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NUMERICAL ANALYSIS OF THE ACCOUNT OF THE STAGES
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Abstract: The distinctive paper discusses the stress-strain state of a cylindrical shell with and without taking into
account changes in the design model in time. The volumetric design model of the cylindrical shell and the soil
massif is made. The calculation consists of several stages from the beginning of the tunnel shell construction to
the end of the work. The authors analyzed the results and made appropriate recommendations.
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AHHOTaAIMSA: B pa60Te HUCCICA0OBAHO HaHpiDKeHHO',I[C(i)OpMI/IPOBaHHOG COCTOSAHHEC HHHHHI[pI/I‘ISCKOﬁ 000JI0YKH C
YUCTOM U 0e3 ydye€Ta U3BMCHCHUA pacquHoﬁ MOJ¢eJIM BO BpEMCHHU. IlocraBnena HACJICACTBCHHAA NPOCTPAHCTBCH-
HO-BPpEMCHHAA 3aa4a C €€ NOCJICAOBATCIbHBIM PCIICHUEM IO CTAAUAM OT Ha4alia pa60T J0 OKOHYaHUWA JId -
HHH,I[pH‘lCCKOﬁ 000JI0YKH U OKpYKaromiero OCHOBAHMA. HOJ’Iy‘IeHHBIe PE3yJabTaThl MPOAHAIN3UPOBAHBI, AaHBI

COOTBECTCTBYIOIINE PEKOMCHAITNHN.

KiroueBble ¢JioBa: CTaJlK CTPOUTENHCTBA, TPYHTOBBIN MaccuB, 000JI09Ka, TNIOCKUE W TPOCTPAHCTBEHHBIE
KOHEUHBIE 3JIEMEHThI, KOHTAKTHbIE KOHEYHbBIE AJIEMEHTHI

1. INTRODACTION

The technology of civil, industrial and other
purposes objects construction, as a rule, consists
of several stages. After each stage, the stress-
strain state is created in the structures, which is
the initial state for the next stage and has a sig-
nificant impact on the final stress-strain state of
the structure. In strength calculations of struc-
tures by numerical methods, this factor is im-
portant.

Engineering calculations of building structures
by numerical methods, as a rule, are performed
without taking into account the initial state, the
structure model is taken free from stresses and
strains. However, most of the construction ob-
jects have initial and residual stress-strain state
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caused by each stage of their construction. As
examples of such objects can be towers and
masts, in the elements of which there are signif-
icant installation forces, reinforced concrete
bridges with stepped concreting of the added
sections, or transport tunnels, the rings of which
are formed in several stages. Taking into ac-
count the initial and residual stress-strain state is
important not only for new construction, but
also for the repair and restoration of existing
facilities. In these cases, the importance of tak-
ing into account the stress-strain state at each
stage of structure construction is obvious.

In this paper, the authors consider how the con-
struction stages affect the stress-strain state of
the tunnel shell and the soil massif using numer-
ical methods. The volumetric design model of
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the tunnel shell and the soil massif is made. The
calculation consists of several stages from the
beginning of the tunnel shell construction to the
end of the work. The authors analyzed the re-
sults and made appropriate recommendations

2. DETERMINATION
THE STRESS-STRAIN STATE
OF THE CYLINDRICAL SHELL
AND THE SOIL MASSIF TAKING
INTO ACCOUNT CHANGES DESIGN
MODEL IN TIME

ANSYS software package allows creating a
volumetric design model taking into account the
construction stages from the beginning of the
tunnel shell construction to the end of the work.
ANSYS software package verified by the Rus-
sian Academy of Architecture and Construction
Sciences (RAACS). Option "Birth and Death
Element"” of this software package allow model-
ing the construction stages of the considered
structures. This option defines the finite ele-
ments that are to be activated or deactivated
during the calculation based on some criterion:
the stress state, the position in the model, etc.
Deactivation, or "death", of the finite element,
occurs by multiplying the stiffness of the ele-
ment by a small value. The loads applied to the
deactivated element are equal to zero. In addi-
tion, all load transfer mechanisms through this
element are temporarily reset. When the finite
element is activated, its mass, loads and stiff-
ness return to their original values [1,2].

When modeling the construction stages in the
ANSYS software package, the following fea-
tures should be taken into account: it is neces-
sary to fix the displacements or other degrees of
freedom of deactivated finite elements to avoid
excessive distortion. With the possible activa-
tion of these finite elements, the artificial fixa-
tion must be removed; activation and deactiva-
tion of the elements occur instantaneously,
which is a step nonlinearity (similar to the status
of the contact zones) that can cause problems
with the numerical convergence of the solution.
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This problem can be overcome by reducing the
number of finite elements to be activated and
deactivated at one stage of the solution; when
viewing the results, deactivated elements must
be excluded to avoid non-physical values [3].
The compiled volumetric design model includes
a cylindrical shell and a soil massif. The diame-
ter of the shell D = 3 m, the thickness of the
shell t = 0.3 m, the distance between the shell
and the left and right sides of the soil massif is
W = 5D, the distance between the shell and the
upper and lower sides of the soil massif is H =
5D. The shell consists of 32 separate rings with
a width of 1 m, the soil massif at the installation
site of the rings is also divided into 32 parts —
the activated ring replaces part of the soil mas-
sif.

