K. Flaga, K. Furtak
Cracow University of Technology

ON CRACK DEVELOPMENT IN REINFORCED SLAB OF
STEEL CONCRETE COMPOSITE BEAMS

© Flaga K., Furtak K., 2010

Hanano nanitnysi i rpadivyni po3s’s3ku, AKi OiHIOITH edeKT HANIPYKeHb YCAI:KEHHS,
10 iHiNiI0ITH TPIIMHOYTBOPEHHS B aApMOBaHill MJMTI cTaJe0eTOHHUX CKJIAIEHUX OaJIoK.
JoBegeHo, Mo e HANPY:KeHHs] BIUIMBA€ HAa Miclle MOXOIKEHHS TPIlUMH — HU3Y NJUTH a0o
BepXxy, e Jedopmanii i HANpYy:KeHHsI BiJl 30BHIIHLOr0 HABAHTAKEHHS HAHiCTOTHINII.

Kuio4ogi cjioBa: Hanpy:KeHHs yCAT:KeHHs, TPIlIMHOYTBOPEHHS, CKJIAEH]i 0aJIKHU, TUITUTA.

Analytical and graphic solutions enabling an evaluation of the effect of shrinkage strain
on initiation of cracking in reinfor ced slab of steel-concrete composite beams have been given.
It was proved that this strain affects the place of crack origin, the slab bottom or top, where
strains and stress from exter nal loads are most significant.

Keywords: shrinkage strain, cracking, composite beams, slab.

1. Introduction. The problem of cracking of reinforced concrete slabs in steel-concrete composite
beams is not new. However, it has usually been treated marginally with the main focus on the load capacity
of elements [4, 5]. It was reflected also in norms [6,7] and in the proposal of a hew norm for composite
structure design, based on EC 4 [2].

Still less attention has been paid to the effect of thermal stress induced by cement hydratation heat
and changes in ambient temperature [1, 3, 4]. Slightly more attention has been paid to the influence of
concrete shrinkage on slab cracking [4].

One of important factors of composite beams thermal resistance to reinforced concrete slab cracking
is the so-called resistance coefficient b = Ad A defined as theratio between steel girder section area As and
concrete slab section area A.. Obviously, it is a proof parameter because in actual reality neither the shape
of the sted girder nor mutual relationship between the fields of the booms of this girder and web are
unimportant.

Onthebasis of [1, 3, 4] it can be assumed that when b £ 0,5, thermal stress from cement hydratation
heat do not have any significant effect. The more so that they occur at the initial stage of concrete curing,
when the value of its modulus of elasticity is much lower than the one adopted in static-strength
calculations.

From the point of view of composite beam state of effort what matters more is residual stress from
shrinkage strain. It develops at the stage of concrete reaching determinative (generally 28-day)
compressive and tensile strengths as well as a value of the modulus of elasticity. It can affect the stress and
strain state in composite girders and influence slab cracking [4].

The aim of the paper is to present an analysis of the influence of shrinkage strain on the causes and
sequence of crack initiation in a reinforced slab integrated with a steel girder. The analysis deals with the
initial stage of crack forming influenced by concrete shrinkage and external loads.

2. Strains and stressesin reinforced slab. General remarks. In the analysis of strain and stress in
areinforced slab integrated with a steel girder it was assumed that the whole of it is in the tension zone.
This means that the neutral axis of the composite girder runs in the steel part. Moreover, linear
changeability of the stresses in concrete and the validity of the principle of plane section were assumed
(fig.2).

It was assumed that the ratio between concrete tensile strength and its modulus of eagticity is
constant over the given time period. Creep was disregarded, since the time between load operation to first
cracks initiation is short.
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Fig. 1. Denotation used in: a) cross section, b) concrete shrinkage induced longitudinal strain

Shrinkage strains and stresses. Due to concrete shrinkage strain and steel girder resistance the
delaminating force Ps appears in the composition plane (cf. fig.1). Its operation is eccentric relative to
center line of gravity of the steel girder and reinforced slab, analysed separately.

Since the tensile force Ps affecting the slab operates on the edge of the rectangular section, the strain
it causes is described by equations (fig. 2):

- for extreme filament

2P,

S
S == ] l
%=""E hh, @
- for filament in the composition plane
4P,
ecds = 2 ’ 2
ECbChC ( )

where E.— modulus of elasticity of concrete; b, —width of slab; h, — thickness of slab.
In ageneral format it can be written:
Ps=Ps (t) = Ne(t) = Na (t) €)
where N(t) and N, (t) are forces acting on the reinforced slab and stedl girder, respectively, applied in the
composition plane, dependent on timet.

