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Abstract

Introduction: Urgent question of base substantial differential settlements influence by different origin on
building structural systems seismic stability is considered in the article. The aim of research is estimate of such
influence degree. Selection of analysis method: It had been suggested to use of nonlinear static analysis by the
spectrum capacity method for analysis and then this method was used. Numerical estimate of base substantial
differential settlements influence on structural system seismic stability: Numerical experiment which shows
degree of seismic stability reduction depending of base differential settlements level is introduced. The
experiment was made on the ground of wall system model of complex masonry and also reinforced concrete
constructions. Nonlinear analysis was done on the consecutive influence of base differential slumping
deformations and horizontal seismic loads. Consideration of the analysis results and conclusions:
Consequently it was revealed, that force influence of base substantial differential settlements is able to
significant reduce seismic stability of construction systems (from 1 intensity degree down to practically
completely loss of seismic stability). This fact determines necessity of accounting of base substantial differential
settlements and seismic force influence combination when there is capability of occurrence both of them. In
this case, it is necessary to take into account sequential influence of the loads and also recommended using of
nonlinear analysis by the principles of the capacity spectrum method. It is also necessary to specify level of
inelastic deformations and damages evolution by experimentally confirmed values.

Keywords: base differential settlements capacity spectrum; construction system; inelastic deformations;
seismic stability.

1. Introduction and ruptures accumulation. These processes
expectedly create slacking of construction system

Large areas of Earth’s surface are characterized by Pe - ;
seismic stability, what causes necessity of

significant seismic hazard by tectonic activity.

Territories of many countries are located wholly in
earthquake-prone areas. Complex geotechnical
natural and anthropogenic conditions which result in
substantial differential settlements of base (SDSB)
are widely spread too. They include, for example,
slumping soils, karst and other suffosion kinds,
undermined territories, creeps, new building
influence, etc. Combination of such complex
influences is natural. Thus, the question of SDSB
influence on building structural systems seismic
stability is relevant.

SDSB may create significant load influence on
the construction system making its complex stress-
strain state (SSS) with local plastic deformations

estimating of such influence.

High complexity of questions of SDSB and
seismic combination often results in avoidance of
problem consideration by a standardized negation of
such combination possibility (typical of the post-
Soviet countries) or in all-out removal of SDSB
causes (typical of West Europe or North America).

Individual attempts of seismic and different
SDSB kinds combination studying occurred on the
exSoviet Union territory, for example, were
considered in papers [1-5 et al.]. Series of studies [6-
9 et al.], which had been performed by Ukrainian
Zonal Scientific and Research Design Institute of
Civil Engineering (KyivZNIIEP) from 1982 to 2009
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with interruptions, was the most thorough. This
series was started for the purpose of developing
protection methods for buildings in the slumping
soils conditions of Odessa seismic region.
Eventually, the range of problems had thoroughly
been highlighted, the series of substantial differential
base stiffness influence effects on the building
seismic reaction had been revealed and the
propositions for building analysis and resistance in
the slumping soils conditions in seismic areas had
been suggested. However, questions of applied
engineering  analysis  methods  development
including numerical estimate of seismic stability
reducing for deformed buildings remained
unexamined. In this connection the author conducts
a complex of studies to solve the above problems
and some results are presented in the article.

The article’s aim is estimate of SDSB force influence
degree on construction systems seismic stability.

2. Selection of analysis method

Different ways of deformed design models account
for building seismic analysis are proposed [8,10,11
et al.]. They include:

- specify of construction system repositioning in
space and shape modification;

- change of construction
rigidity;

- modeling of soil base slaking and deformations
in difference ways et al..

By analysis of their suitability it is necessary to
take into account influence of method on summary
stress-strain state (SSS) of construction system and
also calculation laboriousness. The last one is
extremely important for applied engineering analysis
methods, which are characterized by undertime and
probable necessity of reiteration.

Taking into account all factors, nonlinear static
analysis by spectrum capacity method (SCM) is one
of the most effective. Its main points in different
variants are presented in [11-17 et al.]. Despite great
number of the method conditionality in comparison
with the direct dynamic analysis, SCM is easy-to-
use and intuitive for construction systems seismic
stability estimate. Eventually, a number of dynamic
effects, which can’t be taken into account in SCM,
for example, the upper vibration forms influence,
may be taken into account by additional coefficients
using and seismic loads allocation correction.

