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Abstract. Semi-precast reinforced concrete slab systems enhance construction efficiency by substantially reducing on-site
formwork. Construction involves two primary phases: (1) off-site fabrication of semi-precast components and (2) on-site casting of
a concrete topping. The interfacial bond strength between the precast base and the cast-in-place overlay is a critical factor
governing the composite system's performance. This study presents a comprehensive numerical investigation to evaluate the effect
of surface treatment techniques on the flexural behavior of semi-precast RC slabs. A novel six-node triangular layered finite
element approach is developed, incorporating material nonlinearity through an enhanced global-local plate formulation. The
method employs a cross-sectional discretization strategy, decomposing the slab into distinct material layers where concrete and
steel are modeled as discrete plate elements with individual constitutive laws. The computational framework utilizes a decoupled
treatment of displacement fields and transverse stresses, facilitating accurate nodal stress evaluation via integrated constitutive
models. Spatial discretization is achieved using a C'-continuous six-node triangular element, with governing equations derived
from a partially mixed variation principle. Validation through benchmark cases demonstrates the method’s robustness, with
ultimate deflection errors below 4.68% and reaching 0.5% accuracy in optimal scenarios. The proposed triangular layered finite
element method achieves superior accuracy and computational efficiency compared to conventional approaches.
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AnHoTtanus. CuctemMbl U3 COOPHO-MOHOJHUTHBIX XKEJIE300€TOHHBIX IUIMT MOBBIMIAIOT 3()(YEKTUBHOCTh CTPOUTEIILCTBA 32 CYET CY-
[IECTBEHHOTO COKpAIIEHHs 3aTpaT Ha ONMaNyOKy Ha CTPOUTENbHOHN Iuiomaake. CTPOUTENhCTBO BKIIOYAET B CeOs 1B OCHOBHBIX
sramna: (1) u3roroBneHue cOOPHBIX AIEMEHTOB 3a MpeesiaMy IIOMIAKU U (2) 3aJIMBKa BEPXHETO CJI0S U3 MOHOJIMTHOTO OETOHA Ha
rromazake. [IpoYHOCTh CBSI3M MEXIy COOPHBIM OCHOBAaHWEM M MOHOJIUTHOW OOJHMIIOBKOM SIBISIETCS KPUTHYECKUM (DaKkTopoMm,
OINPEACIIAIOIINM JSKCIIyaTalUOHHBIC XapaKTCPUCTUKH KOMIIO3UTHOM CcHCTEeMEI. B JAaHHOM HCCJICNOBAaHNUU INPEACTABJICHO KOM-
TUIEKCHOE YUCIICHHOE MCCIIEJOBAaHUE ISl OLICHKH BIMSIHUSI METOZOB 00paObOTKU IIOBEPXHOCTH HA H3THO COOPHBIX JKeNe300€ TOHHBIX
TIJIAT. Pa3p360TaH HOBBIM MCTOJ pacuc€Ta C HICCTUY3JIOBBIM TPEYTOJIbHBIM CJIOUCTBIM KOHCYHBIM DJIEMCHTOM, y'{I/ITbIBaI-OIU,I/Iﬁ HEIIN-
HEWHOCTh MaTepHala 3a CieT yCOBEPUIEHCTBOBAHHOW IM0OANTBEHO-IOKAIBHON (POPMYITMPOBKY IUTACTHHEBL. B 3TOM MeTone mcnons-
3yeTcs CTpaTerus AUCKPETH3AIMU MONEPEeYyHOro CedeHHs, PH KOTOPOH IUINTa pa3OMBaeTcsi Ha OTHAEIbHBIE CJIOM MaTepHaia, Iie
OCTOH M CTaJlb MOJACIUPYIOTCS KaK OTIEIbHBIC HIEMEHTHI IUTUTHI ¢ COOCTBEHHBIMH ONPEICIIIFOLIMMEI COOTHOLICHUSMHU. B pamkax
JTAaHHOM METOIMKH pacdeTa MCIONb3yeTcs HECBSI3aHHbIN MOAXO0M K MOISAM CMEIIEHHH U IONePeYHbIX HANPSHKEHHH, YTO MO3BOJISIET
TOYHO OLICHUBATH Y3JIOBBIC HAMPSKEHHS C TIOMOIIBI0 HHTETPUPOBAHHBIX OMpeeISIIoIMX Mozaeneil. [IpocTpaHCTBEeHHAs TUCKPETH-
3aUs TOCTHTAETCA ¢ MOMONIBI0 C'-IIaiKoro IMeCTHY3I0BOTO TPEYTOMBHOTO IEMEHTA C OCHOBHBIMU YPABHEHHUAMH, MOJTYYEHHbI-
MU Ha OCHOBE YaCTHYHO CMEIIAHHOTO BapUAIIMOHHOTO MpUHIUMA. [IpoBepKa ¢ HOMOIIBIO KOHTPOJIBHBIX IPUMEPOB IEMOHCTPUPY-
€T HaJIeKHOCTh METO/1a, IPH 3TOM IOIPEIIHOCTH IPeeIbHBIX OTKIOHEHUH He NnpeBbllatoT 4,68 %, a B ONTUMAJIBHBIX CLIEHApUAX
nocturaloT To9HocTd 0,5 %. TIpeyiokeHHBIA METO MHOIIIOCTIOMHBIX TPEYTOIBHBIX KOHEUHBIX AIEMEHTOB 00SCIIEUUBACT MPEBOC-
XOAHYIO TOYHOCTh M BBIYUCIHUTENIBHYIO 90 ()EKTHBHOCTH [0 CPABHEHHIO C TPAJAUINOHHBIMHU ITOIXOJAMHU.

