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Abstract

This paper presents a comprehensive study on shrinkage cracking in large-scale concrete slabs with complex openings, a critical concern
for industrial and civil structures like nuclear plant foundations and industrial floors. The research systematically quantifies the influence of key
geometric parameters — hole shape (circular, elliptical, hexagonal) and spatial distribution (centrally symmetric, eccentric, random multi-hole patterns) —
on the shrinkage interaction between the slab and its foundation. An integrated methodology combining full-scale experimental testing on 4 x 4 x 0,25 m
slabs, theoretical modeling using an enhanced Pasternak — Vlasov foundation model, and detailed finite element analysis (FEA) in Abaqus was
employed. Results demonstrate that elliptical holes induce the most severe stress concentration, increasing shrinkage stress by approximately 33 %
compared to circular holes, while random multi-hole configurations raise corner stresses by 42 % due to global stiffness reduction. Eccentricity was
found to linearly shift the zero-shear stress location (Ax = 0,75 e). A novel predictive model for the stress concentration factor (Kt), incorporating shape
aspect ratio (M), relative eccentricity (e/l), and number of holes (n), was developed with high accuracy (R? = 0,92). The study provides essential
parameters and robust theoretical support, leading to practical design recommendations for reinforcement detailing and hole geometry optimization
to enhance crack resistance in perforated slabs, thereby enabling more reliable and economical engineering solutions.
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NOBEAEHWE KENE30BETOHHbIX NNAT HA OCHOBAHWUW NOABEPXEHHbLIX YCAQKE W BbINONHEHHBIX CO CNOXHOW
FEOMETPUEN OTBEPCTUU

HaHb Moy, A. E. XXenTkoBuu

Pedepar

B naHHOW cTaTbe MpeAcTaBneHO BCECTOPOHHEE WCCEeAOBaHWE YCaouHbIX TPEWWH B KPynHorabapuTHbIX BETOHHbIX MNUTax CO CMOXHLIMM
OTBEPCTUAMM, YTO SABMSETC KPUTUYECKW BaXHOW MpobnemMoit Ans NMPOMBILLNEHHBIX W TPaXOAHCKUX COOPYXEHWUA, Taknx kaKk (yHAAMEHTbI aTOMHbIX
9NEKTPOCTaHLMA 1 NMPOMBILLNEHHBIE NONbl. B xoge nccnegoBaHns CUCTEMATUYECKN KONMYECTBEHHO OLIEHWBAETCS BIUSHUE KIKOYEBbIX FEOMETPUYECKMX
napameTpoB — hOpMbl OTBEPCTUIA (Kpyrnas, 3NnuNTUYeckas, LWECTUYronbHas) U NPOCTPAHCTBEHHOO pacnpeaeneHus (LeHTpanbHO-CUMMETPUYHOE,
SKCLIEHTPUYHOE, CryYailHOE PaCcmonOXeHUEe HECKOMbKMX OTBEPCTWM) — HA YCAAOYHOE B3aMMOZENCTBME MeXOy NnuToi W ee pyHaameHToM. Bbina
CMONb30BaHa WHTErPUPOBaHHAs METOAONOMS, COYeTaloLast NOTHOMACILTAOHbIE SKCNEPUMEHTANbHbIE UCTbITaHNUS NNUT padmepoM 4 x 4 x 0,25 m,
TEOpETUYECKOe MOAENUPOBAHME C MCMOMb30BAHWEM YCOBEPLUEHCTBOBAHHON Mogenu cyHoameHTa llactepHaka — BnacoBa w feTanbHblil aHanms
MeTOAOM KOHeuHbix anemeHToB (FEA) B Abaqus. PesynbTaTbl NokasbiBaloT, YTO SMAMMTUYECKME OTBEPCTUS BbI3bIBAKOT Haubonee CWMbHYHO
KOHLIEHTPALIMIO HaNPSIKEHWIA, YBENUYMBAS YCAA0UHbIE HANPSHKEHUS NPUMepHO Ha 33 % MO CPaBHEHWIO C KPYTMbIMKA OTBEPCTUSMU, B TO BPEMS Kak
cryyaiHble KOHGUrypauum ¢ HeckoNbKUMM OTBEPCTUSIMW MOBBILLAIOT YINOBbIE HanpsikeHust HA 42 % n3-3a OOLLEro CHWKeHWs xecTkocTu. Bbino
0BHapYXEHO, YTO SKCLIEHTPUCUTET NIMHENHO CMeELLAeT MECTOMOMOXKEHME HyNEBOro CABUrOBOro HanpskeHus (Ax = 0,75 e). Beina paspabotaHa HoBas
MOZENb NPOrHO3MPOBaHNS KOIPdULMEHTA KOHLIEHTpaLmMK HanpshkeHni (Kt), Bkmiovarowwas B cebs COOTHOLEHNE CTOPOH opMbl (A), OTHOCUTENbHYIO
aKkcueHTpucuTeT (/l) M Konnu4ecTBo OTBEpCTMIA (n), C BbICOKOM TouHocTbio (R? = 0,92). WccnemoBaHue NpenocTaBnsieT BaxHble NapameTpbl
Y HAOEXHYI0 TEOpeTUYECKyl0 MOAAEPKKY, 4YTO MO3BONSET CHOPMynMpOBaTb MpaKTMYECKME PEKOMEeHAauuu Mo MPOEKTUPOBAHMIO apMaTypbl
¥ ONTMMM3aLMN FeOMETPUM OTBEPCTUI AN MOBbLILIEHUS COMPOTWBIEHWS PaCTPECKMBAHWMIO NepdOpMPOBaHHbIX MAWT, YTO B CBOW 0Yepenb
obecneunBaeT bonee HafeXHbIE 1 SKOHOMUYHBIE UHKEHEPHBIE PELLEHMS.

