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Abstract. During the experimental and statistical research, the experiment was
planned for the three most important factors influencing the residual load-bearing capacity of
damaged stone columns rectangular cross section, namely, the depth of damage, the angle of
the front damage on one of the main sections of soy and eccentricity.

Numerical modeling of work of the eccentrically compressed rectangular cross section
damaged during the operation of stone pillars was carried out in the LIRA-SAPR software
package in a non-linear environment.

The results of experimental statistical modeling made it possible to determine the
influence on the throughput of each selected factors, as well as the mutual influence of the
factors.

Based on the obtained values of the destructive force for 15 column marks, in
accordance with the experimental design, a three-factor experimental-statistical model of the
second order was constructed. This model is adequate to the experimental error of 0.45, with
7 statistically significant factors.

According to the estimates of the experimental statistical model and single-factor local
fields, the depth of damage in the cross section of the column has the greatest impact on the
bearing capacity.

The analysis of the presented diagram of the joint effect of the variables factors shows,
that the maximum destructive loading of the Ru withstands columns with no damping depth
(@ = 0 mm) and the angle of inclination of the front of the damage and relative eccentricity
are approximately at the main levels (x;=x3 =~ 0).
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AnoTtanisg. OTpUMaHO EKCIIePUMEHTATLHO-CTATUCTHYHY MOJIENh JUIsl OTKCY BIUIMBY Pi3HHUX
BUJIIB TIOIIKO/DKEHh Ha 3aJMINKOBY HECY4y 3JaTHICTh MOMIKOKEHHX y TMPOIeCi eKCIuTyaTarlii
KaM'sHUX CTOBINIB. BuOpaHi HalOLIbII pPO3MOBCIOPKEHI Ta KUIBKICHO 3HauuWMi (DaKTOPH, TaKOXK
BCTAHOBJICHO BIUTWB K OJJHOTO 3 BU[IB TOIIKO/KEHHS, TaK 1 Y B3a€MO/IIi KUTBKOX TakuX (pakTopiB
SK, TJUOWHA ITONIKOJDKCHHS, KyT HaxWiIy (POHTY TONIKO/DKEHHS IO OJHIA 3 TOJIOBHUX OCEH
MIEPETHHIB 1 €KCIIEHTPUCUTET.

3a OLIHKaMM €KCIePUMEHTAIbHO-CTaTUCTUYHOI MOAENl 1 0JHO(AKTOPHUX JIOKAIbHUX TOJIB,
HAMOLIBIINI BIUTMB HAa HECy4yy 3/aTHICTh HaJae TIUOWHA TOMIKOKEHHS B TEPETHHI CTOBMA, a
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MaKCHMaJIbHE HaBaHT)KEHHS BUTPUMYIOTh CTOBIHM 3 KYTOM Haxwuiy (PpOHTY MOIIKOmKeHHs 18-22,5°
Ta 3 BIATHOCHUM €KCIIEHTPUCUTETOM OJM3bKO 1/8 mMpUKIIaIeHOr0 HaBaHTAXEHHS.

KiaouoBi ciaoBa: eKCIEpUMEHTATBHO-CTATHCTUYHE MOJCIIOBAHHS, KaM'sHI CTOBIIH,
MOIIKO/HKCHHS, Hecy4Ja 31aTHICTb.
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AnHoTtanusi. CMozenupoBaHa 3KCIIEPUMEHTAIbHO-CTATUCTUYECKAST MOJETIb JJIsi ONKCAHUS
BIIMSHUSI PA3JIMYHBIX BUJIOB IMOBPEKACHU Ha OCTAaTOUHYIO HECYIYIO CITIOCOOHOCTD ITOBPEK/ICHHBIX B
mporecce AKCIUTyaTallud KaMeHHBIX CToJI0OB. BpiOpanbl Hambojee paclpoCTpaHEHHBIE U
KOJIMYECTBEHHO 3HAYMMbIe (DaKTOpPBL, TAKXKE YCTAHOBJIECHO BIMSHHE KaK OJHOTO U3 BHIOB
MOBPEXJCHUSA, TaK U BO B3aUMOJICHICTBUU HECKOJIBKUX TaKUX (PAKTOPOB KaK, ITyOWHA MOBPEKICHHUS,
YroJl HaKJIOHA (PPOHTA ITOBPEKICHHSI TIO OJTHON M3 TJIABHBIX OCEH CEUYCHUI M AKCIICHTPUCHTET.