KuarwueBble ciioBa: C60pHO-MOHOHI/ITHa${ IJInTa NMEPEKPbITHA, T10JIE ,Zle(l)OpMaL[PIfI, 110JIE HaHpH)I(eHPIﬁ, JAUCKpETHU3alusd Ha MHOTO-
CITIOMHBIC KOHEYHBIC OJIEMCHTBI, YMCJICHHBIC PE3YIIbTAThI

Bxnajg aBTopoB. ABTOPHI BHECIH PaBHBIH BKIAJ B Pa3pabOTKy KOHIETINH, COOp JaHHBIX M UX HHTEPIPETAIUIO, IIOATOTOBKY CTa-
ThY K IyOnukanuy. Bee aBTOpbI 03HaKOMIIEHBI ¢ OKOHUYATEIbHOM BepCUel CTaTbu U OROOpUIIH €e.

3asiBiieHHe 0 KOH(IMKTE HHTEPECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(INKTA HHTEPECOB.

3asiBjieHHe 00 MCIOJb30BAHMHU TEXHOJIOTHH HCKYCCTBCHHOI'0 MHTE/IJIEKTA. HpI/I CO3/IaHUW HACTOSIIIEH CTarbu TEXHOJOTHH
TCHEPATUBHOI'O NCKYCCTBCHHOI'O MHTCIJICKTA HE UCITOJIb30BAJIUCH.

3anBieHue 0 AOCTYITHOCTH JaHHBIX. Bee JAHHBIC, ITOJTYYEHHBIC B XOA€ 3TOI0 UCCIICAOBAHM, BKJIFOUCHEBI B OHy6JII/IKOBaHHy}O CTaTblo.

