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APPLYING MODERN CONSTRUCTION 4.0 TECHNOLOGY
TO DAMAGED BUILDINGS

Abstract. The work purpose was to conduct a comparative analysis investigating
the damage caused to a high-rise building (HRB) under dynamic impacts of two
types: periodic industrial explosions at the iron ore quarry of «UGOK» mining
and processing plant in Kryvyi Rih and a rocket strike on HRB in Kyiv on
February 26, 2022. fib bulletin 59 was used as the basis. The study demonstrates
how the life cycle curve of HRB transforms under periodic dynamic impacts and
a one-time combat action influence compared to the standard fib bulletin 59 curve.
The applied methods included visual and instrumental inspection of buildings
using non-destructive testing methods, geodetic and vibration instruments with
10T for refining initial-boundary conditions during the creation of the HRB
Construction 4.0 (Digital Twins). Therefore, its experimental verification was
conducted. The calculation package LIRA-CAD was used for calculations. It can
be noticed while comparing vibration displacement projections at identical points
of buildings 6-A and 6-B. Under current conditions, the operational lifespan
of 6-A decreases by approximately AT = 30 years. To restore the building to a safe
technical state, allow residents to return, and extend its operational lifespan
beyond the current estimate (= 70 years), comprehensive restoration work is
required. A methodology for using a Construction 4.0 (Digital Twins) as an
element of the straightening control system has been developed. It allows for the
adjustment of tilt-eliminating works based on the current monitoring and
calculation of the digital spatial model of the multi-story building and the stress-
strain state of the "reshaped soil base — tilted strip foundation" system. The
successful implementation of the methodology is also demonstrated. A multi-story
building in Zaporizhzhia, Ukraine, was straightened without relocating the
residents or shutting down essential utilities (elevators, water supply, etc.). Three
stages of Digital Twin (Construction 4.0) formation for the specified objects are
considered: formation of a Digital Model; formation of Digital Twins, when
methods and means of non-destructive testing are involved, and the last stage —
Digital Twin, when the results and recommendations of the results of the first two
stages are taken into account when reconstructing or restoring the original
physical object for the Digital Twin.
Keywords: Construction 4.0, Digital Twin, high-rise building, stress-deformed
state, forecasting, Internet of Things.
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Introduction

The aging of building structures over time is an unavoidable phenomenon faced by
humanity throughout history. The general evolution of a building's life cycle — from
commissioning to demolition — is depicted in Figure 1 from fib Bulletin 59 [1].
However, deviations in the rate of progression along this curve frequently occur,
either accelerating or decelerating. Examples of decelerated degradation include
ancient monuments, such as the Pantheon [2] and the Colosseum in Rome, which
have not only survived but continue to serve as heavily utilized sites, welcoming
numerous visitors daily.

Stage 1:  Stage 2:

Design Construction Stage 3: Operational service life
—> L —
Technical service life
»
>
Prolonged service life gz
-
Realtsed service We
A A
L PP S v i P
= Maintenance 2 | Maintenance | 2 | Maintenance
© p < c
3 c -~ e e
- on- - g 5
8 |dition [ = _\ > (L —
~
g ~ o /‘/
© L
T
@
'!’ /
©
@ 0
; ;
T
[} & (6]
€|z 2
€| ¢
© |£ & !
-4 § B Lowest condition allowed
~ | 2 §
c g ] - - - -
o |s s € € € E& gs
2183 g g g £3 €3
=188 48 é s 88 80
b 358 2 2 3+ 3*
% loces g8 (& 8 47
c 2y [ ¢ ] [
@ pe i8r |8 o §ed §
585 |8 3 [34E R
Time

Fig. 1. The entire service life of a building from "birth" to "death"

The latter scenarios often fall within the domain of forensic engineering. Many
scientists, engineers, and builders worldwide have addressed these challenges to
varying extents. Notable contributions are documented in works [3], which were
considered in this study for a comparative analysis of the life cycle degradation of
buildings due to periodic industrial explosions at the “PivdGZK” quarry in Kryvyi Rih
and a rocket strike on a high-rise building in Kyiv on February 26, 2022.

