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Abstract:

Introduction/purpose: It has been known for a very long time that time-
dependent effects such as creep and shrinkage of concrete considerably
influence the behavior of composite steel-concrete beams. It is therefore
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very important to take these effects into account when calculating the
strength and safety of composite steel-concrete beams. To this end, many
theoretical and numerical research studies have been established to control
this phenomenon. Most of this research presents laborious processes and
calculations requiring complex techniques.

Methods: This model consists of combining the static equilibrium equations
and the two compatibility relations, in curvature and in deformation, of the
composite steel-concrete cross-section with the differential equation
resulting from the creep rate theory (RCM). The idea of this work was to
take this model and simplify it to avoid difficult mathematical
transformations.

Results: The results from this simplified approach are very satisfactory
when compared to those given by the analytical model.

Conclusion: To overcome an excessive number of calculations and various
difficulties associated with analytical or numerical methods to estimate
additional stresses brought by the shrinkage of concrete in composite steel-
concrete beams, a simplified analytical methodology has been proposed
here while ensuring desired safety. This work has tried to simplify an
existing analytical model based on the theory of linear viscoelasticity
established in 2012.

Key words: shrinkage, concrete, steel, time, simplified approach.

Introduction

Due to the complementary performance of steel and concrete,
composite steel-concrete beams have become a very suitable structural
system for the construction of buildings and bridges. To obtain a monolithic
section, shear connectors must be arranged along the beam to connect
the concrete slab to the steel beam. This process will lead to a structural
system with significantly improved strength, stiffness, ductility, and fire
protection (Nguyen & Hjiaj, 2016). Under the application of service loads,
the steel beam deforms elastically. On the other hand, the concrete slab
will undergo strong inelastic deformations over time, particularly shrinkage,
creep, and aging of the concrete (Si & Au, 2011).

Due to the effects of concrete shrinkage and creep on the one hand
and the steel-concrete interaction on the other hand, the accurate
prediction of the service behavior of composite steel-concrete beams
becomes highly complex.

In order to evaluate the structural behavior of composite steel-
concrete beams, it is very important to predict the effects of concrete
shrinkage and creep (Sun et al, 2019). Until now, despite numerous
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research studies carried out in this field, these two phenomena have not
been mastered yet (Mari et al, 2010).

The shrinkage of concrete is, by definition, a physical phenomenon
linked to various interdependent factors such as: temperature, type of
cement, humidity and transverse dimensions of the element, etc. Total
shrinkage includes autonomous shrinkage, drying shrinkage and plastic
shrinkage (Aly et al, 2008). It affects the time-dependent behavior and
reduces the volume of the concrete element. In the long term, it can cause
a deformation of concrete structures or a redistribution of internal forces.
When the ultimate tensile limit of concrete is reached, the durability and
serviceability of concrete members will be affected (Sun et al, 2019).
Shrinkage can also cause concrete cracking (Jason Weiss, 1998). If
displacement is prevented or restricted, severe cracking of a concrete
structure will occur (Au et al, 2007).

With the use of the theory of linear viscoelasticity, the time-dependent
effects on the behavior of composite steel-concrete beams are the subject
of many analytical and numerical research studies such as: Gilbert, 1989;
Partov & Kantchev, 2012, 2014; Tehami & Ramdane, 2009; Rahal et al,
2012; Souici et al, 2015; Beghdad et al, 2017; Furtak, 2015; Ranzi et al,
2013; Dunwen et al 2019; Cao et al, 2018; Al-Deen et al, 2015; Ban et al,
2015; Huang et al, 2018; Huang et al 2019ab; and others.

Presentation of the idea

Based on the theory of linear viscoelasticity, Rahal et al (Rahal et al
2012) proposed an analytical model analyzing the behavior, over time, of
composite steel-concrete beams subjected to concrete shrinkage. The
process consists of combining the static equilibrium equations and the two
compatibility relations, in curvature and in deformation, of the composite
steel-concrete cross-section with the differential (constitutive) equation
resulting from the creep rate theory (RCM). In this model:

1- to obtain the variation of the normal force N¢(t) and that of the
bending moment Mc(t) brought by the shrinkage of the concrete, which
solicit the concrete slab, it is compulsory to solve the system of two
differential equations below:

(1+ I, ]nd(t) a(1+np)le dN

M (t)=0 (1)

nl,) d¢  nl, dg
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(GG, (1, 1m0,
Ac nAs d