Juist nuruposanus: Mawlood D.A., Koyankin A.A. Nonlinear layered formulation: Modeling reinforced concrete semi-precast slabs //
CrpouTenbHasi MEXaHUKa WHXEHEPHBIX KOHCTPYKIMA u coopyxkenuid. 2026. T. 22. Ne 4. C. 368-382. http://doi.org/10.22363/1815-
5235-2026-22-4-368-382 EDN: LQIMYQ

1. Introduction

The use of precast reinforced concrete (RC) systems has greatly enhanced construction productivity
by optimizing project timelines and costs [1; 2]. Subsequently, researchers have refined semi-precast slab
methods to tackle ongoing industry challenges [3; 4]. Accurate prediction of the structural performance of
semi-precast reinforced concrete systems is essential for optimizing cost-efficiency and ensuring safety in
design applications [5]. However, the complex composite behavior of these systems, particularly at the
interface, poses significant challenges in modeling their nonlinear response, making it an active area of
research in structural engineering [6—8]. The finite element (FE) method has established itself as the
predominant technique for this nonlinear analysis, demonstrating greater effectiveness than alternative
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approaches [9—11]. Over the past four decades, advances in FE formulations have produced increasingly
sophisticated models capable of capturing the complete nonlinear load-deflection response of reinforced
concrete slabs [12—14]. Among these, the layered method was developed to offer a computationally efficient
alternative to conventional 3D solid elements, thereby overcoming their inherent limitations [15—-17].

This challenge of accurate shear modeling contributes to a broader issue: standardized numerical
modeling protocols for semi-precast slabs are still lacking [18-20]. Existing studies and formulations
largely concentrate on specialized configurations, such as pre-stressed variants, fiber-reinforced composites,
and hybrid structural solutions [21-23].

This research presents a novel six-node, triangular-layered finite element formulation for the
materially nonlinear analysis of semi-precast reinforced concrete slabs with cast-in-place concrete overlays.
The work complements prior experimental investigations on prototype systems by introducing numerical
models to analyze flexural capacity as a function of systematically varied interfacial surface textures,
enabling a rigorous evaluation of composite performance [3]. The proposed formulation is based on an
innovative global-local plate theory. Semi-precast RC slabs are modeled by discretizing the cross-section
into perfectly bonded concrete and steel layers via a superposition approach, with material nonlinearities
captured by distinct constitutive models: a smeared crack formulation for concrete and an elasto-plastic
framework for steel reinforcement. A key innovation is the unique incorporation of transverse stress
components as nodal degrees of freedom within the six-node triangular composite plate element, which
significantly enhances computational capability and accuracy.

Within this displacement-based framework, primary solution variables are displacement field para-
meters, while stress components are derived as secondary quantities through constitutive equations. The
model’s robustness is validated against benchmark cases, demonstrating superior accuracy and computational
efficiency compared to conventional approaches for predicting the nonlinear load-deflection response of
semi-precast slab systems.

2. Materials and Methods

The theoretical development of the proposed six-node triangular layered element is based on a plate
formulation for combined membrane and bending action. It proceeds according to the following steps.

A more versatile member of the triangular element family is the six-node linear strain triangle (LST)
[24-26], depicted in Figure 1.

1
(0,0) (1,0)

Figure 1. Linear strain triangular element
S ource: made by A. Khennan [26].

The displacement field within the element is approximated by:
u=Nu, +Nu, +Nyu, + Nu, + Nu, +Nu,,
v=Nwv +N,v, + Nyv; + Nv, + Nyvs + Ny, or [U]=[N][a], (1)
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The Jacobian matrix [J] of the geometric transformation is given by:

ox 6 ON. 6 ON,
- @ Z~:1_lxi Z~:1_lyi
| ® || SraT Srat
ox Oy 6 ON, 6 ON, |’
M An Zi:l_xi Zizl_yf
oan o an an
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Xs Vs
X Vel
with
A=1-E-n. (3)
Then, the membrane strain can be determined:
[e,]=[B.]al; (4)
M, g AN, AN, AN, AN, AN,
ox ox ox Ox ox ox s
[ Bm]: 0 % % % 0 ON, 0 % 0 % ®)
oy Oy y y Oy Oy
ON, ON, N, ON, ON, N, ON, ON, N, oN, N, 0N,
| Oy Ox Oy Ox Oy ox oy ox Oy Oox Oy Ox |