Impact of Industrial Explosions at the Open-Pit Iron Ore Quarry of the
Southern Mining and Processing Plant on Surrounding Buildings

The open-pit iron ore quarry of “PivdGZK” in Kryvyi Rih was established in 1952
and has reached a depth of approximately 250 m. At the surface level, mining
operations are conducted within an area delineated by an oval with major and minor
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axes measuring 4 km and 3 km, respectively. The explosion safety zone is defined
as 700 m. The boundary of the residential areas in the Inhulets District of Kryvyi
Rih, located east and southeast of the quarry, lies 800—900 m from the eastern edge
of the pit. Consequently, when blasting occurs on the upper levels of the quarry, the
explosion safety zone comes extremely close to the residential areas. The dynamic
impacts on buildings within the explosion safety zone are periodic. Until recently,
blasting operations at “PivdGZK” were conducted every two weeks, with the
maximum amount of explosives used per blast ranging from 490 to 652 tons during
the observation period from 2008 to 2012. Buildings selected for monitoring during
the blasting activities included: The Church of the Nativity of the Virgin Mary
(hereafter referred to as the “Church”) located at 14 Obrucheva Street (Figures 2),
Middle School No. 40 on Sestroritska Street (Figure 3), The Youth Creativity Center
(hereafter referred to as the “Center”). These structures are sites of mass gatherings
and must meet heightened safety requirements, making their comprehensive analysis
critically important [4-7].

Fig. 2. Church's reaction to the explo- Fig. 3. Visual inspection of School No. 40
sion in the quarry. Top — cracks in the revealed cracks up to 0.05 m wide in external
brick vault of the Church. Bottom —the load-bearing walls. Crack gauges and
priest pointing out vertical cracks on vibration monitoring are required to assess
his house located within the Church's seismic and explosion-related impacts
premises

The Center in Kryvyi Rih was selected for detailed experimental and theoretical
investigations, as well as for assessing its residual lifespan, partly due to the availability
of design documentation. The building was designed in 1960 and constructed during
the 1970s, a period of intensive iron ore extraction at the quarry. Consequently, the
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structure was subjected to seismic impacts from explosions during its construction
phase (Figure 7) [4, 5]. The comprehensive methodology for determining the residual
lifespan of buildings in zones affected by dynamic impacts includes the following
steps: 1) visual inspection of the building to document damage; 2) determination of the
physical and mechanical properties of the building's structural elements and dynamic
measurements to assess its response and identify natural frequencies (required for
verification of the analytical model); 3) development of a graphical model of the
building incorporating findings from Step 1 (Figure 5) [5, 6]; 4) identification of the
analytical model; 5) dynamic stress-strain state calculations for the building;
6) assessment of the structural risk; 7) construction of the building's life cycle curve
and quantitative evaluation of its residual lifespan. The detailed description of Steps
1-7 can be found in the dissertation by V. Dunin under the scientific supervision of
Prof. Tu. Kaliukh [4]. The results of the Center’s resource depletion due to regular
industrial explosions are shown in Figure 4 [4].
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Fig. 4. Curves of bearing capacity changes: 1 — for a specific structural element under
dynamic impacts; 2 — for the building as a whole without seismic impacts; 3 — for the
building as a whole under dynamic impacts without damage; 4 — for the building as
a whole under dynamic impacts with damage; a — building in normal condition; b —
building in satisfactory condition; ¢ — building unfit for normal operation; d — building
in an emergency condition; P1 — technical condition of the Center building at the time of
investigation

The reduction in the building’s lifespan is determined by the loss of load-
bearing capacity. The calculated age of the building differs from the actual age by
approximately 30 years. Observed defects during visual inspections, combined
with analytical and experimental data, indicate that the overall technical condition
of the Center can be classified as unfit for normal use in the fore-seeable future.
As internal defects in the building accumulate, the risk of failure in its reinforced
concrete load-bearing structures will increase, accelerating aging and further
reducing its lifespan.
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Impact of a Missile Strike on a High-Rise Building and the Reduction of Its
Residual Lifespan