KnioyeBble cnoBa: 60nbLume 6ETOHHbIE NAMTbI, CIOXHbIE 0TBepCTUA, reoMeTpnyeckme napameTpsbl, ycagodHoe HanpaxeHue, B3aMOAENCTBYE.

Introduction

Large-scale concrete slabs, such as those employed in nuclear pow-
er plant containment foundations and expansive industrial floors, invaria-
bly require the incorporation of openings to accommodate essential
equipment and service conduits. The introduction of these geometrically
complex perforations disrupts the structural continuity and alters the stiff-
ness distribution of the slab. Consequently, under the restraining action of
the foundation, shrinkage-induced tensile stresses are not uniformly dis-
tributed but instead concentrate at the peripherals of the openings and
the corners of the slab. This stress concentration phenomenon signifi-
cantly elevates the propensity for cracking [9].

Prevailing structural design codes, including GB50010 and
ACI318, primarily provide guidance for reinforcement detailing
around singular, centrally located circular openings [4, 20]. However,

these specifications lack comprehensive provisions for non-circular
hole geometries or asymmetric distribution patterns. This regulatory
shortfall often leads to inadequate crack control in practical engineer-
ing scenarios, as the influence of critical geometric parameters —
such as shape, eccentricity, and proximity of multiple holes — is not
sufficiently accounted for in the design phase [10]. Consequently,
improper consideration of these dimensional attributes is a frequent
contributor to cracking failures in actual structures [2].

The phenomenon of shrinkage stress in perforated plates has been
the subject of considerable research efforts domestically and internation-
ally [12, 18]. For instance, Kumar et al. determined stress concentration
factors for square openings via photoelastic experimentation, reporting
values approximately 20 % greater than those for circular holes [11].
A limitation of this work, however, is its omission of other geometrically
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complex hole profiles commonly encountered in engineering practice,
such as elliptical and hexagonal openings [8]. Subsequent investigations
by Zhang et al., utilizing finite element analysis, demonstrated that
the presence of eccentric holes alters the distribution of shear stresses,
shifting the location of minimum shear within the slab [15]. Notwithstand-
ing this insight, their model did not incorporate the critical parameter of
foundation constraint stiffness, which fundamentally governs the slab-
foundation interaction [5]. A prevalent gap in the existing literature is the
predominant focus on isolated hole typologies, resulting in a lack of sys-
tematic comparative analysis across a spectrum of sizes, shapes, and
spatial arrangements. Consequently, a significant discrepancy remains
between prevailing theoretical models and the complex, multi-variate
conditions characteristic of actual engineering applications [16].