To evaluate the [B] matrix, the partial derivatives with respect to global coordinates (x, y) must be
transformed to the local (&, ) coordinates using the chain rule:

ON, ox
EIRES
on, 7| ax
o | Lon

oy,
o5 || ox
|| N
oL oy

oN,

oN,

| ol
then % —[J] aNi .

oy

on

(6)

The membrane stiffness matrix for the element is given by using the Gauss quadrature (often called
the Hammer formula for triangular domains) [26; 27]:
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J olj :é (B, ()] [D'][B, (&n)]det[ J (&) ]dndg =
= tZZ?W: [Bm (gnﬂ,ﬂT [Di][Bm (&, )] det [J(gi,ni )], o

where nhp represents the number of Hammer points.

1 0
. E| "
D' = ~lp 1.0 | (8)
[—p I
o 0 —H
L 2

2.1. Bending Element Formulation

Modern finite element formulations for plates commonly adopt Mindlin — Reissner plate theory.
Its primary advantage in FEM context is the use of independent rotational degrees of freedom, 6x and 0y,

and transverse displacement, w(x, y) [24; 26; 27].

6 6
W:Zizllvi(a’n)w}i’ex:zizljvi(én ext’e _Zl 1]\]; E_,T] (9)
0 oN, 0 oo v o 0 ON 0
ox ox
With [BB]: 0 0 % N 8;% ’
v v
0 ON, ON L 0 ONs 0N
dy  Ox oy  Ox |
_% 0 N, v oo e _aNé 0 N,
(B]-| 2 &
_ON, N, 0 oo oo e _ONg N, 0
ox ox

Therefore, the element stiffness matrix is composed of two distinct contributions: the bending stiffness
matrix and the shear stiffness matrix.

(K] =[&,]+[k]=] [B,] [D'][B,Jaa+] [B] D, ][B]ax (10)

2.2. Layer Kinematic Formulation

Reddy’s third-order shear deformation theory (TSDT) relaxes the restrictive kinematic assumptions of
classical plate theory by explicitly accounting for transverse shear strains and their associated deformation.
The displacement field within this framework is expressed as [28]:

u' (x.7.2) =2y, (x.9)—(42')/ (38°) (v, (x.) + (oW, (x.)) /&) (11)
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V(6 p,2) = 2y, (6, ) = (42°) 1 (30°) (v, (e, ) + (0w (x, )/ );

w(xy)=w (%),

aVVO 8W0
where Y, =——,y =——.

ox 7 oy
2.2.1. Strain Field Components

Using the kinematic strain—displacement relations, the strain state in the i-th layer of the reinforced
concrete slab is formulated vector form as [19; 28].

4 (oy, 0w,
X, _3h2( x| ar
() ox o) oo
SO DO I ! S IC N I I O B PO
S O A 4 wlo o) |
Y
T %4_% N 4 6\|/x+5\|/y+282w0
d 37y ox oxdy
ow, 4 [ ow,
O |Vt @) | T2 Yt
o | Y | |7 oy o _[ve ] | U7 oy
Y[ - (0) - Yi - (2) - . (12)
YXZ \l, _}_% ’ sz _i \|] +%
Toox P\ ox
The strain field can be expressed as follows:
g, =zel) +26; v =y 422y (13)
2.2.2. Out-of-Plane Stress Formulation
The element normal stresses are derived from the strains via Hooke’s law [24; 29] as follows:
Gi :Z_)iﬁi of O'i :Qi (ZSi(l) +Z(3)8i(3)). (14)

Transverse shear stresses, .- and 1z, are calculated independently for each material layer within the
reinforced concrete slab. Their expressions are derived as follows:

T, E I 0}V, . -
__ 5 Vel t=Dy,1= l_);(y(o) n z<2)yi(2)), (15)
T, | 2(1+p)|0 1][v, - ‘

yz

where parameter E, is the elastic modulus of the i-th layer, and p is the Poisson’s ratio of the reinforced

concrete. Within Reddy’s Third-Order Shear Deformation Theory, the plate’s constitutive law is:
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Following the standard finite element procedure, the stiffness matrix is assembled as:

F, B, 0 _ 0, 0, 0
F=F F, 0 :J.Zl._l 0, 0, 0 z'dz;
0 0 F 0 0 O
H, H, 0 ; o, 0, O
H =H, H, 0 :_Li_l 0, 0, 0 |Zfdz
0 0 H 0 0 O
D, D, 0 19 O, 0
D =D, D, 0 :_LH O, 0, 0 2’dz;
0 0 D, 0 0 O

and
i F O_Z'[Zi _C44 O_Z4dZ
- 0 £y @100 Cy | ’
i_ A44 0 _:J‘Zi _C44 0 _szz
=0 Ay Y0 Cy| T
where

:L, = :L, :L, =GandC,, =C. =G.
O, (I_HZ) 0, =0y (I_Hz) O, (l—uz) Oss and C 55

3. Methods

(16)

The reinforced concrete slab geometry (Figure 2) is defined within a Cartesian coordinate system
(x1, x2, ), with the mid-plane at z = 0 serving as the reference plane. The slab is idealized as a laminated
composite structure comprising perfectly bonded layers of normal concrete (NC) and steel [8].
Computationally, a smeared reinforcement approach is adopted, representing steel rebars as equivalent
uniaxial layers positioned at their centroids. The thickness of an equivalent steel layer, zens, is determined

from the rebar cross-sectional area 4s and spacing S as fens= As/S.
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Figure 2. Configuration of the RC slab (a); Idealized laminated composite model (b)
S ource: made by D.A. Mawlood, A.A. Koyankin.

3.1. Steel Reinforcement Layer

Steel reinforcement layers are modeled with an idealized elastoplastic constitutive law. For layer i, the
elastic stress-strain relationship is given by [28]:

i

Oteet = —siteelgi' (17)
E. 00 E, 00

The sectional properties Dsteel for steel: _siteel =0 0 0f, Qs[teel =0 00
0O 0 O 0O 0 O

E,\ represents the elastic modulus of the i-th steel reinforcement layer. The parameter Eps denotes the
post-yield plastic modulus of the steel reinforcement layers [8].

3.2. Concrete Layer Properties

In its pre-cracked state, the i-th concrete layer exhibits isotropic, homogeneous, and linear elastic
behavior, characterized by the constitutive relation:

Gi = Di € Tioncrete = Q; z ° (18)

concrete —concrete —i? i

When the tensile strength f* is exceeded in any principal direction, the isotropic constitutive relations
(Egs. 18) become invalid. This study employs the smeared crack approach [29] to characterize post-cracking
concrete behavior, necessitating a transformation from isotropic to orthotropic material representation in
a local coordinate system &,m,(. The post-cracking constitutive relationship for layer i in this local

coordinate system is expressed as:

o, E I p 0 € . p 1 o
o, |=—5|n 1 0 £, { EC}:_f{ Hyﬂ, (19)
1_“' TUC 2(1+].,I,) 0 p YT]C
0

I-p |y
0 &n
p( 2 )

Note that pe(0, 1] represents the shear retention factor, which is utilized to model the effects of

aggregate interlock.
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3.3. Mixed Stiffness Matrix

The element stiffness matrix, Ke;, can be additively decomposed into its membrane and bending

components as follows: [Ke[] = z [Ke"fi] + [K f l.] , where n: number of layers.

n
i=1

(&2 ]=[1, (8] (P18 Juaa .

(K. =[K,J4[K)=] (BT [D)[BJad+] (8] [D][8]ds.