During the war, Russia has destroyed or damaged over 210,000 buildings in Ukraine,
according to an analysis conducted by The New York Times in collaboration with
remote sensing experts Corey Sher from the Graduate Center of the City University
of New York and Jamon Van Den Hoek from Oregon State University (Figure 5) [8].
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Fig. 5. Visualization on the map of Ukraine of the analysis results for destroyed or
damaged buildings conducted by The New York Times in collaboration with remote
sensing experts Corey Scher from the Graduate Center of the City University of New
York and Jamey Van Den Hoek from Oregon State University [8]

Their study used radar satellite data capable of detecting even minor structural
changes. Approximately 900 of the damaged or destroyed buildings are protected
under the Geneva Conventions, including 106 hospitals, 109 churches, and 708
schools. Many cities and villages are literally wiped off the face of the Earth or at
least severely damaged, and an actual destruction may be far more large-scale. In
May 2024, Ukraine’s Prime Minister Denys Shmyhal stated that Russia had
destroyed or damaged 250,000 only residential buildings, about 4,000 schools, more
than 1,000 hospitals, and numerous other civilian buildings. The total damage from
the invasion was estimated at $486 billion [9].

The investigation was conducted on the high-rise building at 6-A Lobanovskyi
Avenue in Kyiv, which suffered significant damage from a missile strike on February
26, 2022 (Figure 6, Figure 7).

The study evaluated the technical condition of the building and its suitability for
further use. The following activities were performed: a general inspection of the
building and a detailed inspection of the damaged section (axes 1-5/G-K) to identify
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structural damage; engineering and geodetic measurements of vertical and horizontal
displacements of the building; instrumental testing of the actual concrete strength of
the building’s pylons; calculation of a spatial model of the building under static and
dynamic loads; determining forces in the remaining elements considering the
destruction of some load-bearing components; verification of the actual state of the
pylons and their elements; calculation of the actual stress-strain state of the building
(Table 1 from the dissertation by S. Kurash, conducted under the scientific supervision
of Prof. Tu. Kaliukh [6]). The findings were compiled into a technical report on the
building’s condition.

These pylons must either be reinforced or replaced. Therefore, additional urgent
anti-collapse measures were recommended, along with technical solutions for
strengthening and partially re-placing damaged building structures. The reduction in
the building’s lifespan is depicted in Figure 8. Before the missile strike (Point A,
identical to Point B), the building at 6-A had no damage, and its structural
performance curve matched the load-bearing capacity curve of a similar building at
6-B Lobanovskyi Avenue (Figure 8).
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Fig. 6. General view of the building at 6A  Fig. 7. Digital Shadow of the building at
Lobanovsky Avenue after the rocket impact 6A Lobanovsky Avenue in Kyiv with
on April 26, 2022 damaged elements on floors 18-21

After sustaining damage, the dynamic characteristics of the building 6-A at
Lobanovskyi Avenue, Kyiv, changed (frequencies, amplitudes, etc.), as shown at
Point A'. The building becomes unsuitable for normal use (Zone ¢), demonstrates
increased susceptibility to displacements. It can be noticed while comparing
vibration displacement projections at identical points of buildings 6-A and 6-B.
Under current conditions, the operational lifespan of 6-A decreases by approximately
AT = 30 years. To restore the building to a safe technical state, allow residents to
return, and extend its operational lifespan beyond the current estimate (= 70 years),
comprehensive restoration work is required.
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Fig. 8. The bearing capacity change as functions of time for building 6-A at Lobanovskyi
Avenue, Kyiv

Eliminating the excessive tilt of a 9-story large-panel building using Digital
Twins

The structural scheme of the building is frameless, with plan dimensions of 24x12
meters. The spatial rigidity is ensured by load-bearing longitudinal and transverse
walls made of expanded clay concrete with a thickness of 0.35...0.45 meters, as well
as reinforced concrete floors. During operation, the building was subjected to
subsidence deformations. The longitudinal and transverse tilts reached excessive
values. As a result of calculating the Model of the building for the impacts and loads
that occurred during operation, its 3D SSS was obtained from the combined effect
of external loads and subsidence deformations, along with node displacements of the
Model for each of the calculation options [10, 11]. The principal stresses in the
building elements were calculated and analyzed, providing an assessment of the
strength of the materials in its structural elements. Since the building did not meet
the conditions for normal operation due to excessive tilts caused by subsidence
deformations, it was decided to eliminate these tilts. The building's tilt was corrected
by drilling the calculated amount of soil from under the foundation's footing. For
this, a trench was dug along the building facade to a depth of one meter below the
foundation. The weakening of the base layer (compacted loess loam) was achieved
by drilling two rows of horizontal cylindrical boreholes up to 15 meters long with
variable diameters of 0.16...0.22 m. Moistening the borehole walls accelerated the
process of technological settlements to the required value. The work to form the
building's counter-tilt lasted 14 days. Uneven settlements of the building in the
longitudinal direction were achieved at 0.041...0.055 m, and in the transverse
direction — at 0.092...0.178 m (see Fig. 9).