To address these research gaps, the present study employs
a full-scale experimental approach utilizing large concrete slabs
measuring 4 x 4 x 0,25 m. The experimental matrix is designed to
systematically investigate three distinct hole shapes - circular, ellipti-
cal, and hexagonal - under three distribution patterns: centrally
symmetric, eccentric, and random multi-hole configurations. By inte-
grating full-scale testing with theoretical modeling and finite element
simulation, this research elucidates the mechanistic influence of
complex hole geometric parameters on the shrinkage interaction
behavior between the slab and foundation [3]. The ultimate objectives
are to establish a practical predictive model for shrinkage stress ap-
plicable to engineering design and to provide a robust theoretical
basis for the crack-resistant design of perforated slabs.

Materials and Methods

The geometric configuration of openings within a slab is defined by
a set of distinct parameters, which are systematically classified in this
study into three primary categories: shape, distribution, and quantity.

e The category of Shape Parameters characterizes the cross-
sectional geometry of the opening. The investigated shapes:

— are Circular - Defined by its radius, R;

— Elliptical - Defined by its major semi-axis a, minor semi-axis b, and
the aspect ratio A = alb;

- Regular Hexagonal - Defined by its side length ¢, with an equiva-
lent diameter calculated as D = 1,1547¢ for comparative analysis.

e The category of Distribution Parameters describes the spatial ar-
rangement of the hole(s) relative to the slab's centroid:

— Centrally Symmetric: Holes positioned with an eccentricity e = 0;

- Eccentric - Holes with a defined offset from the center, within
arange of e =0,5-1,5m;

- Randomly Distributed: Configurations of 3 to 5 holes, whose coor-
dinates (xi, yi) satisfy the conditions |xil, lyil < 1,8 m and maintain non-
overlapping boundaries.

e The category of Quantity Parameters specifies the number of
openings present:

- Single hole;

— Double holes, with a center-to-center spacing in the range
$=1,0-2,0 m;

— Multiple holes, where the number of holes n = 3-5.

A schematic representation illustrating the classification of these
complex hole geometric models is provided in Figure 1.

Table 1 - Experimental working condition design. Compiled by the author
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Figure 1 — Schematic diagram of the classification of complex hole geo-
metric parameters

The classical Winkler foundation model, which assumes independent
linear springs, is insufficient to capture the shear interaction at the plate-
foundation interface, especially when considering the effects of shrinkage
and potential shear keys. To account for this, a two-parameter Paster-
nak — Vlasov model is adopted, which incorporates a shear layer over the
Winkler springs. Within the framework of this model, the governing differ-
ential equation for the plate with holes, considering shrinkage effects,
takes the following form

DV*w 4+ K,w = —aTDV?w.

Eh3

Where = ,

12(1-v2)
contact layer, K_p is the Winkler foundation modulus, D is the flexural
rigidity of the plate, a is the coefficient of thermal expansion, and T repre-
sents the shrinkage-induced temperature analog.

For plates with holes, the conformal mapping method using complex
variable functions is employed to map the hole region to a unit circle,
deriving the expression for the hole edge stress concentration factor Kt

where G is the shear stiffness parameter of the

ke 14
Kt=1+p |2~

Where B is the geometric shape factor: B = 1,0 for circular holes,
B=1,2+0,3 1 for elliptical holes, and § = 1,15 + 0,25 ns (ns denotes the
number of sides) for hexagonal holes [13, 19].

Specimen parameters can be illustrated as follows: six groups of full-
scale large slabs (4 x 4 x 0,25 m) were prepared using C30 concrete,
each group comprising three hole types, totaling 18 specimens (Table 1).