Within this formulation, steel reinforcement contributes solely to the membrane stiffness, while
concrete contributes to both membrane and bending stiffness components.

(K] = Ko + Kl =KDy then [K,|=[ K7 ]+ K2 = {Klgffz KSB } 20)
18,18

3.4. Application of Load

The applied load can be calculated using:

(Klla)-le) wen |5 0 [0 e

BB BB BB
K18,18 d P
BB :
where d"™, d”° are the membrane (ul, Uy, Uy, Uy, Us, Ug, Vi, Vyy Vs, Vg, Vs, vﬁ) and bending

(Wl’ Qrrs P> Was Qs Doy Wi O35 @z Wy @y @5 Wss sy @55 Wes Qs (Pye) element displace-

ments; P™", P”” are the membrane and bending element loads.

The nonlinear algebraic system is solved using an incremental-iterative strategy that combines load
stepping with the Newton — Raphson method [30; 31].

The algorithm for the standard (non-incremental) Newton — Raphson method is summarized as follows:

1. Find initial displacements; d, = [[Z’O (E0 )]71 AP, , where K, is found by equation (20).
2. Computing the residual (unbalanced) force vector7, : 7, = [E (E, )a_f()] —AP,.
3. A displacement correction, d,, is computed by: Ad, = [[Zl (E1 ):'71 7.

4. The total displacement is updated: 671 = c70 +Ad . Thus, the iterative Newton — Raphson step can
be expressed in its standard form [12]:

=K )d,~P.Ad,, =[K ., (E,.)| 7 for j=1.23...

3

Jj+l (Ej+l

5. The final, total displacement vector is obtained by: d = d,, + z;loAc?jH .

4. Results and Discussion

A MATLAB-based computational tool was developed to implement the proposed six-node triangular
layered finite element method for nonlinear analysis. The program’s performance was validated by
numerically analyzing two semi-precast reinforced concrete slabs with cast-in-place toppings. These test
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specimens identical in configuration to those experimentally studied by Mohamed et al. [3] were modeled
using the proposed finite element approach, as illustrated in Figure 3.

Two semi-precast slab specimens were modeled using the developed six-node triangular layered FEM.
The slabs had a total thickness of 125 mm (75 mm precast slab with 50 mm top slab), are illustrated in
Figure 3. Complete material and structural details are provided in Tables 1 and 2.

Overtopped concrete Loading points
—— w < B AT A
o —a 5 5 & 5 " M 5 &

LVDTs

Semi-precast portion

50.0—~

S516.7

516.7 516.7

Figure 3. Schematic four-point testing arrangement of the slab
S o urce: made by Mohamed et al. [3].

Table 1. Description of the specimens and casted concrete strengths.

No. | Thickness, mm Description Semiprecast slab Overtopping
B : 3 Compressive |Splitting strength,| Compressive Splitting
strength, MPa MPa strength, MPa | strength, MPa
S2 125 Untreated full thick slab 29.4 43 24.9 3.4
Wire brushed roughened 3
53 125 at the interface slab 30.1 4.1 234

S ource: made by D.A. Mawlood, A.A. Koyankin.

Table 2. Input parameters for the numerical model

Parameters Values
Young’s moduli of concrete 17,000-24,000 MPa
Poisson’s ratio of concrete 0.15
Dilation angle 31°
Eccentricity 0.1
Biaxial strength ratio 1.16
K 0.667
Peak compressive strengths of concrete 23.4-33.2 MPa
Peak tensile strengths of concrete 1.3-1.9 MPa
Young’s modulus of steel 190,000 MPa
Poisson’s ratio of steel 0.3
Yield tensile strength of steel 535 MPa

S ource: made by D.A. Mawlood, A.A. Koyankin.

