximately 45° and 135°, and the
quantitative values have increased by 24 to 25
times.

Having conducted a qualitative SSS analysis of
the unsupported and supported workings, when the
distance between them is one diameter (b=D), we
can identify zones of mutual influence, which dif-
fer in nature (Figures 5 and 6).
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Figure 5. The nature of the formation of the mutual influence zone of the strain state
for the first and second design cases
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Figure 6. The nature of the formation of the mutual influence zone of the stressed state
for the first and second design cases

Blue and green curves represent the areas of
general and peak mutual influence of the strain
state, respectively, while red and yellow curves
indicate the areas of the stressed state. A key ob-
servation is the shift in the displacement area shape
during mutual influence: it transitions from convex
in the first design case (unsupported workings) to
concave in the second (supported workings). This
shift highlights the impact of additional stiffness
provided by installing the lining. By reinforcing
the modulus of elasticity, the lining transforms the
mutual influence from negative (increased dis-
placements in interacting unsupported workings) to
positive, resulting in mutual displacement compen-
sation in the case of supported workings.

Originality and practical value

The originality of the research results lies in ob-
taining, for the first time, the stress-strain state dis-
tribution of mutually influencing supported work-
ings by varying the distance between linings.
These results demonstrate that the interaction be-
tween the supported workings at a distance of one
diameter between linings (b=D) becomes more
active due to the formation of a common field of

decreasing horizontal and vertical displacements,
while all components of the stress state in the lin-
ings increase.

The practical value of the results lies in the de-
velopment of a general finite element model. By
cutting fragments and assigning specific defor-
mation characteristics to the soil and lining materi-
al, the model can be quickly and effectively
adapted to specific design scenarios when varying
the distance between workings.

Conclusions

In the course of the numerical analysis of com-
ponents of the stress-strain state of mutually influ-
encing horizontally supported metro workings, it
was found that the characteristic SSS parameters
for variants with different distances between lin-
ings have the following values: horizontal dis-
placements — 5 mm (point 3, 90°, horizontal diam-
eter); vertical displacements — 46 mm (point 1,
crown); stresses along the horizontal axis —
12 785 kN/m? (points 1, crown, and 5, invert);
stresses along the vertical axis — 19217 kN/m?
(point 5, 90°, horizontal diameter); shear stresses
in a single lining at points 1, 5, and 9 are zero, and
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at a distance of one diameter (b=D) — 659 kN/m?>.

A well-supported conclusion is that, unlike the
first design case (mutually influencing unsupported
excavations), when installing the lining in two hor-
izontal circular tunnels, the nature of displace-
ments and stresses changes significantly. Both dis-
placement components decrease, while stresses
increase. At a distance between linings equal to
one diameter (b=D), displacements and stresses
are minimal, which is explained by the mutual
compensation of the stress-strain state resulting
from the interaction between the workings.

REFERENCES

Alnmr, A., Sheble, A., Ray, R., & Ahmad, H. (2023).
Parametric investigation of interaction between soil-
surface structure and twin tunnel excavation: a com-
prehensive 2D numerical study. Infrastructures,
8(8), 124, DOl:
https://doi.org/10.3390/infrastructures8080124

Boldini, D., Losacco, N., Bertolin, S., & Amorosi, A.
(2018). Finite element modelling of tunnelling-
induced displacements on framed structures. Tun-
nelling and underground space technology, 80, 222-
231. DOI: https://doi.org/10.1016/j.tust.2018.06.019

Chehade, F. H., & Shahrour, I. (2008). Numerical anal-
ysis of the interaction between twin-tunnels: Influ-
ence of the relative position and construction proce-
dure. Tunnelling and underground space technolo-
ay, 23(2), 210-214. DOl:
https://doi.org/10.1016/j.tust.2007.03.004

Chortis, F., & Kavvadas, M. (2021). Three-dimensional
numerical investigation of the interaction between

I. B. IEMUYEHKO

twin tunnels. Geotechnical and Geological Engi-
neering, 39(8), 5559-5585. DOI:
https://doi.org/10.1007/s10706-021-01845-5

