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Abstract. In old buildings, which are architectural monuments, the stone three-centered barrel vaults
and arches have been often used. In case of reconstruction of old buildings, it becomes necessary to
increase the load on these elements. Calculation of additional load is based on instrumental examination
of the vaults. While creating an analytical model of a barrel vault, it is necessary to use the experimental
results of determination of the vault geometric parameters and material strength characteristics. The vault
bearing capacity determined on base of analytical estimation is confirmed by similar calculations done by
means of software packages, as well as by the data obtained by means of real loading of the vault. The
proposed procedure for determination of additional load onto barrel vault may be also used in designing of
similar architectural monuments.

AHHoOTauusA. B cTapuHHbIX 34aHMsX, ABASOLMECS NaMATHUKaMU apXUTEKTYypbl, 4YacTo B BUAE
HeCYLIMX 3NIEMEHTOB MCMOMb30BannCh KaMeHHble TpexueHTpoBble KopoGoBble cBoabl U apku. Mpu
PEKOHCTPYKLMM COOPYXEHUIN MOSIBNSIETCH HEOGXOOMMOCTb YBENMYEHUSI Harpy3ku Ha 3TU 3NeMEHTHI.
OnpepfeneHve BenUYMHbI OOMOSTHUTENBHON Harpy3kyu OCHOBAHO Ha pesynibTaTtaxX MHCTPYMEHTarbHOro
ob6cnenoBaHna cBogoB. Mpu co3daHWM pacyeTHOW CXeMbl MoAenu kopoGoBOro cBoga HeobXxoaMMOo
MCronb3oBaTh pes3ynbTaTbl 3SKCMEPUMMEHTArbHbBIX WCCNefoBaHW: OnpefeneHne reoMeTpuveckux
napaMeTpoB CBOAA WM MPOYHOCTHbIX XapakTepucTuk MaTepuanoB. Hecywiasi cnocobHocTb cBoAa,
onpefeneHHass no pesynbTaTaM aHanUTUYEeCKOro pacdeTa, MNOATBEPXKAaeTCs aHanorMyHbiMu
pacyeTamMu C UCMOSIb30BaHUEM MPOrpaMMHbIX KOMMIEKCOB, @ Takke AaHHbIMU, MOMYYEeHHbIMU MpU
HarpyxeHuu peanbHoro ceoga. [peanoxeHHas MeToanka onpeaeneHnsl BO3MOXHOW A0NOMHUTENbHON
Harpysku Ha KopoGOBbIii CBOZ MOXeT OblTb MUCMONb3OBaHa MPU pacyeTe aHarornyHbliX NamMsTHUKOB
ApXUTEKTYPbI.

1. Introduction

Barrel vaults were widely used for construction of unique architectural buildings in XVIII to XIX
century. They are often found in large-span inter-floor ceilings and covers of civil and industrial buildings,
in church architecture, in the ceilings above basements, passages, corridors of low-rise residential and
public buildings, as well as in the structures of stairwells and as span structures of bridges.

Cross-section of barrel vault has a shape of curve formed on base of several centers.
There are three-centered, five-centered and multicentral barrel vaults. In this article, the symmetrical
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three-centered barrel vaults consisting of three parts of circles of two different radii are described
(Figure 1).

In contrast to elliptic vaults, the generatrix of barrel vaults is a curve consisting of several circular
curve segments. These segments have common first-order derivative in their point of compound curvature;
therefore, the centers of neighboring circles must be on the same line.

Until recently, axis plotting and approximate calculation of barrel vaults were carried out by various
graphical methods.

The best-known works on calculation of arches and vaults of different shapes are [1-7] and
experimental studies of stone vaults and arch structures are [8-20]. In these researches, methods of
calculation of the stress-strain state for different shapes of stone arches and vaults have been developed,
and behavior of vaults has been studied on base of numerical models.

Usually, methods of calculation have been worked out for parabolic vaults [21], but they are scantily
suitable for designing of barrel vault axis configuration. These methods have just a historical value and
have become the first attempt to solve the problem, but it has created a base for development of more
perfect methods. In this case, the vault was represented as twice statically indeterminable single-hinged
arch, which calculation is simplified due to symmetry properties [22].