A 12x8 mesh of laminated triangular plate elements discretized the semi-precast slab, with the mesh
size determined via a convergence study, illustrated in Figure 4.
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FZEB.SSmm——‘

150.00mm

600.00mm

1550.00mm

(1) plan discretization

-/ /e

= 4 =7

concrete Semi nrecast lavers concrete
o steel layer Semi precast layers _Tnp layers mmsteel layer p ' -Tnp layers

a b
(2) cross section discretization

Figure 4. FE mesh of semi precast reinforced concrete slab with concrete topping:

a — neutral axes position before bonding failure; b — neutral axes position, after bonding failure
S ource: made by D.A. Mawlood, A.A. Koyankin.

Specimen S2 — a one-way semi-precast RC slab with an untreated, full-depth precast section and
a concrete topping — was analyzed using the six-node triangular layered finite element methodology. The
evaluation of mid-span deflection established a constant moment region, enabling a detailed assessment of
flexural performance. Predictions from the layered FE model were compared against experimental data
from Mohamed et al. [3] and results from high-fidelity 3D ABAQUS simulations in a three-way validation.

While the layered approach yielded a conservative estimate of the initial cracking load (Figures 5
and 6), excellent agreement with all reference data was observed beyond the 42 kN load threshold. The
model demonstrated high fidelity in deflection prediction, with maximum values deviating by only 4.68%
from experimental measurements and 7.40% from the ABAQUS simulations.

The triangular layered FE model demonstrated excellent predictive capability for Specimen S3, which
featured a wire-brushed interface, accurately capturing its ultimate load capacity. As shown in Figures 7
and 8, the numerical load-deflection response exhibited remarkable agreement with both the experimental
data and the ABAQUS results (Table 3). The maximum deflection prediction deviated by only 0.50% from
the experimental measurement and by 12.5% from the ABAQUS simulation.

The deflection behavior and stress distributions resulting from the ABAQUS finite element analysis of
the precast reinforced concrete slab are presented in Figures 9 through 14.
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50
16
M theoritical deflection (mm)
40 14
M Experimental deflection (mm)
- 12 W ABAQUS Program (mm)
X~ 30 £
-rcus‘ % 10
3 S s
20 E
—@— Theoritical applied load = 6
0 —@— Experimental applied load © 4
«=@- ABAQUS Program
2
0 0
0 2 4 6 8 10 12 14 16 1 2 4 5 6 8 9 10
defelection, mm deflection Point
Figure 5. Load-deflection curve for sample (S2) Figure 6. Deflection chart for sample (S2)
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.
80 70
70 M theoritical deflection (mm)
€0 B Experimental deflection (mm)
60 c xperimental deflectio
% 50 M Abaqus Program deflection (mm)
50 5
S = 40
<40 =
© [
S 30 —@— Theoritical applied load < 30
—@— Experimental applied load 20
20
=@ Abaqus Program load
10 10
0 defelection, mm 0 deflection Point
0 10 20 30 40 50 60 70 80 T2 3 5 6 7 9 10 11
Figure 7. Load-deflection curve for sample (S3) Figure 8. Deflection chart for sample (S3)
Source: made by D.A. Mawlood, A.A. Koyankin. Source: made by D.A. Mawlood, A.A. Koyankin.
Table. 3. Experimental and theoretical data
Exp. Moment = PL/4 Theo. Moment . Exp. strain=c/FE, | Theo. Strain .
Sample P ’ * | % diff. p ’ | % diff.
N. mm N. mm mm/mm mm/mm
S2 17.94-10"6 17.02-10"6 -5.13 0.00287 0.00270 -5.92
S3 25.98-10"6 24.02-10"6 —7.54 0.003158 0.002897 -8.26
Source: made by D.A. Mawlood, A.A. Koyankin.
U, Magnitude S, Max. Principal
peErtent: S, Mid. Principal
+1.134e+01 S, Min. Principal
+1.021e+01
+9.072e+00 +4.976e+02
+7.938e+00 +4.106e+02 .
+6.804e+00 +3.235e+02 S~
+5.670e+00 +2.365e+02 R —
+4.536e+00 +1.494e+02 \;\ ~
+3.402e+00 +6.236e+01 - -
+2.268e+00 -2.469e+01 h . - ‘\\
+1.134e+00 -1.117e+02 A
+0.000e+00 -1.988e+02 - b
-2.858e+02 -
-3.729e+02 -
19 iy
\ -~/ \\
S~ T=
~.
zY ODB: S22.0db  Abaqus/Explicit 6.13-4  Fri Feb 14 06:08:23 Pacific Standard Time 2025 zv ODB: $22,0db  Abaqus/Explicit €.13-4  Fri Feb 14 06:08:23 Pacific Standard Time 2025
&‘ X E%T}g{?%?ﬁ:;ﬁéusd?p Time = 0.7500 &‘ X zric?:eé{:eg{?%ﬂZﬂsQ: Step Time = 0.7500
Figure 9. Plot of deflection for sample (S2) Figure 10. Plot of steel stress for sample (S2)
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.
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5, Mises