The soil massif is modeled by volumetric ele-
ments. Volumetric elements consist of twenty
nodes. The shell is modeled by flat elements.
Flat elements consist of 4 nodes. Local coordi-
nate systems of shell elements are co-directed
for a correct display of results [4,5]. The volu-
metric design model is shown in Figure 1.

Figure 1. Volumetric design model in ANSYS
Mechanical.

The material of the soil massif is presented by
an elastic-plastic model of Mohr—Coulomb with
the following characteristics: density p - 2000
kg/m®, deformation modulus Egs - 10 MPa,
Poisson's ratio u - 0.30, cohesion C, - 10 kPa,
friction angle ¢ - 25°. The material of the cylin-
drical shell is presented by a linear-elastic mod-
el with the following characteristics: density p -
2300 kg/m3, elastic modulus E — 30000 MPa,
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Poisson's ratio u - 0.20. These material models
require a physically nonlinear calculation.

The soil massif has constraint on the side faces
and on the bottom face. The load consists of the
own weight of the soil massif and the shell.

In addition, there is a gap between the shell and
the soil massif in the design model, which takes
into account the influence of a slurry shield dur-
ing the construction of the cylindrical shell.
Special contact elements CONTAxxx and
TARGEXxx provide contact interaction between
the shell and the soil massif. These elements are
located on the surface of the soil massif and the
cylindrical shell.

The type of contact nonlinearity is a status
change. The contact status (open or closed) de-
termines the stiffness of the system. Contact in-
teraction occurs when the nodes of the bodies
come close to a certain distance, which is called
“Pinball Radius”. Modeling contact interaction
begins with search nodes of bodies that are close
to each other. The search can be carried out
through the element integration points to ensure
increased accuracy [6,7]. The search algorithm
for contacting nodes causes high computational
complexity, so the search area can be limited. To
do this, on the required surface create a contact
interface of two types: contact and target.

The next algorithm stage uses the contact and
the target areas to calculate the interaction forc-
es of the bodies. The contact forces are usually
determined using a method called "Penalty
method". This method uses the possibility of
surface nodes interpenetration by a small value.
The interaction forces Fcontact depend on the
penetration value and the contact stiffness.
These forces are applied only to the contact sur-
face and cause its deformation, which reduces
the penetration of the surfaces [8,9]. In addition,
when determining the penetration value, the
thickness of the cylindrical shell is taken into
account.

The calculation was done geometrically, struc-
turally and physically nonlinear statement. Con-
structive nonlinearity appears as a result of
changes in the model during its deformation, for
example, changing the status of the elements
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constraints, the "birth" and "death” elements and
so on. Constructive nonlinearity should be taken
into account when modeling objects in the pro-
cess of installation and dismantling, when new
connections are created; when changing the
loading mode or when constraints are turned off
[10,11].

There are six design cases in the research work
that allows determining the effect of taking into
account changes in the design model in time on
the stress-strain state of the cylindrical shell.
The first design case consists of 33 stages of
determining the stress-strain state of the cylin-
drical shell and the soil massif: the first (zero)
stage calculates the natural state of the soil mas-
sif without the shell, the next 32 stages calculate
the stress-strain state of the model after activat-
ing each individual ring of the shell and deac-
tivating part of the soil massif. The second de-
sign case consists of 17 stages, as not one, but
two rings of the shell are activated in one stage.
Thus, the number of rings activated in one stage
doubled in each case. There are design cases
with 32, 16, 8, 4, 2 and 1 stages of calculation
(first stage (zero) calculated the natural state of
the soil massif in each design case).

According to the obtained results, the authors
carried out a comparative analysis of the equiva-
lent stresses according to the IV strength theory
(von Mises) of the cylindrical shell for 1, 4, 8,
12, 16, 20, 24, 28 and 32 rings of cylindrical
shell. The stress curves of the cylindrical shell
rings depending on the number of stages in the
design case are shown in Figures 2 — 10.

It can be seen from the chart that the maximum
stresses values of the six design cases are mark-
edly different. Note that in the interval from 4 to
28 ring, starting with the design case, which has
8 stages, a further increase in the number of
stages did not lead to significant changes in the
maximum stresses values. It is also seen from
the chart that the stresses in the first ring of the
shell grow significantly in going from the 8-
stage design case to the 16 and 32-stage design
cases. The stresses in the last ring of the shell
reduces significantly in going from the 8-stage
design case to the 16 and 32-stage design cases.
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Figure 2. The maximum equivalent stresses according to the IV strength theory (von Mises) of 01
ring of the shell.
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Figure 3. The maximum equivalent stresses according to the IV strength theory (von Mises) of 04
ring of the shell.
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Figure 4. The maximum equivalent stresses according to the IV strength theory (von Mises) of 08
ring of the shell.
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Figure 5. The maximum equivalent stresses according to the IV strength theory (von Mises) of 12
ring of the shell.
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Figure 6. The maximum equivalent stresses according to the IV strength theory (von Mises) of 16
ring of the shell.
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Figure 7. The maximum equivalent stresses according to the IV strength theory (von Mises) of 20
ring of the shell.
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Figure 8. The maximum equivalent stresses according to the IV strength theory (von Mises) of 24
ring of the shell.
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Figure 9. The maximum equivalent stresses according to the IV strength theory (von Mises) of 28
ring of the shell.
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Figure 10. The maximum equivalent stresses according to the IV strength theory (von Mises) of 32
ring of the shell.