To determine the building's SSS based on residual deformations and compare
them with the values obtained from monitoring data, the Model calculations were
continuously performed, simulating the straightening process. The deformation
impacts were numerically modeled in stages according to feedback from
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experimental observations of the building's behavior. During the tilt correction
process, the deformation and force characteristics gradually stabilized, and the
stresses in the system reached safe values. Fig. 6 and Fig. 7 shows the changes in
node displacements and the distribution of principal stresses in the building's
structures during the straightening process. The conducted studies on the changes in
the building's SSS allow us to conclude that during the straightening of the building
by local reshaping of the soil base through drilling horizontal cylindrical boreholes,
the stresses that arise in the load-bearing structural elements do not always decrease
and, in some cases, may exceed the allowable values for the construction materials.
This can be explained by: (1) the complex response of the spatial structural system
of a multi-story building to external impacts; (2) the uneven distribution of stiffness
in its elements; (3) the presence of defects; and (4) zones of critical stress. The
developed methodology for adjusting the Model based on feedback from
experimental MIMS data in real-time allows for control of the building's SSS
parameters.

Fig. 9. General view of the deformation seam between block sections No. 3 and No. 1
before straightening (a); and after straightening (b) at 23, 25, Engineer
Preobrazhenskyi St., Zaporizhzhya, Ukraine [10]
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Conclusion

1. A comparative analysis was conducted to investigate the damage to buildings
under two types of dynamic impacts: periodic industrial explosions at the
"PivdGZK" iron ore quarry in Kryvyi Rih and a one-time missile strike on a high-
rise building in Kyiv on April 26, 2022, based on fib Bulletin 59. The study has
demonstrated how the life cycle curve of buildings is transformed under periodic
dynamic impacts and one-time impacts from hostilities compared to the standard
building lifecycle curve [4, 5].

2. The information-measurement system "Monitoring," which allows for real-
time tracking of the stress-strain state parameters of the multi-story building, has
been incorporated into the straightening control system. It enables the adjustment of
tilt-elimination works based on current monitoring and calculations of the digital
spatial model of the multi-story building and the stress-strain state of the "reshaped
soil base — tilted strip foundation" system. Therefore, a methodology for using
Digital Twin as an element of the system controlling the tilt elimination process has
been developed.

3. The methodology was implemented during the straightening of an actual multi-
story building in the city of Zaporizhzhia, Ukraine. Mechanical drilling of horizontal
cylindrical boreholes was selected as the most rational method for reshaping the base
soil and eliminating the building's tilt. The weakening of the base soil was achieved
by drilling two rows of horizontal cylindrical boreholes up to 15 meters long with
variable diameters of 0.16...0.22 m. Moistening the borehole walls accelerated the
process of technological settlements to the required value. The work to form the
building's counter-tilt lasted 14 days. Uneven settlements of the building in the
longitudinal direction were achieved at 0.041...0.055 m, and in the transverse
direction —at 0.092...0.178 m [10, 11].
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IO.I. Kamiox, A.B. Illokapes, C.}O. Kypam
3ACTOCYBAHHS CYYACHOI TEXHOJIOITI CONSTRUCTION 4.0 A
MNOHIBEYEHUX BYAIBEJIb