Ic Tlls d¢ c nIs A ¢ (2)
+—CMC (i’)—l——NC (t): E. Eshoo
I Ac e
Its solution is as follows:
M. (t) =C, A7) eh 4 C, Ay, )e/lzw -
&
Nc(t) = Cl'az(ji)-eﬂl-(p + C2'a2(12)eﬂg(p + % Cshp. (4)
P

where C; and C, will be determined from the boundary conditions, and a;
and ar will be determined from the geometric and mechanical
characteristics of the composite cross-section.
The forces acting on the steel beam will be obtained by the static
equilibrium of the cross-section.
Ac: the cross section area of concrete in the slab.
As: steel beam area.
p: Reinforcement percentage (p = AJAc).
Aa: the area of the longitudinal reinforcement incorporated in the slab.
Ic: moment of inertia of the concrete slab.
Is: moment of inertia of the steel beam.
a: distance between the neutral axis of the steel beam and that of the
reinforced concrete slab.
bes: effective width of the reinforced concrete slab.
C.: distance from the slab centre of gravity to the neutral fibre of the mixed
section.
Cs: distance from the steel beam centre of gravity to the neutral fibre of the
mixed section.
E.: the modulus of tensile elasticity of concrete.
Es: the modulus of tensile elasticity of steel.
n: equivalence coefficient (n= Es/E. ).
gsn(t): the deformation due to concrete shrinkage. It can be determined
using calculation codes for concrete structures such as: EC2, ACI,
fib model code, etc.
Mc(t): bending moment in the concrete slab due to shrinkage.
Ms(t): bending moment in the steel beam.
Nc(t): normal force in the concrete slab due to shrinkage.
Ns(t): normal force in the steel beam.
This work seeks to significantly simplify this formulation so that it can
be easily used by engineers in design offices.
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Formulation of the proposed approach

Figure 1 shows the different components of the cross-section,
namely: the concrete slab, the steel beam, the reinforcement embedded
in the slab, and the shear connectors. For the formulation of the present
approach, Figure 1 shows various forces acting on the composite cross-
section.

Static equilibrium equations

At any instant t, the static equilibrium gives the following system of
equations:

S P/ =0=>Ns (t)+Nc (t)=No 5)

> M /Gs=0=M;s(t)—N¢(t)xa+Mc(t)=Mo (6)

Under the effect of concrete shrinkage, the slab can therefore be
subjected to a normal tensile force on its neutral axis. Based on Hook's
law, this force can be obtained by the following relation (Eurocodes, 2006):

Ne (t) = A Eq £ 1)

o (7

The relation (Eq.7) is introduced into the static equilibrium equations

(Egs.5 and 6) of the model proposed by Rahal et al (Rahal et al 2012),
therefore:

Ns(t)z—%Ab Ec &sn (t)+No (8)

Ms(t):%Ac Ec &n (t)xa—Mc (t)+Mg 9)

Since shrinkage does not depend on external loading, No and Mg are
cancelled and what is obtained is:

Ns(t)z—%Ac Ec & (1) (10)

l\/ls(t)zn—lLAb Ec &sn (t)xa—Mc(t) (11)

n.: modular ratio for shrinkage.
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Figure 1 — Composite steel-concrete cross-section

Deformation compatibility

It is known that the curvature and the axial deformation of a beam are
related to displacements by kinematic expressions (Nguyen & Hijiaj, 2016).

There are two equations (Egs. 10 and 11) with three unknowns, Ns(t),
Mc(t) and Ms(t). From the first equation, Ns(t) is obtained. It remains to find
the expression of the bending moment Mc(t) acting on the concrete slab
and Ms(t) acting on the steel beam.

To solve this problem, the compatibility of strains at the steel-concrete
interface is exploited. This condition has been used by several researchers
in the formulation of their models, such as: (Partov & Kantchev, 2012,
2014; Tehami & Ramdane, 2009; Rahal et al, 2012; Souici et al, 2015;
Beghdad et al, 2017).

The deformation compatibility condition between steel and concrete
was used by Rahal et al (Rahal et al 2012 ) in the model which is sought
to be simplified. It translates into the following expression:

“UEA Bl T EA Elg

In equation (Eqg.12), Ns(t) and Ms(t) are replaced by their respective
expressions (Egs. 10 and 11); the expression of Mc(t) given by equation
(Eq.13) is easily found:
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axCs 1 1
Mc(t):(Ac Ecc‘?sh(t))|: e +Es A +Ec Aj
n|_|:

Ce cs}

(13)

Ecle Esls

Once Mc(t) is known, it is very simple to calculate the expression of
Ms(t) by averaging the expression (Eq:11).