Today the existing method of barrel vaults’ calculation is usually based on graphic-analytical method for
development of statically determined design model. No other methods were found in the cited literature.

In this regard, it is necessary to carry out more precise calculations, taking into account the specific
geometry of barrel arches and the real extent of static indeterminacy of the vault analytical model.

It is obvious that development of methods permitting to estimate technical condition of the barrel
vaults taking into account their construction technology and history of loading is of immediate interest.

The purpose of this article is to create a methodology for determination of the value of additional
load on the vault during its further upkeeping.

To determine the value of the additional load it is necessary to solve several related tasks:

1. Creation of analytical expressions describing the barrel vault axis on base of the results of
measuring the real vault geometry.

2. Static calculation of the vault taking into account all internal stresses.
3. Primary structure loading condition.

4. Obtaining the strength characteristics of the barrel vault brickwork on base of the results of
experimental tests.

5. Determination of deformation characteristic (deformation modulus) of the vault brickwork taking
into account changes in the material within the structure service period.

6. Determination of the additional load value. Experimental test.
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Figure 1. The axis of three-centered barrel vault, Figure 2. Method of constructing
where L is the span of vault, fis the rise of vault, the three-centered barrel vault.
riis small radius, r2is large radius.
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2. Methods

1. Creation of equations describing the shape of vault (arch) axis on base of the results of measuring
the real span L and rise of vault f (Figure 2).

To design the shape of the arch axis, it is necessary to determine the values of small and large radii

2f
rrand ra. If AO= L X CO= f the rectangle is build and angles are measured &' = arctan (—) and
L

L
B’ =arctan {—J The triangles KCA, GDF and CDP are similar, as their sides are proportional and the
2f

angles between them are the same; in this case a =a', =" (Figure 2).
Let us make a system of equations:

MF +FN = f =r,-sin f+(l-cosa)-r,
. 1)
BF + FG = I%:(1—cos[3)-r1+smoz-r2.

Transformation matrix and output matrix are:

sinf  1-cosa f

A= , D= : (2)
l1-cosfp sina %
Matrix equality of known radii is:
r-l
R=A'.D= . 3
r2

The equations of the vault axis as a function of current angle ¢ in the parametric form

y(p) = T (x(p)) are:
I, -sin(—a)+r,-cos ﬂ—rl-cos(%+go),if —%<¢)S—a
X(@) =|r, -sing,if ¢<|al 4)

r2-sina—rl-cosﬁ+rl-cos(%—go),if a<¢£%

rl-sin(goJr%),if —%S(p<—a

y((p)=[(r2~(COSg0—1)+f],if —a<p<la (5)

rl-sin(%—qo),if a<g0£%

Thus, for analytical designing of the axis of spacial curve of symmetric vault, it is sufficient to know
the span L and the rise f of the vault, as well as the design requirement: the point of contact of two curves
composing the axis of the spatial curve should be located at the intersection of the bisectrixes of the triangle
formed by L and f values.

Each vault may be presented as a system of elementary arches forming the shape of the vault and
bearing their load [24]. The vault analytic model may be approximately presented as a system of
independent parallel arches. For these reasons, for the barrel vault calculation, we adopt a simplified
calculation model in the form of no-hinged arch under the following boundary conditions:
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if Zz—% (left abutment) y(—%)zo; 0=y'(— I%):0;
if z= % (right abutment) y(%)=0; 6=y'(%)=0-

In the investigated three-centered arch on the segments with different radii there are gaps in the
second derivative of the geometric axis of the arch. In this case, the internal forces (bending moment, etc.)
have no breaks, since the moment is not associated with the second derivative of the geometry, but
depends on the change in curvature.

First derivative:
(—tan(g)), if —%S¢<—a
y'(¢) =|(—tan(¢)),if —a<g<a (6)
(—tan(g)),if a<g< %

Second derivative:

1
=i <<
r, -cos (4)° | A<¢< ¢
1
") =|———if —a<g<
Ot Taeesa %
1
_ if <7
G cos(@) “<4=7,

Since the moment diagram has no gaps and the stresses in the arch are directly proportional to the
change in the axis curvature, the stresses practically do not change on the butt sections with different radii
of curvature.