Do, N., & Dias, D. (2017). A comparison of 2D and 3D
numerical simulations of tunnelling in soft soils.
Environmental Earth Sciences, 76, 1-12. DOI:
https://doi.org/10.1007/s12665-017-6425-z

Fang, Q., Zhang, D., Li, Q., & Wong, L. N. Y. (2015).
Effects of twin tunnels construction beneath existing
shield-driven twin tunnels. Tunnelling and Under-
ground Space Technology, 45, 128-137. DOI:
https://doi.org/10.1016/j.tust.2014.10.001

Nawel, B., & Salah, M. (2015). Numerical modeling of
two parallel tunnels interaction using three-
dimensional finite elements method. Geomechanics
& engineering, 9(6), 775-791. DOl:
http://doi.org/10.12989/gae.2015.9.6.775

Tiutkin, O., & Bondarenko, N. (2022). Parametric anal-
ysis of the stress-strain state for the unsupported and
supported horizontal underground workings. Acta
Technica Jaurinensis, 15(4), 199-206. DOI:
https://doi.org/10.14513/actatechjaur.00681

Wu, H., Bannikov, D. O., Kuprii, V. P., & Wu, Z
(2025). Dependence of the stress-strain state of the
metro running tunnel lining on its shape. Bridges
and Tunnels: Theory, Research, Practice, 27, 118-
125. DOl:
https://doi.org/10.15802/bttrp2025/333895

Trotekin, O. JI., & demuenko, 1. B. (2025). Yucenpuuii
aHaJi3 HalpyXeHO-IeQOPMOBAHOTO CTaHy BOX HE-
3aKpinneH14x B3a€EMOBIIJIMBHUX BI/IpO6OK KOJIOBOI'O
okpecieHHs. Hayka ma npocpec mpancnopmy,
3(111), 145-153. DOI:
https://doi.org/10.15802/stp2025/330862

Kadenpa «TpancriopTHa iHppacTpyKTypa», YKpailHCBKUI Nep>kaBHUHA YHIBEPCUTET HAYKH 1 TEXHOJIOTH,
HHI AIIT, Byn. Jlazapsua, 2, Aninpo, Ykpaina, 49010, Ten. +38 (063) 422 21 99,

e morta igord8411@gmail.com, ORCID 0009-0000-5385-9503

AHAJII3 KOMITIOHEHT HAIIPY’KEHO-AE®OPMOBAHOI'O CTAHY
I'OPU3OHTAJIBHUX 3AKPIHIVIEHUX BUPOBOK METPOIIOJIITEHY,

IO B3AEMHO BIIVIUBAIOTDH

Merta. MeToro HaJaHOTO JOCIHIKEHHS € aHaji3 KOMIOHEHT HampykeHo-nedopmoBanoro crany (HIC) mBox