Universality of approach of the equivalent
seismic loads application to a construction system
nonlinear model is additional SCM advantage. It
allows to do nonlinear analysis of various force
influences jointly with seismic loads with lower
computational laboriousness versus nonlinear direct

system elements

dynamic methods. Taking into account this it is
suggested by author of nonlinear static analysis by
SCM using for analysis of SDSB influence on
construction systems seismic stability.

3. Numerical estimate of SDSB influence on
structural system seismic stability

Analysis by bearing wall of complex masonry and
reinforced concrete nonlinear models example was
made for obvious studying of SDSB influence
(SDSB prestressing) on structural system seismic
stability and development of their main rules.
Software package LIRA-SAPR 2012 was used.

The type project 67¢c of residential buildings [18],
which are widely spread in Odessa region in
Ukraine, was generally used for selection of models
elements sizes and structural specifications. Plane
models of building complex masonry axial walls
were considered in variants: with apertures (WA
model, Fig. 1, a); without apertures (WOA model,
Fig. 1, b); with additional reinforcing of window
openings by reinforced concrete closed rigid frames
along the contours (WAR model, Fig. 1, ¢). To
supplement, variant of cast-in-situ reinforced
concrete walls with same apertures and size
configuration in plane was considered (WAC model,
look like model in Fig. 1, a).

Models dimensions in plain: 30.4x15.6 m (size of
finite element 0.4 m), thickness of plain finite elements
is 1.4 m (total thickness of three building axial walls).

Reinforced concrete elements for WA and WOA
models conform to design concepts of the type
project 67c by materials and dimensions (cast-in-situ
reinforced concrete vertical and floor horizontal
elements, foundation tape with total width 4.4 m,
precast lintels).

The main differences of model WAC:
constructions are completely from cast-in-situ
reinforced concrete C12/15 (B15); thickness of plain
finite elements is 0.6 m (total thickness of three
building axial walls bearing parts); reinforcement of
wall — double mesh o6 A240C (AI) with cell
100x100 mm for each 200 mm off thickness;
additional reinforcement of A400C (AIIl) was
provided at the sections of reinforced concrete
elements for WA model.

Standard for LIRA-SAPR exponential laws of
material nonlinear straining with characteristic
values of material properties were used for concrete
and reinforcement.

Straining law of Onishhik [19] was used for

masonry:
E= uln 1- o 5
a LIR,
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. Fig. 2. Some special loads imposed to the models: a — 1°

Fig. 1. General view of models for numerical experiment:
a — of complex masonry with apertures (WA model); b —
of complex masonry without apertures (WOA model); ¢ —
with additional reinforcing of window openings by
reinforced concrete closed rigid frames along the contours
(WAR model)

were a=a — the masonry elastic characteristic; o —
stresses in masonry; R,=f — the mean compressive or
tensile strength for masonry.

Following loads were employed:

- characteristic values of proper weight of model
structural elements (loading 1), that approximately
corresponds to the using of coefficients 0.8...0.9 for
design values of dead loads for seismic analysis
(loads at the time of an earthquake) according to
DBN [11];

stage of slumping crater evolution by length; b — 2™ stage
of slumping crater evolution by length; ¢ —seismic loads
imposed to the floors levels

- characteristic values of other dead loads (loading
1), which contain the proper weight of floors, partition
walls and floor slabs imposed to the floors levels;

- live static loads according to DBN [11,20] for
residential buildings at the time of an earthquake
(design values with coefficients 0.5), imposed to the
floors levels (loading 2).

- base differential settlements by soil proper
weight slumping (it can be several loadings subject
to degree of slumping crater evolution, Fig. 2, a, b);

- horizontal seismic loads imposed to the floors
levels determined by spectral method (Fig. 2, c).

All loadings were imposed step-by-step with
parting up to 100 steps in the following sequence:
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- dead loads (10 steps);

- life loads (10 steps);

- differential base settlements (up to 100 steps per
stage of slumping crater evolution);

- horizontal seismic (100 steps).