Group | Hole shape Distribution pattern Geometric Parameters Foundation Constraint Stiffness K_p (N/m)
A Circular Central symmetry R=08m 4 x 105 (moderate constraint)

B Elliptical Central symmetry A=12m,b=0,6m(\=21) 4A 105

C Hexagon Central symmetry C=0,7m((dD=08m) 4K 1075

D Circular Eccentric R=0,8m,e=10m 4K 1015

. . Three holes with R = 0,5 m, randomly K 10A
E Circular Random multi-hole distributed 4A10"5
F Elliptical Eccentric A=12m,b=06m,e=12m 4A 1075
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Hole formation. Customized steel molds embedded with PVC pipes
(circular), elliptical pipes (major axis parallel to the slab edge), and hex-
agonal steel pipes were used. The hole walls were coated with a release
agent to ensure smoothness, as shown in Figure 2.

Figure 2 — Schematic diagram of the large slab specimen with hexagonal
holes

Shrinkage deformation was quantified using a comprehensive
monitoring system. A two-dimensional array of laser displacement
meters, configured in a 7 x 7 grid with an inter-node spacing
of 0,5 meters, was deployed on the slab surface. This setup was
complemented by Digital Image Correlation (DIC) techniques to cap-
ture full-field shrinkage strain distributions across the specimen.
The combined system achieved a high-resolution measurement ca-
pability of 0,001 mm/m for strain [14].

Shrinkage stress within the concrete mass was directly measured us-
ing an array of twenty-four embedded Fiber Bragg Grating (FBG) sen-
sors. These sensors were strategically positioned at critical locations,
specifically at regions 0,5 meters from hole edges, slab corners, and the
central area of the slab, to capture stress concentrations and gradients.

Data acquisition was performed at a sampling frequency of 1 Hz, with
a measurement accuracy of + 0,01 MPa [7].

Crack observation was conducted using an automated scanning
electron microscope operating at 50x magnification [17]. This instrument
was employed to systematically document the precise locations of crack
initiation and to trace subsequent propagation paths. The methodology
enabled precise quantification of crack widths with an accuracy of
0,005 mm.

A comparative analysis of centrally symmetric hole configurations re-
vealed significant variations in shrinkage stress magnitude. The maxi-
mum recorded shrinkage stress at the periphery of elliptical holes (aspect
ratio A = 2:1) reached 3,2 MPa. This value represents a 33 % increase
relative to the stress observed at circular holes (2,4 MPa) and a 12,5 %
increase compared to hexagonal holes (2,7 MPa). The principal mecha-
nism underlying this stress amplification is the anisotropic stiffness reduc-
tion induced by the elliptical geometry [6]. The greater loss of sectional
stiffness along the major axis of the ellipse leads to a more pronounced
stress concentration at the hole edge compared to the isotropic circular
and hexagonal profiles.

The characteristics of stress distribution around the openings were
found to be highly dependent on their geometry. For circular holes, the
tensile stress field exhibited central symmetry. In contrast, elliptical holes
demonstrated distinct stress concentrations, with peak values localized at
the terminal points of the major axis. The presence of sharp corners in
hexagonal holes resulted in a significant elevation of the stress concen-
tration factor, yielding a Kt value of 2,8, which substantially exceeds the
value of 2,0 characteristic of circular openings [1].

The effect of hole eccentricity was pronounced. For a circular hole
with an eccentricity (e) of 1,0 m, the maximum tensile stress increased to
2,9 MPa, compared to 2,4 MPa for a centrally located hole. This stress
redistribution was accompanied by a lateral shift in the location of zero
shear stress by 0,8 m towards the eccentric hole. Analysis confirmed that
this shift (Ax) follows a linear relationship with eccentricity, defined by the
function aAx=0,75€.

The introduction of multiple holes in a random distribution further
complicated the structural response. Measurements indicated that the
stress at the corners of a slab containing three randomly distributed holes
was 42 % higher than in an equivalent slab with a single opening. This
phenomenon is attributed to a global reduction in slab stiffness caused by
the presence of multiple perforations. This stiffness loss triggers a redis-
tribution of in-plane restraint forces, culminating in the formation of new
stress concentration zones, particularly in the interstitial regions between
the holes (Table 2).