For flat segments, the moment of inertia of the cross section may be determined by the general
formula for the straight rod:
b-h?
12

J= (8)

10 10,
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Figure 3. Diagrams of derivatives
a) diagram of the first derivative: function is continuous;

b) diagram of the second derivative: function has the gaps at -a and a.
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In the steep part of the arches, where the neutral line is distinctly displaced, the moment of inertia of
the section should be determined by the formula:

% yZb
J'= J.gdy. 9)

_%1+%

The static calculation of triply statically indeterminate arch is performed by method of forces using
Maxwell-Moore formula with a full set of internal forces for determining changes (bending moment,
longitudinal and transverse forces) [24].

2. Static calculation.

5, zzjMi((p)-'\/'k(co)-rdqo+zjMi(¢)-Mk(¢)-rd¢+zINi((o)-Nk((p)-rdco+

E4-r? EJ. -

e e i) Ble) e 5 M) Malelde o
4q=ZIMi((o);\:?:(f)-rd(hzjMi(w)-hé;r((p).rd(erzjNi(¢).|\éﬁ¢),rd¢+

+ﬂ-{ZIQi ((0)%;@*%}2] N‘(g")'g";'(:lo)-ndcﬁzj M (@) -E'\k(qo)dqo. (11)

3. General case of loading is described by four types of loads: self-weight of vault, brickwork back
filling weight, evenly distributed load on top of the backfilling (weight of the floor), and different types of
temporary loads F (weight of people and equipment) (Figure 4).

4. When examining the bearing capacity of the above-basement vaulted ceiling of Ethnographic
Museum building in St. Petersburg, the question has arisen about the strength characteristics of the
brickwork. More than 100 years have passed since its construction (the building was built in 1911). The
vaulted ceiling has a three-centered arc shape.

Visual inspection of the above-basement vaulted ceiling has proved that the overall structure
condition is satisfactory (usable) (Figure 5).
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Figure 4. Actual loads on the vault: Qsw. is the self-weight of vault; ~ Figure 5. Location of vault
Op. is the brickwork back filling weight; Ged. is the load from materials testing points:

. UT test points on vault
structures on the top of vault; F — different types of temporary Iowre)r surface
loads. '

L

Kannap-oon A.b., babanos B.B., AnnaxeepnoB b.M., Caas C.C. [lonoiaHuTeNbHAS HArpy3Ka Ha KOPOOOBBIN CBOJ B
MaMSATHHKE apXUTEKTYpbI // H)KeHepHO-CTpouTenbHbI xKypHal. 2018. Ne 8(84). C. 15-28.



Magazine of Civil Engineering, No. 8, 2018

The arch bond strength was determined by the following methods:

e The strength of the brick and arch bond mortar on the upper surface of the vault according to
Russian State Standards (GOST) 8462-85 [23] and 5802-86 [24] is determined by the destructive method.
The selected samples have been tested in the laboratory of Saint Petersburg State University of
Architecture and Civil Engineering.

e The strength of brickwork on the lower surface of the vault has been determined by means of
ultrasonic method using UK-14P device.

Determination of the brickwork strength has been carried out by means of ultrasonic method using
UK-14P device as follows:

1. brick strength limit (at the base on the surface of 100 mm)
R, =7.5201 +0.008 v, MPa;
2. the limit strength of the arch bond mortar (at the base of 40 mm)
R, =7.3975 -0.0068 v, MPa.
The brickwork strength has been determined by the formula of Prof. L.I. Onishchik [25]:
R=0.5R,-0.5AR (1-a/(b+0.5R, /R))y .
in this case:
A=(9.81+R)/(9.81 m+nR):
a=0.2;b=0.3; m=1.25; n=3.
The value of correction factor y:

—according to the table: R; , =10.4 MPa, R), =0.04R,  =0.4 MPa <R,  =2.14 MPa,
thus y =1.

¢ Inaccordance with impact resilience using Schmidt hammer, according to Russian State Standard
(GOST) 22690-88 [26].