(Avg: 75%)
+2.162e+01
+1.586e+01
+1.810e+01

S, Mises
(Avg: 75%)
+1.471e+01

+2.5196+00
+1.300e+00
+8.120e-02

+4.004¢+00
+2.242e400
+4.603e-01

z ODB: $22.0db  Abaqus/Explicit 6.13-4  Fri Feb 14 06:08:23 Padific Standard Time 2025 z ODB: 522.0db  Abaqus/Explicit 6.13-4  Fri Feb 14 06:08:23 Pacific Standard Time 2025
H Step: dynamic L:Y Step: dynamic
X Increment 125560283: Step Time = 1.250 X Increment 452041394 Step Time =  4.500
Primary Var: 5, Mises Primary Var: S, Mises
Figure 11. Plot of stress for sample (S2) Figure 12. Plot of stress for sample (S3)
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.

U, Magnitude S, Max. Principal

+5.9666+01 S, Mid. Principal
18,4246 +01 S, Min. Frincipal

+5.692e+02

+0.0006+00

-2.179e+02
-2.895e+02

z ODB: §22.0db  Abaqus/Explicit 6.13-4  Fri Feb 14 06:08:23 Pacific Standard Time 2025 z ODB: $22.0db Abaqus/Explicit 6.13-4  Fri Feb 14 06:08:23 Padific Standard Time 2025
kv Step: dynamic kv Step: dynamic
X Increment 452041394: Step Time = 4.500 X Increment 452041394 Step Time =  4.500
Primary Var: U, Magnitude Symbol Var: S
Figure 13. Plot of deflection for sample (S3) Figure 14. Plot of steel stress for sample (S3).
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.

5. Conclusion

1. This study presents a six-node, triangular layered plate finite element model for the nonlinear analysis
of semi-precast reinforced concrete slabs.

2. The proposed formulation employs a layer-wise discretization to accurately capture complex through-
thickness material behavior.

3. The slab is discretized into multiple concrete layers, with steel reinforcement modeled as equivalent
smeared layers positioned at the rebar centroids under a perfect bond assumption.

4. The method directly computes out-of-plane stress components without requiring through-thickness
integration and inherently satisfies transverse shear deformation requirements, thereby eliminating the need
for shear correction factors. The formulation is derived from a partial mixed variational principle,
incorporating both stress and displacement fields within a six-node triangular element.

5. Numerical results demonstrate that the model successfully predicts the ultimate load capacity and
failure deflections of semi-precast slabs.

6. Benchmark tests confirm the method’s accuracy and computational efficiency, with maximum
deflection prediction errors ranging from 0.5 to 4.68% compared to experimental and high-fidelity reference
data. The model achieves an excellent balance between accuracy and computational cost.

7. Future research will extend this approach to the materially and geometrically nonlinear analysis of
reinforced concrete shell structures within the presented layered framework.
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