Maximum soil proper weight slumping evolution
— 300 mm, slumping crater evolution by length —
turning-point (possible widening — in 4 m from 13 m
up to 29 m by length every 60 mm of slumping, total
— 5 possible stages). In this case average one-way
rigidity of soil base 10000 kN/m’ was taken into
account with its increase to 1.43 times under the
extreme points according to laws from [21]. Before
seismic loading, rigidity of soil base was increased
up to dynamic (to 5 times) by insertion of additional
springs with 4 times stiffness at the remained
junction points of foundation—soil base contact.

Models were step-by-step brought to collapse by
nonlinear analysis of SDSB influence (to appearance of
substatic system). In this cases relevant SSS was gotten

=
o s s
= s ')

Fig. 3. Typical view of model stress stain state by
destruction from SDSB (by example of WA model)

Received diagrams of construction system
generalized straining (by analogy with capacity
spectrum for seismic analysis) without taking into
account of material creep is shown in Fig. 4. For
their creation, conditional bounds of carrying side
zones for wall-beam were allocated by comparing of
initial pressure under foundation subgrade and
values by slumping evolution:

Xmb

V= I AP (x)dx,

Xez

were x — coordinates by horizontal axis;

X.. — the coordinate of inside bound of carrying
side zone;

X — the coordinate of model bound;

AP(x) — pressure gain at point x of the carrying
side zone.
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Fig. 4. Diagrams of construction system generalized
straining by soil base slumping: a — for WA model; b —
for WOA model; ¢ — for WAR model; d — for WAC
model. Notes: V — generalized shear forces (unit measure
tc = 10 kN); A — vertical deformation of the wall-beam
middle (unit measure MM = mm)

As a result of models analysis by soil base
slumping, bearable (crushing) generalized shear
forces were determined and are represented in the
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table 1. Also relevant maximal comparative
settlements of construction system foundation level
were estimated (table 1), in this case creep
deformations of construction system were taken into
account by using relevant enlarging coefficients for
initial deformations [22,23]. Values of soil slumping
force influence for subsequent analysis of seismic
stability are also shown in the table 1.

Table 1. Overall results of models analysis by soil base
slumping influence and its levels for seismic estimation

Vv
Model lzlj VUV | VP VY
( (T)u)

WA (0?3(?23’1) 0,648 0,941
WAR (0?(?(?167) 0,679 0,939
WOA (o?(())g?z) 0,674 0,943
WAC (0?35283) 0,708 0,947

Note: results were gotten for characteristic values of
material properties, for maximal comparative settlements
of foundation level — with taking into account of
construction system creep deformations.

In the sequel, horizontal seismic forces were
imposed at the models in 3 variants of soil slumping
level (according to the table 1): V*% (results WA-1,
WAR-1, WOA-1, WAC-1), V"%, (results WA-2,
WAR-2, WOA-2, WAC-2) and without influence
(results WA-0, WAR-0, WOA-0, WAC-0).

Typical view of deformed design model by
destruction from combination of SDSB and seismic
loads is represented in Fig. 5.

Examples of received superposed diagrams of
seismic influence and capacity spectrum (for
characteristic values of material properties) in the
coordinates S,-S4 are shown in Fig. 6 and 7. Sizes of
capacity spectrum horizontal branches were
specified by allowable plastic deformations, which
had been estimated with using of the coefficient of
admissible damages for according design types [11].

Fig. 5. Typical view of model stress stain state by
destruction from combination of SDSB and seismic
loads (by example of WA-2 model)
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Fig. 6. Diagrams of capacity (with markers) and
seismic influence spectrum (by [11]): a — for WA-0
model and seismic intensity degree 7 (II soil
category); b — for WA-1 model and seismic intensity
degree 7 (II soil category). Notes: S, — spectrum
acceleration; Sy — spectrum displacement; p — elastic
coefficients for single degree of freedom (SDOF)
systems; units measure: M = m, m/c? = m/s?
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Fig. 7. Diagrams of capacity (with markers) and seismic
influence spectrum (by [11]): a — for WOA-0 model and
seismic intensity degree 9 (II soil category); b — for
WOA-1 model and seismic intensity degree 7 (II soil
category). Notes: similar for Fig. 6
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Generalized analysis results are represented in
the table 2.