To determine the brickwork load-carrying ability, the strength properties of brickwork have been
examined. As a result of 12 tests, Ry, R,,..., Rj» sample data of brick and mortar of which the brickwork
is made have been obtained.

Statistical processing of test results.

To estimate the mathematical expectation of normal distribution the following function (arithmetic
mean of observed values of random variable) is used:

Ry :1(R1+R2 +..+R,),
n

where R, is the mean value of the limit strength according to test results;
N is the number of the test sample;

RMS deviation of the observed values of R; factor from their mean value R, has been determined
by the formula:

é(Ri_Rm)z

n
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Using Student's distribution, the confidence interval of the brick and mortar strength has been
determined:

Sq
R, =Ry —t—;

Jn

where t = 2.23 is Student's coefficient at N = 12 and the confidence interval with a probability of 95 %.
5. Definition of the stiffness (deformation) characteristics of vault brickwork.

Before making calculations, it is necessary to determine the stiffness (deformation) characteristics
of vault brickwork.

For this purpose, it is necessary to know the initial modulus of elasticity Eo, the change of the
modulus of deformation in time, taking into account the material plasticity, which in its turn results in a
change in the initial modulus of deformation.

To determine the initial deformation modulus of the material, it is necessary to use the results presented
in the work of N.S. Khamidzhanov. As a result of the step-by-step regression analysis, he has got an analytical

dependence that relates the initial modulus of elasticity Eg to the brick and mortar grade, which match with a

probability of 0.99 the experimental data received by the author by F Fisher criterion and t Student’s criterion.
In our calculations, it is necessary to follow the linear model proposed by N.S. Khamidzhanov:

E, =187R,,, +173.2R___ +5766, (12)

mortar

To determine the value of the initial modulus of elasticity it is also possible to use the generally
accepted formula of Professor L.I. Onishchik that is in force in normative documents and in the Russian
Set of Rules SP 15.13330.2012 [27, 28]:

E,=o,-R (13)

u?

where ai is brickwork elastic characteristic determined experimentally by L.I. Onishchik. The value of a:
elastic characteristics for non-reinforced brickwork with the strength of the brick and mortar is accepted by
means of interpolation.

R,=R- K is temporary brickwork resistance (average strength limit);

R is calculated brickwork resistance;

K is the material safety factor, for brickwork it is 2.0.

Within the linear creeping, it is possible to use the concept of modulus of long-term deformation,
which is determined by formula proposed by A.M. Rozenblyumas. It allows for validity of Hooke law for
linear time-dependent deformations [29], but with a modified value of the initial deformation modulus:

_ EO
Cleg

(14)

where ¢ is the brickwork creep characteristic, which depends on time.

To determine the brickwork creep characteristic ¢r, we have adopted the exponential function in
accordance with the data given in Eurocode 1992-1 [30]:
0.3
T
T+8,

where ¢n = 1.5 s theoretical creep factor adopted by Eurocode 1992-1-1 (how many times the deformation
increases over the infinite duration of the load action).

(15)

G =@

B, =657.82 is a coefficient depending on relative humidity and theoretical size of the element
(adopted for materials given in documentation of "Lira-9.6" software complex).

T is the number of days (the age of material), after which it is necessary to take into account the
effect of creep.
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To account for possible creep according to the Russian Set of Rules SP 15.13330.2012, the adopted

coefficient of creep is v = 2.2 [28]. The deformation modulus in this case is determined by the formula
E
E =—% [27, 28].
‘22

In accordance with the Russian Set of Rules SP 15.13330.2012, when determining the deformation
of masonry in case of stress calculation in statically indeterminate systems, the structures’ stiffness
characteristic is specified by the formula (accounting for material plastic properties) [27, 28]:

6. Determination of internal forces and stresses in barrel vault.

The barrel vault calculation was done using analytical method in "Mathcad 14" software system and
for checking the finite element method was used in "Lira-Windows" software complex. In this case the vault
surface deformations accumulated over the vault lifetime and found out by means of geodetic survey were
taken into account.