This is due to the first ring of the shell (or the
first two or the first four rings, depending on the
design case) starts to work before the others.
The first ring takes most of the loads from the
soil massif and the added rings. In the case of
the last ring of the shell, conversely, a signifi-
cant part of the soil massif loads is already re-
distributed to the activated rings of the shell, so
the last ring takes a smaller part of the loads.

It should also be noted that all considered shell
rings, except the last one, have significantly un-
derestimated stresses in the design cases, which
have less than 8 stages. This is due to the fact
that in these cases all the shell rings or a large
number of rings are activated in one stage.
Therefore, the load from the soil massif is redis-
tributed evenly and there are no residual stresses
in the shell rings from the previous stages of
calculation.

In Figure 11 are shown the distribution of the
maximum equivalent stresses according to the IV
strength theory (von Mises) in the shell rings of
the design case with 32 stages. The maximum
stress values are at the bottom of the shell ring, the
minimum stress values are at the sides of the shell.

Volume 15, Issue 3, 2019

In table 1 is shown the difference in the percent-
age of the maximum equivalent stresses accord-
ing to the IV strength theory (von Mises)
[12,13] in the shell rings of all design cases
compared to the stresses obtained in the design
case with 32 stages.

3. CONCLUSION

The authors consider how the construction stages
affect the stress-strain state of the tunnel shell
and the soil massif using numerical methods. The
volumetric design model of the tunnel shell and
the soil massif is made. The calculation consists
of several stages from the beginning of the tunnel
shell construction to the end of the work.

The results showed that the account of the con-
struction stages in the design model significant-
ly affects the stress-strain state of the shell and
the soil massif. In design cases, which have less
than 8 stages, the maximum equivalent stresses
according to the IV strength theory (von Mises)
in the vast majority of shell rings are signifi-
cantly underestimated.
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Figure 11. The distribution of the maximum equivalent stresses according to the IV strength theory
(von Mises) in the shell rings of the design case with 32 stages.

Table 1. The difference in the percentage of the maximum equivalent stresses according to the IV
strength theory (von Mises).

Shell ring 1 stage 2 stages 4 stages 8 stages 16 stages
1 682,2 % 334,6 % 84,0 % 26,7 % 9,4 %
4 713,9 % 291,6 % 65,7 % 12,3 % 3,3%
8 610,7 % 240,5 % 48,6 % 12,7 % 2,8 %
12 506,5 % 199,8 % 65,7 % 11,4 % 1,6 %
16 415,8 % 187,6 % 48,8 % 10,8 % 1,1%
20 316,3 % 273,5 % 77,4 % 8,8 % -0,3%
24 205,6 % 184,9 % 45,7 % 3,7 % -3,6 %
28 106,7 % 104,0 % 72,3 % -4,4 % -9,0 %
32 -45,7 % -46,9 % -50,0 % -57,0 % -43,6 %
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This is due to the fact that in these cases all the
shell rings or a large number of rings are acti-
vated in one stage. Therefore, the load from the
soil massif is redistributed evenly and there are
no residual stresses in the shell rings from the
previous stages of calculation.

Therefore, on account of the results obtained
from the six design cases of the volumetric
model taking into account the construction stag-
es, the authors recommend in practical calcula-
tions to take 8 or more stages of the shell con-
struction. It is permissible to take no more than
8 stages due to the complexity and time costs of
calculations. However, it is worth noting that in
the first and last rings of the shell the maximum
equivalent stresses will be underestimated and
overstated respectively.

The results showed that the account of the con-
struction stages in the design model significant-
ly affects the stress-strain state of the shell and
the soil massif. In design cases, which have less
than 8 stages, the maximum equivalent stresses
according to the IV strength theory (von Mises)
in the vast majority of shell rings are signifi-
cantly underestimated. This is due to the fact
that in these cases all the shell rings or a large
number of rings are activated in one stage.
Therefore, the load from the soil massif is redis-
tributed evenly and there are no residual stresses
in the shell rings from the previous stages of
calculation.

Therefore, on account of the results obtained
from the six design cases of the volumetric
model taking into account the construction stag-
es, the authors recommend in practical calcula-
tions to take 8 or more stages of the shell con-
struction. It is permissible to take no more than
8 stages due to the complexity and time costs of
calculations. However, it is worth noting that in
the first and last rings of the shell the maximum
equivalent stresses will be underestimated and
overstated respectively.
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