4. Consideration of the analysis results

Consideration of the results generalized represented
in the tables 1 and 2 shows the following. SDSB
evolution creates complex SSS of construction
system with constructions elements overload and
local plastic deformations and damages. As a result,
combination of stresses from seismic and SDSB
occurs by unfavourable direction of seismic forces.
The situation with availability of already damaged
elements creates significant reducing of construction
system seismic resistance. For example, SDSB
evolution up to level 65...70% from maximal (by
generalized efforts) results in seismic stability
reducing of 1...1.5 intensity degree. SDSB
approaching to the maximal level practically
completely deprives system of seismic stability
(reducing of 2 and more of intensity degree).

Table 2. Results of the models analysis by sequential
influence of soil base slumping and seismic loads and also
residual seismic stability of the construction systems

Seismic
Mod. | Ty, | S, | S%y» stability,
sign ] m/s’ | m/s? r ¥s intensity
degree
WA-0 | 0.264 | 2.02 0.89 | 3.63 0.88 6.5
WA-1 [ 0.275 | 0.94 0.47 - 1.00 <6.0
WA-2 | 0.298 | 0.34 0.17 - 1,00 <6.0
WAR-0| 0.253 | 3.52 1.41 2.07 [ 0.80 7,0
WAR-1| 0.259 | 1.36 0.64 1.95 0.95 6.0
WAR-2| 0.274 [ 0.35 0.17 - 1.00 <6.0
WOA-0f 0.210 | 7.40 259 | 236 | 0.70 8.0
WOA-1| 0.213 | 2.58 1.14 | 3.08 | 0,88 6.5
WOA-2| 0.221 1.08 0,51 3.50 | 0.95 6.0
WAC-0| 0.245 | 5.21 2.92 1.96 | 0.70 8.0
WAC-1| 0.271 | 2.99 2.10 1.26 | 0.88 6.5
WAC-2| 0.294 | 0.56 0.44 - 1.00 <6.0

Notes: T; — period of SDOF system vibration; Sk&y -
spectrum yield point of SDOF system by characteristic
values of material properties; Sdaﬂy — spectrum Yyield point
of SDOF system by design values of material properties;
p —elastic coefficients for SDOF systems by relevant
seismic influence level; y; —coefficient of materials
strength reducing by alternating-sign seismic loads [11].

Adequacy of the received results is confirmed by
their proximity to physical full-size experimental
data, specifically:

- received maximal values of SDSB evolution
with material creep accounting are proximity to the
relevant experimental data from [24];

- periods of SDOF system vibration (without
SDSB influence), that conform to 1% vibration form
of relevant building, are also proximity to the
experimental data [25 et al.];

- average level of seismic stability of models
WA-0 and WOA-0 conforms to type project 67c.

Uncovered necessity of using of experimentally
confirmed allowable levels of inelastic deformations
and damages evolution (for example, from norms)
for capacity spectrum diagrams construction (for
analysis in software packages) is additional result.