[lo omeHKaM SKCHEPHUMEHTALHO-CTATUCTUYECKOM MOJENU W OAHO(PAKTOPHBIX JOKATbHBIX
noJjiei, HauOoJblllee BIUSHUE HA HECYLIYI0 CHOCOOHOCTh OKa3bIBaeT ITIyOMHAa NOBPEKICHUS B
CEUCHHH CTOJI0A, a MaKCUMalbHasi Harpy3ka BBIIEPKHBAIOT CTOJIOBI C YIJIOM HAakJIOHa (poHTa
noBpexxaeHus 18-22,5° 1 ¢ OTHOCUTEITLHBIM SKCIIEHTPHCUTETOM OKOJIO 1/8 MPHUIIOKEHHOM HArpy3KH.

KiroueBble ¢j10Ba: SKCIIEPUMEHTAIBHO-CTATHCTUIECKOE MOJICTMPOBAHUE, KAMEHHBIE CTOJIOBI,
MOBPEXKACHHE, HECYIIasi CTIOCOOHOCTb.

Formulation of issue. Modern aggressive environment and other destructive factors impair
seriously the physical and mechanical properties of masonry structures of historic buildings. This
suggests that the stone buildings and structures that belong to the architectural heritage today are in
dire need of protection and timely restoration.

For further reconstruction or re-equipment of existing objects for the purpose of their further
exploitation, in turn it requires the availability of a universal method for assessing the actual state [1]
and the analysis of factors affecting the residual bearing capacity of damaged stone pillars, both
individually and in interaction with each other.

Analysis of the recent researches and publications. The study of damaged during operation
non-central pressed damaged pillars of works devoted a lot of domestic and foreign scientists [2-5].
Most of the works devoted to the consideration of such issues as determining the carrying capacity
and strength elements [4], the influence of various factors such as an eccentricity. In ¢rticles by
Klymenko 1.V. [3-5] it is emphasized that the current definition and forecasting of technical
condition of building structures and buildings carried out intuitively and requires more detailed
study. The current DBN V.2.6-162: 2010 requires the calculation of damaged stone elements,
taking into account not the linearity of deformation.

This method is the most correct, since it corresponds to the real physical model of the
masonry work as a non-uniform material.

During recent years, Odessa State Academy of Civil Engineering and Architecture has studied
the work of non-centrally compressed and damaged in the process of exploitation of stone
structures, allowed to obtain data for further description of their stress-strain state and to develop a
method for calculating residual bearing capacity [2].

The purpose and objectives. Experimental-statistical investigations of the deformed state
and determination of bearing capacity of non-centrally compressed stone pillars with various
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damages obtained during the operation, determination of the influence of each selected factors and
their mutual influence on the bearing capacity of structures.

The object of researches. The object of the researches was the impact of various types of
damage to stone pillars resulting from the operation of the bearing capacity.

General part. The tasks put in practice are reduced to the construction of a
mathematical model that describes the whole set of parameters chosen by us and find the
numerical values of these parameters. For practical description of the mathematical model of
samples properties, methods of experimental-statistical planning were used, which allows
taking into account the stochastic nature of the processes taking place in the investigated
objects.

Taking into account, that the accepted model of the experiment is manageable, it can be
schematically described using a black box model, the internal device of which is unknown, and
only its inputs X; and Y; outputs are investigated and thus the external environment is
stabilized (Fig. 1).
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Fig. 1. Statistical model of the experiment

Analysis of scientific and technical literature and preliminary studies allowed to
determine the input factors and the boundaries of their scope. The transition to the
dimensionless normalized variables -1 < x; < +1 is performed according to the following
formula: xi = (Xi— Xoi) / AX; (Table 1).

Table 1 — Variation of input factors

The levels of The interval
Input factors o .
variation of variation
Code Value Meas.unit «1» «O» | «l» AX;
x, The angl(;ea(r)rll‘;gglgnatlon of deg. 0 225 | 45 225
X5 The depth of the damage a mm 0 80 160 80
x5 | The relative eccentricitye,/h - 0 1/8 | 1/4 1/8

The obtained set of the investigated system sates allows us to analyze the
dependence of the initial parameter of the samples bearing capacity on the determined
factors x1, x2 1 x3.

Full factorial design for three factorial experiment has 27 lines — state of the object,
which is excessive for the task, therefore, for the practical optimization of the accepted
experimental model, a 15-point symmetric plan was adopted. With this approach, as a
result of the experiment, we will receive a statistically reliable result with a minimum
number of investigated samples.
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Fig. 2. Scheme for modeling of damaged sample-pillar

The formed matrix of the experiment with Physical variables of variation of the investigated
parameters for a three-factor quadratic ES-model has the form (Table 2).