Validation of the proposed approach

In order to validate the presented approach, the same composite
beam used by Rahal et al (2012) and Beghdad et al (2017) will be used to
validate their proposed models.

This beam was also analyzed (prediction of time-dependent effects)
and dimensioned in accordance with Eurocode 4 (Eurocodes, 2006). In
this example, the shrinkage parameters were calculated according to
Eurocode 2 (Eurocodes, 1992).

The geometric and physical characteristics of the treated example are
as follows:

bet = 3100 mm, tc = 250 mm, bx = 400 mm, tx = 20 mm, b = 400 mm, tp, =
30 mm, hy = 1175 mm, t, = 12.5 mm, Ac = 0.785 m?, As = 0.0346875 m?,
Aa =58.47 cm?, p = 0.0074, I = 0.004223633272 m*, |s = 0.0346875 m?,
Cc = 0.375 m,Cs = 0.451 m, a= 0.826m, E. = 33x10* MPa, Es =2.1x10°
MPa, HR = 70%, Grade of concrete = C30/37, and HR: relative humidity
in %.

Results

The results obtained by this approach are compared to the existing
model formulated by Rahal et al (Rahal et al 2012) and presented on the
diagrams in Figures 2 to 6.
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Figure 2 — Diagrams comparing the final stress (MPa) due to concrete shrinkage
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Figure 6 — Variation, in time, of the moment Ms(t) recovered by the steel beam

Conclusion

The work presented in this article consists of simplifying an existing
analytical model based on the aging theory of concrete. The use of the
analytical model requires laborious efforts, and several constants must be
calculated to determine additional stresses brought by shrinkage of
concrete in composite beams. Due to these difficulties, it seemed very
logical to simplify it and make it applicable with a minimum of effort while
ensuring the desired security.

The approach applied here is very simple for practical use through the
direct application of the developed expressions. By referring to the existing
analytical model, the presented approach does not require, as the
procedure shows, neither complicated mathematical calculations to be
made nor constants to be determined.

The main advantage of this simplified formulation is its compatibility
with any code or regulation for the calculation of composite steel-concrete
structures used in the world. This possibility is clear in equation (Eq.7), in
which it is enough to calculate the value of the specific deformation of the
shrinkage &sn(t) by the calculation regulation to be used such as: EC2, ACI,
fib model code, etc.
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It is clear that at any time t, the results obtained by applying the
simplified approach formulated here (Figs. 2 to 6) are completely
comparable to those resulting from the existing analytical model.

This idea can be further expanded to the case of composite beams
in partial connection under the effect of concrete shrinkage as well as to
the case of composite beams in full and partial connection under concrete
creep.
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Resumen:

Introduccién/objetivo: Se sabe desde hace mucho tiempo que los efectos
dependientes del tiempo, como la fluencia y la contraccién del hormigén,
influyen considerablemente en el comportamiento de las vigas mixtas de
acero y hormigon. Por lo tanto, es muy importante tener en cuenta estos
efectos al calcular la resistencia y seguridad de las vigas mixtas de aceroy
hormigén. Para ello se han establecido numerosas investigaciones tedricas
y numéricas para controlar este fenémeno. La mayor parte de estas
investigaciones presentan procesos y célculos laboriosos que requieren
técnicas complejas.

Métodos: Este modelo consiste en combinar las ecuaciones de equilibrio
estatico y las dos relaciones de compatibilidad, en curvatura y en
deformacion, de la secciébn compuesta acero-hormigén con la ecuacién
diferencial resultante de la teoria de la velocidad de fluencia (RCM). La idea
de este trabajo era tomar este modelo y simplificarlo para evitar
transformaciones matematicas dificiles.
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Resultados: Los resultados de este enfoque simplificado son muy
satisfactorios en comparacioén con los dados por el modelo analitico.

Conclusion: Para superar un nimero excesivo de célculos y diversas
dificultades asociadas con los métodos analiticos 0 numéricos para
calcular las tensiones adicionales provocadas por la contraccién del
hormigén en vigas compuestas de acero y hormigén, se ha propuesto aqui
una metodologia analitica simplificada que garantiza al mismo tiempo la
seguridad deseada. Este trabajo ha intentado simplificar un modelo
analitico existente basado en la teoria de la viscoelasticidad lineal
establecida en 2012.