5. Conclusions

Force influence of base substantial differential
settlements is able to significant reduce seismic
stability of construction systems (from 1 intensity
degree down to practically completely loss of
seismic stability). This fact determines necessity of
SDSB and seismic force influence combination
accounting when there is capability of occurrence
both of them. In this case, it is necessary to take into
account sequential influence of the loads and also
recommended using of nonlinear analysis by the
principles of the capacity spectrum method. It is also
necessary to specify level of inelastic deformations
and damages evolution by experimentally confirmed
values. Next studies in this direction must concern of
development and explanation of universal methods
for analysis of construction systems jointly with soil
base on the combination of SDSB and seismic
influences and also according measure of building
resistance.
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MMOXO/UKEHHSI Ha CEHCMOCTIMKICTh KOHCTPYKTUBHHX CHCTeM OyaiBedb. MeTOr0 IOCHi[KEHHS € YHCeIbHa OILiHKa
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CTYIIEHIO TaKoro BILIMBY. BuGip MeToay po3paxyHkiB: s po3paxyHKiB 3alIpOIIOHOBAaHO BUKOPUCTAHHS HEJHIHHOTO
CTaTMYHOTO PO3PaxyHKYy METOJOM CHEKTpY HEeCcydoi 3[aTHOCTi, BUKOPHUCTAHOTO y IMojaibiioMy. YmceabHa omiHKa
BILUIMBY HepiBHOMipHHX TedopMauiii ocHOBH Ha ceiicMocTiiikicTh: [IpencraBneHuil YucenpHUNA EKCIIEPUMEHT, IO
JNEMOHCTPYE CTYIiHb 3HIDKEHHS CEHMCMOCTIHKOCTI CHCTEMH B 3QJIKHOCTI Bifl PIBHS PO3BUTKY HEPIBHOMIPHHX
nedopmariii ocHOBH. ExcriepiMeHT BUKOHAHUI Ha OCHOBI MOJEJICH CTIHOBHX CHCTEM KaM STHOI KOMIUIEKCHOI, a TaKOX
3a1i300€TOHHOI MOHONITHOI KOHCTPYKIiH. HemiHIHHUE po3paxyHOK NPOBOAWBCA HA IOCITIZOBHUH BIUIUB
HEpIBHOMIPHOTO TMPOCiIaHHS OCHOBH Ta TOPU3OHTAIBHUX CEHCMIYHMX HaBaHTaXEeHb. AHAaJi3 pe3yJbTaTiB
po3paxyHKiB Ta BHCHOBKH: B pe3ynmpTari BHSBJIEHO, IO CHJIOBHH BIUIMB 3HAYHUX HEPIBHOMIPHHX Iedopmamiit
OCHOBH 3/IaT€H CYTTEBO 3HM3HUTH CEHCMOCTIHKICTh KOHCTPYKTHBHHX CHUCTEM (BiJ 0fHOTO 0asa 10 Maike IOBHOI BTpaTu
Npy HaOJIVDKeHH] 0 TPaHUYHMX 3Ha4yeHb aedopmanii). Januii Gpakr Bu3Hayae HEOOXiTHICTh BpaxyBaHHsS CyMiCHOTO
CHJIOBOTO BIUTMBY 3HaYHUX HEPIBHOMIPHUX AedopMalliii OCHOBU Ta CEHCMIKH, IPH MOKIIMBOCTI BAHUKHEHHS 000x. [1pn
LIOMY CJIi/I BPaXOBYBaTH IIOCJiIOBHUI BIUIMB HaBaHTaKEHb, a TAKOXX PEKOMEHIYETHCSI BUKOPHCTaHHS HEJIHIHHOTO
CTaTHYHOTO PO3paxyHKy 3a NPUHOUIIAMH METOJIY CIIEKTpy Hecydoi 3maTHocTi. [Ipu moOymoBi rpadikiB cnekrpy
Hecy4oi 3/[aTHOCTI Ha OCHOBI pO3paxyHKIiB B ITPOTPaMHHUX KOMIUIEKCAX CJIiJl yTOUYHIOBATH PIBEHb PO3BUTKY HENPY)KHUX
nedopmalliii Ha OCHOBI €KCIIEpUMEHTAIBHO IMiATBEPIKEHIX 3HAUCHb.

KarouoBi cjioBa: KOHCTPYKTHBHAa CHCTeMa; HEpiBHOMIpHI Jedopmariii OCHOBH, HEMpPYXHI Jedopmarii;
CEMCMOCTIHKICTh; CIIEKTP HECYJOi 3AaTHOCTI.

J.A. XoxauH
Biausinue 3HAYUTENbHBIX HEPABHOMEPHBLIX JedopMaunuii OCHOBAHMS HAa YPOBeHb CelCMOCTOMKOCTH
KOHCTPYKTHBHBIX CHCTEM

Kuesckuit HallMOHANBHBIN YHUBEPCUTET CTPOUTENBCTBA U apXUTEKTYpHl, Bozayxodmorckuii mpocmnekr, 31, Kues, Ykpanna, 03680
E-mail: den_a_khokh@rambler.ru.