AHoTanisg. Meroro poboTu Oyi0 NMPOBEICHHS MOPIBHAIBHOTO AHATI3Y ITOIIKOKEHb,
3aBaHUX BHUCOTHIN OyxmiBmi (BB) muHamivHMME BIUTMBAMH ABOX THITIB: TEPiOTUIHUMHE
MIPOMUCIIOBIMH BHOYXaMH Ha 3alli30pyIHOMY Kap'epi TipHHY0-30araqyBabHOTO KOMOIHATY
«YI'3K» y KpuBomy Po3i ta paketanm ymapom mo Bb y Kuesi 26 mortoro 2022 poky. 3a
OoCHOBY Oymo BukopuctaHo OronereHb fib 59. JlochmimkeHHS OEMOHCTPYE, 5K
TpaHC(OPMYETBCS KpUBA JKUTTEBOTO HUKITy BB min BImBOM mepiogudHMX AWHAMIYHUX
BIUIMBIB Ta OJHOPA30BOTO BIUIMBY OOHOBHX Mdiii TOPIBHSHO 31 CTAaHAAPTHOI KPHUBOIO
oronerens fib 59. 3acrocoBaHi METOAM BKIIIOYAH Bi3yaJIbHUH Ta IHCTPYMEHTAIbHUIN OTJIsI
OyniBesb 3 BHKOPHCTaHHSIM METOJIB HEPYWHIBHOTO KOHTPOJIO, TEOJE3MYHHMX Ta
BiOpauiiHuX npuia/iB 3 [HTepHETOM peueii Ui yTOYHEeHHs [I0YaTKOBO-TPAHUYHHUX YMOB ITiJ1
yac ctBopennsi BB Construction 4.0 (IludpoBux asiitaukis). Tomy Oyiio npoBeaeHo HOro
eKCTIEpUMEHTaJIbHY IepeBipKy. [y po3paxyHKiB Oyi10 BUKOPHCTaHO PO3PAaXyHKOBHH TaKeT
LIRA-CAD.

Po3pobneno meromomnorito BukopuctanHs Construction 4.0 (LudpoBux nBIHHUKIB) K
eJIEMEHTa CHUCTEMH KepyBaHHA BHIIpAMIICHHAM. lle no3Bossie KOpHryBaTH poOOTH 3
YCYHEHHS HaxwiiB Ha OCHOBI IIOTOYHOTO MOHITOPHMHTY Ta pO3paxyHKy IHM(poBoi
MIPOCTOPOBOi MOZENi OaraTomoBepXoBOi OyMiBII Ta HANPYXEHO-IS(POPMOBAHOTO CTaHY
cucremu "mepehopMOBaHa IPYHTOBA OCHOBA — MOXHINH cTpiukoBui (yHmameHnt". Takox
MPOJIEMOHCTPOBAHO YCIHIIIHE BIPOBA/DKEHHS MeToJoJorii. baratonoBepxoBy OyniBiio B
3anopixoki (Ykpaina) Oyno BUTIpSMIIEHO 0€3 TMepeceleHHs] MENIKaHIiB ab0 BiIKIIOUEHHS
BAOXUIMBUX KOMyHiKamii (nmiTe, BomomocTayaHHA TOIIO). PO3IISMHYTO TpH eTamu
¢opmyBanHs Lludposoro neiftHuka (ByniBaunrBo 4.0) i 3a3HaueHHX O00'€KTiB:
¢dopmysanns Lupposoi Moneni; popmysanns Lludpoux ABIHHUKIB, KO 3a1iIHI METOAN
Ta 3acO0M HEpYHHIBHOTO KOHTPOJIO, Ta ocTaHHii eran — Lludposumii nBiiiHNMK, KOIH
pe3ysbTaTd Ta PeKOMEHJALIl pe3yJIbTaTiB IEepIIMX ABOX ETaIliB BPaXOBYIOThbCS IIijl 4ac
peKoHCTpyKWii abo BifHOBJIEHHs oOpuriHambHOro ¢iznunHoro ob'ekra s Lludposoro
NBIMHUKA.

Kaiouosi caoBa: byniBaunrso 4.0, Llndposuii qBIHHNK, BUCOTHA OyAiBIIsL, HAPYKEHO-
nedopMoBaHuii cTaH, MPOrHO3yBaHHs, [HTEpHET peuei.

Cmamms Haditwna 0o pedaxyii 15.05.2025 i nputinama 00 OpyKy Riclisl peyeH3y8aHHs
27.08.2025
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