Palabras claves: retracciébn, hormigon, acero, tiempo, enfoque
simplificado.

YnpolueHHasi hopMyna Ans OUeHKN YCUIIA, BOSHUKAIOLLMX Npu
ycagKke KOMMO3UTHbIX CTanebeToHHbIX Ganok ¢ NoMHbIM NonepeYHbIM
coeaviHeHneM

Hacep Paxan?®, koppecnoHaeHT, Xayda bernan?, A60yna3su3 Conum@d,
Capa 3aTtap®, Xaned benmaxan?, Xanuma Aseg?
aYHusepcuteT Tywmn Myctadbl CtamBynu, cTponTenbHbin dakynbTeT,
r. Mackapa, Amxupckast HapogHasa [lemokpatunyeckas Pecnybnuka
5 YHMBEPCUTET €CTECTBEHHbIX HayK M TEXHOMOINM,
JlTabopaTopusi MaLLMHOCTPOEHMS U MPOYHOCTU KOHCTPYKLINNA,
r. OpaH, Amxupckasi HapogHast lemokpatudeckas Pecnybnuvka

& YHusepcutet Taxpm Moxammeg beluap,
JenapTamMeHT apxXuTeKTypbl U ypbaHnama,
r. Bewap, Amxupckast HapogHas [lemokpatudeckasa Pecnybnvka

PYBPUKA TPHTWU: 67.09.33 BeToHbl. XKene3obeToH. CTpoutensHbie
pacTBOpbI, CMECH, COCTaBbl
BWO CTATbW: o63opHas ctatbs

Pesrome:

BeedeHue/uenb: [asHO u3gecmHO, 4moO 3asucsuue om 6pemMeHuU
SI8/16HUSI, MaKue Kak rosidyyecms U ycaldka 6emoHa, cyuecmeeHHO
enusitom Ha nogedeHue KOMMO3UMHbIX cmanebemoHHbIx 6arok.
lNoamomy eecbMa 8aXxHO y4yumbigamb 3MU SI8MIEHUS MpU pacyeme
npo4yHocmu u 6e30macHOCMuU KOMMO3UMHbIX cmanebemoHHbIX basiok.
MHozue meopemuyeckue u YucreHHbie uccriedoeaHusi HarpassieHbl Ha
KOHmMpornb amux seneHud. B 6onbwuHcmee  uccriedosaHuli
npedcmasrneHbl CrioXHelwue rpoueccbl U pacyemsl, KOmMopble
rpednosniazaom CriIOXHYH MEXHUKY.

Memodel: [HaHnHasi modenb covyemaem 8 cebe ypagHeHUs
cmamu4ecko2o pasHosecusi U 0ea COOMHOWEHUs CO8MecmuMocmu
Kpugsu3Hbl U Oeghopmayuu cmanebemoHHOU KoMo3umHol barnku 8
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rnornepeyHoM  cedeHuu Cc  OughbepeHyuanbHbIM - YPasHEHUEM,
rosny4YyeHHbIM U3 meopuu ckopocmu ronsydecmu (CRM). Llenb daHHOU
cmambu 3aKodaemcs 8 yripouwjeHuu daHHol modenu 80 u3dbexaHue
CIIOXHbIX anizebpaudeckux rnpeobpasosaHull.

Pesynbmamel:  Pe3ynbmambl  yripoweHHo2o noodxoda okasasuch
gecbMa y0oeriemeopumesibHbIMU, OCOBEHHO 10 CPagHEeHUK C
pesynbmamamu aHanumuyeckol Modesu.

Bbigodbi: Bo u3zbexxaHue 60/bWO20 Kou4yecmea 8bI4UC/IuUmersibHbIX
onepauull U  pasnuyHbix  mpyoHocmel, ComnpogoXxoaroLux
aHanumuyeckue  UnU  YUCTMeHHble  MemoObl  Mpu  OUEHKe
0ornonHUMenbHbIX HarpsixeHull, ebl3e8aHHbIX ycadkoli 6emoHa 6
cmarnexesne3obemoHHbIX KOMMIo3UMHbIX barnkax, 6 0aHHOU cmambe

npednasaemcsi YAPOUWLEHHBbIL aHanumuyeckuli Memoo,
obecneyvusarowuli npu 3amom Heobxodumyro 6eszonacHocme. bbina
npednpuHsma ronsimka ynpocmuma cyuwiecmsyroulyto

aHanumu4yeckyro Modesib, OCHOBaHHYO Ha meopuu JUHeUHoU
gsskoyripyeocmu u3 2012 2oda.