Berynnenne: B crarbe paccMOTpeH aKTyalbHBIH BONPOC BIMSHHS 3HAYUTENBHBIX HEPAaBHOMEPHBIX JedopMannii
OCHOBAHHUSI Pa3HOI'0 IMPOUCXOXKACHUS HA CEMCMOCTOMKOCTh KOHCTPYKTHBHBIX cucTeM 3aaHuil. Llenpro uccienoBanus
SIBJIIETCSI YMCIIOBash OLIEHKA CTENEHM Takoro BiusHUS. BwiOop meroga pacuderoB: [l pacyeToB IPeUIOKEHO
MIPUMEHEHHE HEJMHEHHOro CTaTHYECKOro pacyera METOJIOM CIIEKTpa Hecylled CIOCOOHOCTH, NPUMEHEHHOI'O B
JanpHeiimeMm. UnciaeHHasi oleHKA BJIUSIHMSI HEPABHOMEPHBIX JAedopManmii OCHOBaHUS Ha CEHCMOCTONHKOCTB:
IIpencraBneH YHUCIEHHBIM SKCHEPUMEHT, IEMOHCTPUPYIOIUMI CTENEHb CHUXKEHHMSI CEHCMOCTOMKOCTH CHUCTEMBI B
3aBUCHMOCTH OT YPOBHS Pa3BUTHSA HEPaBHOMEPHBIX Aedopmanuii oOCHOBaHMSA. DKCIEPUMEHT BBIIIOJIHEH HA OCHOBAaHUN
MOJIENe CTEHOBBIX CHCTEM KaMEHHOH KOMIUIEKCHOH, a TakK JK€ J>KeIe300€TOHHOW MOHOJHTHOW KOHCTPYKITHH.
Henuneitnplid pacueT NpOBOAWIICS Ha TMOCJENOBATEIbHOE BO3/CHCTBME HEPAaBHOMEPHOW MPOCAIAKA OCHOBAHHUS U
TOPU30HTAIILHBIX CEHCMHYECKUX HArpy30K. AHAJIU3 Pe3yJIbTATOB PACYeTOB U BBIBOJbI: B pe3ynbTare BBIABICHO, YTO
CHUJIOBOC BJIMAHUE 3HAYUTCIBHBIX HCEPABHOMCPHBIX ;le(bopMauMﬁ OCHOBaHHUs CHOCO6HO CYIIECTBEHHO CHU3UTH
CEeICMOCTOMKOCTh KOHCTPYKTUBHBIX CHCTEM (OT OJHOro Oajula 10 HOYTH IOJHOW MOTEPH MPHU NPUOIMKEHUH K
npeseNnbHbIM 3HaueHusIM aedopmaruid). [laHHbI (dakT omnpenenser HEOOXOJUMOCTh y4eTa COBMECTHOTO CHIIOBOTO
BO3/ICHCTBUSL  3HAUUTENBHBIX HEPABHOMEPHBIX JeQopManuii OCHOBaHMS M CEHCMUKM, IIPH BO3MOXKHOCTH
BO3HMKHOBEHHUsT oOoux. Ilpm 3TOM ciemyeT ydyuTHIBaTh IOCIIEOBATENBHOE BO3JCHCTBHE HArpy3oK, a TakK ke
peKOMEeHAyeTCd MNPUMEHEHHE HEIMHEHHOro CTaTUYeCKOro pacdera IO MHPHUHIUIAM MeEToJa CIEKTpa Hecyllen
criocooHocTH. [IpH mocTpoeHny rpad)ukoB CHEKTpa HECyIeH CIIOCOOHOCTH Ha OCHOBAaHHMU PAcueTOB B ITPOTPAMMHBIX
KOMIUIEKCAX CJIEyeT YTOYHATh YPOBEHb Pa3BUTHS HEYNpyrux AedopMmanuii Ha OCHOBAaHWMHM SKCHEPHUMEHTAIBHO
MOATBEPKICHHBIX 3HAYECHUN.

KnroueBble c10Ba: KOHCTPYKTHBHAs CHCTeMa; HepaBHOMEpHbIe AeGopMalMy OCHOBAHUS; HEyNpyrue nedopManuu;
CEHCMOCTOMKOCTB; CIIEKTpP HECYIIEH CIIOCOOHOCTH.
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