Table 2 — Physical variables of the studied parameters

The coded values of factors Actual Values of Variation Factors
Experiment _The_ angle of The depth of The relative
inclination of -
No. X, X, X3 damade 6 the damage aq, eccentricity
ge o, mm eo/h
deg. 0
1 -1 -1 -1 0 0 0
2 -1 1 -1 0 320 0
3 0 0 -1 22,5 160 0
4 1 -1 -1 45 0 0
5 1 1 -1 45 320 0
6 -1 0 0 0 160 1/8
7 0 -1 0 22,5 0 1/8
8 0 0 0 22,5 160 1/8
9 0 1 0 22,5 320 1/8
10 1 0 0 45 160 1/8
11 -1 -1 1 0 0 1/4
12 -1 1 1 0 320 1/4
13 0 0 1 22,5 160 1/4
14 1 -1 1 45 0 1/4
15 1 1 1 45 320 1/4

Based on the received values of the destructive force (Ry, tf) for the 15 variations of the
pillars, according to the experimental plan, a 3-factor experimental-statistical model (ES-model) of
the 2nd order (1) was constructed. The ES model is adequate for an experiment with the error
se[In{R}] = 0.45, with 7 statistically significant coefficients.

In{R.} = 4.075 +0.497x; —0.721x:> +0.634X1X> £0X1Xs

~1.008x, +0x,° +0XX3
—0.239x3 —0.374x5° (1)
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The main general indicators of the model in the coordinates extremes for R, include
a minimum Rymin = 1,8 tf (for x,=—1, x,=x3=+1) and maximum Rymax = 168,7 tf (for
x,=-0.095, x,=—l, x5;=-0.320) levels; absolute A{R,} = 1669 tf and relative
S{Ry} = 93.7 times.

Estimates of the coefficients of the model and generalizing indicators characterize the
individual and combined effects of the inclination angle of the damage front (&, degrees), the depth
of damage (a, mm), and the relative eccentricity (e,/h) of the cutoff on the level of destructive
force. The visualization of this effect is presented on Fig. 3 and 4

According to the estimations of the ES-model and single-factor local fields (Fig. 3), the
significant influence on R, makes x, with the increase of the depth of damage in the section of the
column significantly decreases the destructive load, so in the zone of maximum values of 8.5 times.
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Fig. 3. Single-factor dependence of influence
variation of input factors on destructive load

Due to the fact that the maximum boundary force of Rymax IS achieved on products without
depth of damage (x,=—1), the subsequent analysis of the other two factors x; and x3 influence is
logically conducive to two factor models (2):

I{R,} = 5.083 -0.137x; —0.721x;* +0x1X3
—0.239x3 —0.374x5° (2)

From the analysis of the model it follows: the limiting load of sample pillars depends on the
magnitude of inclination angle of the damage front x;, and on the relative eccentricity x;. So, with
an increase in the eccentricity eo/h (assuming x;=—1) of the applied load, R, it first grows by about
18% for x3=—0.40, and then decreases by about 47% for x3=+1. Influence of inclination angle of the
damage front (provided x3=—1) on the external load is slightly larger. With the change of X; from 0
to 22.5° R, increases by 79%, and with further change of X; from 22.5° to 45°, the destructive load
decreases more than 2 times (from 140.9 to 59.7 tf).

The analysis of the presented diagram (Fig. 4) constructed on the two-factor model (2) shows
that the pillars can withstand the maximum load in R,=167.1 tf, but only if the inclination angle of
the damage front (X1) is about 18-22.5°, and the relative eccentricity (X3) will be about 1/8 of the
applied load.
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Fig. 4. Influence x; and x5 on the destructive loading of the pillars
in the absence of damage to the columns x, = -1

Conclusions and perspectives of further research:

1. The results of experimental-statistical simulation allowed to determine the effect on the
bearing capacity of each of the selected factors, as well as the mutual influence of factors.

2. Based on the received values of the destructive force for the 15 variations of the pillars, in
accordance with the experimental plan, a 3-factor experimental-statistical model of the 2nd order
was constructed. This model of experiment is adequate with an error of 1.57 tf, with 7 statistically
significant coefficients.

3. According to estimates of the experimental-statistical model and single-factor local fields,
the depth of damage at the intersection of the column most strongly affects the bearing capacity.

4. From the analysis of the presented diagram of the joint effect of the variables, it is evident
that the maximum destructive loading of the R, holds the columns with no damping depth (a = 0
mm) and the inclination angle of the damage front and the relative eccentricity are approximately at
the main levels (x;=x3~ 0).

5. In the further research it is necessary to develop, based on the basic preconditions of the existing

norms, the method of calculating the residual strength of damaged stone pillars with various injuries.
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