There have been chosen the variants of elements that can provide triaxial calculation of the vault
composed of 3D finite elements (Figure 6) and the shell (Figure 7), as well as the design in form of the arch
composed of the rod-type finite elements (Figure 8). It is shown that the vault stressed state is described
by the rod-type model without significant errors.

\
\
>

o

£,

Figure 6. 3D Volumetric finite elements model of vault.

Figure 8. Flat arch design model of vault.
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Determination of additional load onto vault is based on the results of calculations. Taking into
account estimation of the value of the additional load onto the vault (F, + F, =10 KN/m), obtained by
numerical calculation of the vault as an arch and spatial elements, it is possible to set this value
Fadditional load for experimental research of the vault.

To identify the stressed state under load mechanical strain gauges with a base of 100 mm were
used. Barrel vault vertical displacement was measured using deflectometer.

Loading was done using metal loads of 0.5 kN, placed on the vault to create a uniformly distributed
load along a strip. For each stage of loading, the value of distributed load was taken to be equal to

10
along the longitudinal section of the vault from both sides to the centre. At each stage after loading
instrument readings were taken.

1 .
Fdestroylng ~ 2 KN/m. After five steps the maximum load of 10 kN/m was achieved. Loading was begun

3. Results and Discussion

Table 1. The results of brick and mortar strength determination by means of nondestructive
ultrasonic control method.

ltem ts, %1, | Ry, t2, 9%, | R, | Ri 0 = R oR | S, =R -R .
NO. | microsecond | m/s | MPa | microsecond | M/s | MPa | MPa | "' Rpin : o medum
1 32 3125 | 10 47 851| 1.78 | 1.14 1.00 1.14 -0.053
2 31 3226 | 10.1 54 741 | 251 | 1.25 1.10 1.37 0.056
3 36 2778 | 9.74 51 784 | 2.22 | 1.19 1.04 1.24 -0.006
4 29 3448 | 10.3 48 833 1.90 | 1.17 1.03 1.21 -0.019
5 30 3333 | 10.2 53 755 | 2.42 | 1.24 1.09 1.35 0.049
6 34 2941 | 9.87 49 816 | 2.01 | 1.17 1.02 1.19 -0.028
> 6.28 7.50

Rred. =2 PiRi /2 p; = 1.19 MPa.

= 0.12 MPa.

The brickwork design strength is:

R=R - 4R = 1.07 MPa or 10.92 kg/cm?;

medium

at medium values:
brick grade Mo =102; Ry pegium =10.03  MPa;

mortar grade M oriar =225 Ry nortar =2.14 MPa.

Table 2. Results of tests of brick and mortar strength by means of rebound hammer method
with the help of Schmidt hammer.

Sample number 1 2 3 4 5 6 7 8 9 10 11 12
Brick strength, MPa 98 (10|99 |97 |101]| 96 [ 99 |1.03| 99 | 1.0 | 1.08 | 1.07
Mortar strength, MPa 21127 |19 |18 (22 |31|30]|26 | 22|29 |18 | 29

Brick breaking strength is R, =9.8 MPa; mortar tensile strength is R, = 2.1 MPa.

Table 3 compares the moments of inertia taking into account the effect of J axis curvature (formula
(8)) and J' neutral axis of the vault according to the formula (9).
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Table 3. Comparison of values of moments of inertia.

Steep part of vault Flat part of vault
J1 Jh % J2 J %
0.0629 0.0704 10 0.0486 0.0486 0

The difference between the results in the estimation of influence of the neutral axis shift in the flat
part of the vault is 0 %, and in the steep part is 10 %. According to the results of the study it should be
noted that the offset of neutral line may be neglected.

According to the obtained values of brick and mortar strength characteristics, the calculated
brickwork resistance according to the Russian Set of Rules SP 15.13330.2012 is determined and compared
with L.I. Onishchik formula (Table 4) [27, 28].

Table 4. Comparison of values of brickwork design strength.