Knoyesble crioga: ycadka, 6emoH, cmarb, 6pems, yrnpOWeHHbIl
nodxod.

MojegHocTaBrbeHa (popmynauuja 3a NpoLeHy cuna HacTanumx
CKyNnSbakEeM Yy CMpErHyTMM rpegama of Yenvka n 6eToHa ¢ NoTnyHUM
cMmudyhum cnojem

Hacep Paxan?®, aytop 3a npenucky, Xayda bernan?, A6denasu3 Conun,

Capa 3aTtap®, Kaned benmaxau?, Xanuma Asen?

2 YHusepautet ,Myctada Ctambonu”, Oacek 3a rpahjeBUHapCTBO,
Mackapa, HapogHa [lemokpatcka Penybnuka Amxup

6 YHMBEp3NTET NPUPOOHNX HayKa 1 TexHonoruje,
JTabopaTopwja 3a MaLUMHCKe CTPYKTYPE U CTaBUNHOCT KOHCTPYKLUUje,
OpaH, HapogHa [lemokpaTtcka Penybnvka Amkunp

® YHuBep3uTeT ,Taxpn Moxamepn’, Opgerbete 3a apxuTekTypy u
yp6aHusam, bewap, HapogHa [lemokpaTtcka Penybnvka Amxkup

OBNACT: maTepujanu, rpaheBnHapcTBo
KATEFOPWJA (TWUIM) YNAHKA: npernegHu pag

Caxemak:

Yeod/yurs: lNosHamo je Oa rojase 3asucHe 00 spemeHa, rorym rysara u
CKyrrbarba 6emoHa, 3HamHO ymuydy Ha roHaware KOMMo3umHux epeda
00 venuka u 6emoHa. 3602 mozaa je eeoma axHo da ce y3my y 0b63up
MPUNUKOM U3padyHasara CHage U cu2ypHOCmU KOMIo3UmHux epeda 00
yenuka u 6emora. MHoza meopujcka U HyMepudka ucmpaxuearba umajy
3a Uurb KOHMmMposucare o08uxX rojasa. Y eehuHu mux ucmpaxueara
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3acmyrnsbeHU Cy KOMIMIUKO8aHU MPOUECU U UspadyHagara Koju 3axmesajy
ClI0XKeHe MexHUKe.

Memode: Osaj modernn KoMbUHYje jeOHa4uHe crmamudke pasHomexxe u 0ee
penayuje KoMnamuburmHocmu, 1o 3akpuerbeHocmu u o deghopmayuju,
ronpeyHoe rpeceka KoMmrosumHe epede 00 denuka u 6emoHa ca
ougbepeHyujarnnHoM jeGHa4YUHOM HacmasroM Kao pe3ysimam meopuje
bp3uHe ny3ara (CRM). Mogja je Oa ce osaj moder nojedOHocmasu Kako 6u
ce u3bearie KOMMNIUKOBaHe MamemMamuyke mpaHcgopmauuje.

Pesynmamu: Pesynmamu mnojedHocmaerbeHo2 npucmyna cy eeoma
3adoeosbasgajyhu y nopeherby ca pedynmamuma aHamumu4koa modesa.

Sakrbyyak: [a 6u ce usbezao eenuku 6poj padqyHCKUX onepayuja u
pasnudume mewkohe Koje npame aHanumu4ke unu Hymepudke memode
npu npoyeHu dAod0amHo2 Hanpe3ara ycrned cKyribaka bemoHa y
KomrosumHum 2pedama 00 dYenuka u 6emoHa, oeaj pad npedrnaxe
rnojedHocmaerbeHy aHanumuyky Memoodorsioeujy y3 obesbefusare
3axmeeaHe  cueypHocmu. [lokywaHo je  nojedHOCmas busare
rnocmojehee aHanumu4koz mModesia 3acHO8aHO2 Ha MeEopuju JlUHeapHe
guckoenacmu4Hocmu u3 2012. 2o0uHe.

KrbyyHe peyu: ckynbame, 6emoH, Yesuk, epeme, nojedHocmaerbeHu
npucmyi.
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