TOPU30HTAJIBHUX 3aKPIIUIEHNX BUPOOOK METPOIIOIITEHY JUIs BU3HAYEHHS IapaMeTpiB B3aEMHOT0 BILIUBY. J{iist jocsi-
THEHHS TIOCTaBJICHOI METH NMPOBEJCHO YHCENbHUH aHaji3 HU3KHM CKiHYEHHO-eJIeMeHTHHX 3D-Monened, siki 103BO-
JISTIOTH BpaxyBaTH B3aEMOJIII0 MK OTOYYIOUMM MAacHBOM i OIpaBamMH, a TaKOX 3MIiHIOBATH BiJICTAHb MiX HUMHU.
Metoauka. B xoxi OyaiBHHITBA MPOTSDKHUX MIA3€MHHUX CHIOPYA TOPU30HTAIBHOTO OPi€EHTYBaHHS KOJIOBOTO OKpec-
JICHHA 9acTO BUHUKAE CHUTYyaIlis, B SKill Ba TyHeJi MOYMHAIOTH B3a€EMHO BIUIMBATH. /|1 MPOBEIECHHS YUCEITHHOTO
aHaJIi3y 3aKpiIUICHUX BUPOOOK METPOIIONITEHY, IO BIUIMBAIOTh, CTBOPEHA 3arajibHa CKiIHYEHHO-€JIEMEHTHA MOJIEITb.
Boma, 3a momomororo onepaniii i3 BUpi3aHHS (parMeHTIB Ta IPUCBOEHHS BiAMOBIIHUX JePOpMAaLifHIX XapaKTepH-
CTHK IPYHTY Ta MaTepiajly ONpaBH, JA03BOJISE MIBUAKO i €()EKTHBHO ITi/UIAIITOBYBATHCS ITiJi KOHKPETHUI po3paxyH-
KOBHUil BHMAIOK, 3MIHIOIOYH BiACTaHb Mik BHpoOkamu (D). PesyabraTn. Anani3z orpumanux pesynprarie HJC 3a-
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KpimjieHuX BUpPOOOK OE3CYMHIBHO CBIYMTH HPO Te, IO i30JIiHIi Ta i3010JIs1 APYroro po3paxyHKOBOTO BUMAAKY Ma-
I0Th KOPiHHI 3MIHHM Ha BIIMIiHY Bi/l pO3IOJUTy IEPEMIIlIeHb Ta HalpyKeHb IepLIoro (He3akpiruieHi BUpooku). Cyt-
HICTh TIOCTAHOBKHM OTIPaBH B HE3aKPIiIUIEHY BHPOOKY, TOOTO mepeXif BiJ MEpPIIOro IO IPYroro po3paxyHKOBOTO BH-
MaJIKy, nojsirae came y HoBomy ¢opmysanas HJIC, skuit Ui He3aKpilieHUX BHPOOOK 3asie)kaB Bill iXHBOTO miaMe-
TPY Ta XapaKTEPUCTUK I'PYHTOBOTO MAacCHBY (MOIYJb IPYKHOCTI, Koedimient [Tyacona, mutoma Bara), a Uit 3aKpir-
JeHUX JO BKa3aHMUX IapaMeTpPiB JOAIOThCA XapaKTEepUCTHKH omnpaBd. HaykoBa HOBH3HA pe3yJbTaTiB
JOCIIKEHHS TIOJIATae y TOMY, IO BIIEpIe MiJ Jac Bapiallii BiACTaHI MK OmpaBaMH OTPHUMAHO U IPOaHAIIi30BaHO
PO3MOJIT HANPy>KeHO-e(OPMOBAHOTO CTaHy 3aKpIIUIEHHX BHPOOOK, 10 B3a€EMHO BIUTHBAIOTH. Lli pe3ynbraTn noBo-
JSITh, IO B3a€EMO/Iisl MK 3aKpiIJIeHUMH BUpOOKaMH IIPHY BiZICTaHI MK OIpaBaMH, KOTpa AOPIBHIOE OJTHOMY JiaMeT-
py (b=D), crae 6inblr akKTHBHOO MO MPUYHHI HOPMYBaHHS 3aTallbHOTO MOJISI TOPU30HTATBHUX 1 BEPTHKAIBHHX I1€-
peMilleHb, SIKi 3MEHITYIOThCS, IPU [[bOMY BCI KOMIIOHEHTH Halpy>KEHOTO CTaHy B omnpaBax 30inbiiyrotscs. Ilpak-
THYHA 3HAYMMICTh BUKIIAJICHUX Pe3y/IbTaTiB NOJIATAae B pO3pOOLI 3araqbHOI CKIHUEHHO-EJIEMEHTHOT MOJIeTi, Ka, 3a
JIOIIOMOT 010 oTlepaliii i3 BUpi3aHHs (parMeHTiB Ta MPUCBOEHHS BIAMNOBITHUX Ae(hOpPMAIIfHIX XapaKTEPUCTUK IPY-
HTYy Ta MaTepially ONPaBH, JO3BOJISIE IIBUIKO i €)EKTUBHO MiNAIITOBYBATH 11 IMiJl KOHKPETHUH PO3PaxyHKOBUIl BH-
IA/I0K TIiJT 9ac Bapiallii BiICTaHi MiXk BUPOOKaMH.

Knrouogi crosa: METpOIONiTeH; TOPH3OHTATIbHA 3aKpiIIeHa BUPOOKa; ONpaBa; BUPOOKH, [IO B3a€EMHO BIUINBA-
I0Th; HAIPY)KCHO-Ae(OPMOBAHUI CTaH; YHCEIBHUI aHAI3
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