. . According to the Russian According to L.I. Onishchik formula
Brickwork design o
strength Set of Rules SP Rebound hammer % Ultrasound %
15.13330.2012 method 0 control
R (MPa) 1.126 0.915 18.7 1.07 4.97

Evaluation of the design resistance of the brickwork by an elastic rebound according to the formula of
Professor L.I. Onishchik and the Russian Set of Rules SP 15.13330.2012 differ by 18.7 %, in the ultrasonic
inspection at 4.97 %. According to the Set of rules the strength of brickwork gets highest properties.

Table 5. Comparison of values of initial deformation modulus.

Initial deformation modulus According to the Russian Set of According to N.S. %
Rules SP 15.13330.2012 Hamidzhanov formula 0
Eo (MPa) 2252 2883 21.88

The difference between the values of the initial modulus of elasticity according to
N.S. Khamidzhanov formula and the Russian Set of Rules SP 15.13330.2012 is 21.88 % (Table 5). Taking
into account that in the research [30] various correlations between brick and the mortar strength are close
to those obtained in our tests, in further calculations we take into account the initial modulus of elasticity

equal to Eo = 2883 MPa.

Table 6. Estimation of values of modulus of long-term deformation.

Modulus of long-term According to the Russian Set of According to A.M. %
deformation Rules SP 15.13330.2012 Rozenblyumas formula 0
E: (MPa) 1023.63 1156 11.45

Estimation of the values of modulus of long-term deformation calculated according to
A.M. Rozenblyumas formula and according to the Russian Set of Rules SP 15.13330.2012 gives a
difference of 11.45 %. In our calculation the adopted value of the modulus is taken according to
A.M. Rozenblyumas data.

In accordance with the Russian Set of Rules SP 15.13330.2012, when determining the brickwork
deformation in case of determining the strains in statically indeterminate systems, the stiffness properties
of structures are taken in accordance with the formula:

E=08E,.
Finally the modulus of deformation is adopted to be equal to E = 925.55 MPa.

According to the results of calculation, the normal stress and vertical displacement comparison was
performed for Eg initial modulus and E modulus of deformation in the Tables 7 and 8.

Table 7. Comparison of stresses at Eg initial modulus of deformation and E modulus of
deformation (coordinate X = 3.342 m).

Eq vault E vault % Eo arch E arch
(Lira) (Lira) (Lira) (Lira)
o, (MPa) | -0.4755 | -0.4755 | 0 | -0.5305 | -0.5305 | O | -0.53357 | -0.52316 | 1.95

Stresses % | Eo Mathcad | E Mathcad %
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Table 7 shows that the change in the modulus of deformation has almost no effect on the stress
values.

Table 8. Comparison of displacements at different moduli of deformation (coordinate
X=0m).

Displace- Eovault | E vault o Egarch | E arch
% % %
ment (Lira) (Lira) ) (Lira) (Lira) v | EgMathcad | E Mathcad )
f, (mm) 0.9147 2.8494 67.9 0.9674 3.0136 67.9 1.19 3.71 67.92

From the Table 8 it is clear, that the change of modulus of deformation significantly affect the
magnitude of displacements.

So for more than 100 years of service life of barrel vault structure, which description is given below,
due to creep and plasticity, the deflections have grown by more than half.

Distribution of normal stresses in Mathcad and Lira:
The results of analytical and numerical methods of calculation are generally consistent.

Taking into account the spatial service of the vault analyzed by means of finite element method with
volumetric elements, as well as in form of plates (compared to an arch analytic design), it proves that the
calculated stress values are almost independent of the analytical solution.

Cross section I-I: Cross section II-ll: Cross section IlI-IlI: Cross section I-I: Cross section II-1l: Cross section lI-lII:
0.557 0.555 0.556 0.544 0.552 0.551
\Z ~ C_‘:, =
[ [ — Y S—— A —_— —— L
= nl. =
é &) Vs>l D pacl ®
0.204 0.202 0.203 0.200 0.206 0.207
Figure 9. Distribution of normal stresses & Figure 10. Distribution of normal stresses &
(MPa) in the cross-section near (MPa) in the cross-section near
the vault skew-back (X = 3.342 m) the vault skew-back (X = 3.342 m)
under the action of constant loads in Mathcad. under the action of constant loads in Lira.
In cross section:
0.526 10.521
l l = ////
©) ~
/0232
- - 018 — 7 ! = Z
= / nl = /0115
f.;:
A10.18
/® A
1 @® 1 /©®
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Figure 11. Distribution of normal stresses & Figure 12. Distribution of normal stresses ¢ (MPa)
(MPa) in the cross-section near the vault in the cross-section near the vault skew-back
skew-back (x=3.342 m) under the action of  (x=3.342 m) under the action of constant loads,
constant loads, three-dimensional analysis  three-dimensional analysis of vault according to

of vault in form of a shell in Lira. the model with volumetric finite elements in Lira.