Table 2 - Differences in Crack Propagation Patterns. Compiled by the author

Hole Type Crack Initiation Location Propagation Path Characteristics | Critical Cracking Stress (MPa)
Circular Central Hole Uniform Circumferential Cracking at Eropagatlon Along 30°-45° Direc- 25401
Hole Edge tion from Hole Edge
- . Cracks along the long axis extend
Elliptical Eccentric Hole E?an'ﬂﬁoﬂﬁ'tgaé?fhse'Eﬁ'éaa”f.g”asn'ﬁ 2, | toward the foundation edge, while | 5. >
the slab comners cracks at the slab corners develop T
at a 45° oblique angle
- Sharp comers at hole edges and | Inter-hole cracks penetrate, forming
Random muiti-hole weak zones between holes a network of cracks 20203

Note — Data are derived from 28 days of continuous monitoring; the critical cracking stress corresponds to the stress value at the initial appearance

of 0,05 mm cracks.

A three-dimensional finite element model was developed within the
Abaqus/Standard environment to simulate the slab-foundation interaction.
The concrete slab was discretized using C3D8R elements - eight-node
linear brick elements with reduced integration. The foundation restraint
was modeled utilizing discrete spring elements, with their stiffness proper-
ties defined to reflect the experimental conditions: the horizontal spring
constants (K11, K22) were set equal to the foundation constraint stiffness
K_p, while the vertical stiffness (K33) was assigned a magnitude of
10K_p to represent the higher resistance to uplift.

The displacement (Ax) calculated using the derived relationship
Ax = 0,75 e showed a divergence of less than 10 % from the FE simula-
tion results. This close agreement corroborates the postulated influence
of geometric parameters on the internal stress equilibrium within the slab.

Through regression analysis, a predictive model for the hole edge
stress concentration factor Kt was established

e
Kt =1.0+0.81+ 0.57 +03(n—1),
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where 1 is the aspect ratio of the elliptical hole (1,0 for circular holes,
1,15 for hexagonal holes); % is the relative eccentricity (I is the half-length

of the slab short side, | =2 m); n is the number of holes.

The model's fit to experimental data is R 2 = 0,92, representing
a 60 % improvement in prediction accuracy compared to the simplified
code formula (which only considers circular central holes), with errors
exceeding 30 %.

Based on the experimental and numerical findings, specific design
recommendations are formulated to mitigate shrinkage cracking in perfo-
rated slabs. Regarding shape selection, circular openings are preferable
for crack-sensitive structures due to their superior stress distribution
characteristics. When elliptical holes are necessary, their aspect ratio
should be limited to a maximum of 2:1, while hexagonal openings require
rounding of sharp corners with a minimum radius of 0,1 m to alleviate
stress concentrations. For distribution optimization, the eccentricity of
asymmetrically placed holes should not exceed 0,5 | (where | is the half-
length of the slab's short side), and the spacing between multiple holes
must be at least twice the hole diameter to prevent cumulative stiffness
reduction and associated stress amplification.

The reinforcement strategy must be adapted to these geometric pa-
rameters. The design of additional circumferential reinforcement at hole
edges should be based on the calculated stress concentration factor
(K_t). Elliptical holes necessitate a 30 % increase in the reinforcement
ratio compared to circular holes, and radial bars (e. g., ®12@100mm,
length 1,0 m) are essential at the vertices of hexagonal openings. Fur-
thermore, slabs with randomly distributed multiple holes require localized
strengthening at the corners, achieved by arranging double-layer bidirec-
tional reinforcement (e. g., 14@150mm) over a 1,5 m area from each
slab corner to resist the significantly elevated tensile stresses identified in
such configurations [9].

Conclusion

From the above analysis, it is evident that hole shape (circu-
lar/elliptical/hexagonal) and  distribution ~ pattern  (central  sym-
metry/eccentric/random) both influence the shrinkage stress state of
concrete large slabs. Compared to circular holes, elliptical holes exhibit
the most severe stress concentration, increasing by approximately 35 %,
while random multi-hole slabs cause stress at the slab corners to in-
crease by about 42 %.

A stress concentration factor prediction model based on geometric
parameters was developed (R2 = 0,92), overcoming the limitations of
standards that address only single hole shapes and providing quantitative
metrics for the design of complex holes.

A targeted reinforcement scheme was proposed to address crack re-
sistance design in concrete structures with asymmetric polygonal holes,
maintaining reinforcement errors within 15 % and achieving favorable
engineering application outcomes.
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