Based on the brickwork strength properties, the value of the additional load and the stressed state
of the vault is determined. The analytical calculation, taking into account the displacement of the neutral
layer of the vault, shows that the vault will withstand an additional load up to 10 kN/m under bending tensile
stresses.
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The dependence of displacements under specified load acting onto the test structure is shown in the
Figure 13.

p
s =
4 7
| =

0 D.bl 0.04 0.06 0.08 0.1 0.12 0.14
——spatial behavior of shell-type vaultacc. to Lira £, (mm)
——spatial design of volumetric finite elements’vault acc. to Lira
—+arch composed of rod finite elements acc. to Lira

analytical solution of vault in Mathecad
—#experimental data of displacement

Figure 13. Dependence of vertical displacements in the crown of the vault.

Comparison of experimental and theoretical values of stresses and displacements of the structure
shows that increase in stresses and displacements in case of load gradual increase is practically
proportional to these loads. In this case, the modulus of deformation of object is approximately equal to the
value taken in analytical calculations. It was the correct method of accounting for creep and plasticity in
form of coefficients to the initial modulus of elasticity in the calculations.

To continue the comparison with the known works, this analytical solution is compared with the
results of calculation of the arch outlined by the square parabola [21], which has been carried out for
efficient selection of axis outline. Such arches are also often found in the ancient architectural components
of the buildings.

The adopted outline of the arch axis is described by the expression:

y=flu(x/d)® +@-p)(x/d)°],
where f is the rise of vault; = 0.966.

Table 9. Comparison of stress values according to Kachurin and our data.

Stress According to Kachurin According to our data %
o, (MPa) 0.3997 0.2035 49

The difference between normal stresses in the results of design calculation of the arch defined by
the parabolic law with the analytical solution for the arch as a three-centered compound curve is 49 %.

Thus, qualitatively, the experimental data completely confirm the derived analytical theory; but the
calculation of the arch, described by the square parabola, has a noticeable discrepancy compared to the
experiment results. It follows that calculation should be carried out with more accurate geometry and static
uncertainty of the designed model of the vault.

4. Conclusions

1. The proposed herein a confirmatory method of calculation of barrel vaults of buildings constructed
long ago (architectural monuments) allows to consider changes of physical and mechanical characteristics
of the brickwork taking place in time. Modulus of initial deformation is taken from the works of
N.S. Khamidzhanov, creep and plasticity are taken into account using A.M. Rozenblyumas formulas and
adjustments to the Eurocode (material creep), as well as the nonlinearity of these characteristics (according
to the Russian Set of Rules SP 15.13330.2012).

2. On the basis of analytical and numerical confirmatory calculations, the studies of the bearing capacity
and the stressed state of the three-centered barrel vaults under the acting loads were carried out, which made

Kaldar-ool, A-Kh.B., Babanov, V.V., Allahverdov, B.M., Saaya, S.S. Additional load on barrel vaults of architectural
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it possible to solve the task, i.e. to determine the amount of additional load that the considered barrel vault
can withstand. The vault will be able to withstand the additional load up to 10 kN/m.

10.

11.

12.

13.

14.

15.

16.

3. The experimental verification was carried out of the proposed method of studying the deformed
state of the brickwork barrel vaults when loaded by short-term static load applied after a long period of time
since the vault construction (more than 100 years).

4. The received test data and their comparison with the theoretical calculations of forces and
displacements performed with the help of finite element method proved the proximity of the results.

5. The above calculations may be applied in the surveying and strength testing of barrel vaults used
in architectural monuments.
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