€egs b) €cgp c) €cg

Fig. 2. Srainsin reinforced concrete: a) from concrete shrinkage, b) from external loads, ¢) summary strain
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On the basis of [4] it was assumed that (cf. fig. 2):

Ne(t) = ex(t) Ec (t) A, (4)
Na = eas—(t) , (5)
da
€s () + € (D) = &(V), (6)
where:
et) - freeshrinkage strain,
£as(t) - proof strain of steel girder on the neutral axis of reinforced slab,
ecs(t) - strainin concrete caused by sted girder resistance to concrete shrinkage,
Oa - generalised factor of stiffness of stedl girder
1 z
= ———+——, (7
EaAa Eal a
E.(t) - modulus of easticity of concrete
A — cross section of reinforced slab,
z - distance between centroids stedl girder and reinforced slab,
E., —modulus of easticity of stedl,
Ay - cross section of steel girder,
la - moment of inertia of steel girder reativeto its central axis.
After transformations we obtain:
d
e (t)j=—2—elt), 8
35( ) da +dc S( ) ( )
ealt)= %2 e,ft). ©
d, +d,
where:
d; - generalised coefficient of stiffness of reinforced dlab
1
do= Eofv (10)
A. - renforced slab section.

Using equations (2) + (4) we obtain:
_ANG() _ 4de
cds( ) - s(t)

= e
Ec (t)A: da +dc , (11)
2
euslt) = 580
9 d, +d, (12)

Strains and stresses from external loads. At full integration and applying the composite structure
technical theory the values of external load induced strains are:
- for extreme filament

M M
€..n = = X
cgp ch E. E.l. 1 (13)
- for filament in composition plane
M M
ecdp = = (X_ hc)
ch Ec EcI © , (]_4)

where:
- moment of inertia of composite section relative to neutral axis, reduced to concrete section

Izc:n|a+|c+nAaa§+A:a€, (15)

P
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n = EalEc, (16)

X - distance between extreme filaments under tension from composite girder centroid,
he - reinforced slab thickness,
aa - distance between reinforced slab centroid and girder neutral axis,
a. - distancebetween stedl girder centroid and composite girder neutral axis,
I - moment of inertia of reinforced slab relativeto its neutral axis,
Wy — strength factor for extreme filament of reinforced slab,
W — strength factor for reinforced slab filaments at the composition plane level.
So we get:
— _ 2 2
ECIZC_BZC_Ea|a+Ec|c+EaAaaa+EcA:ac_ (17)
After substituting (17) in (13) and (14) we obtain:
M
€ep = =X
z ., (18)
M
ecdp = B_(X - hc)
x . (19)
Total strains. Total strains are a sum of concrete shrinkage and external load. Itisdefined by
equations:
- for extremefilaments
M
€ = o es(t)+ X
da +dc Bzc , (20)
- for filaments in composition plane
M
e = e 1)+ (x- )
3. Evaluation of cracking state
Concr ete shrinkage induced cracking. Concrete shrinkage induced cracking takes place when:
4N (t
ecds(t) = C( ) > ect,lim
o) _ 22)
After substituting (4) and (10) to (26) we obtain:
Caslt) = S5, 0)> e
[« c , (23)
Hence:
Cetlim 4d, _ (24)
eS (t) da + dC
The equation describing concrete limit elongation ability can be written as [4]:
—_ fctm
€etiim = ? Tt
c (25)
p 140081
where: f , (26)

fam — mMean concrete tensile strength, M Pa,

E: — concrete modulus of tensile elasticity assumed to be equal to concrete compressive elasticity E,
[MPa],

pr — degree of reinforcement referred to effective cross sectional area of concrete under tension,

@ — diameter of reinforcement bars [m].
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Taking into account (25) and (26) inequality (24) can be transformed into:

fctm hf < 4'dC
ECeS (t) da +dC , (27)
4d
hc(t)hf < d +C
a c . (28)
f
he(t)=—<am
where: i Eces(t) (29)
Reinforced slab cracking induced by concrete shrinkage will take place when:
hc(t)]f (da +dc) <1
o= A , (30)
or
w= 4 , (31)
or
w= 4bo (32)
where by is generalised resistance coefficient
b, = t=de
°d
2 (33)

Cracking induced by concrete shrinkage and external loads combined. The analysis of equations
describing ey I €4 POiNGs to the fact that it is impossible to state unequivocally which if the strains will
reach e im sooner. It depends on shrinkage strain and geometric characteristics of the section, including the
generalised coefficient of resistance by as well as class of concrete and slab reinforcement.

What may be an indicator is in this case the slope of strain curve in the slab induced by concrete
shrinkage and external loads. In the former case we obtain:

e.-e
R ety
h [d+d)” 3
in the latter case:
k :ec’g-eCd :ﬂ
p hc B
= (35)

The resultant slope of strain curve can be derived from equation:
_ _ 6dB_ et
R e
a ' te . (36)
If k > 1, the slab will start cracking on the steel girder side, while if k < 1 from the extreme filaments.
At k = 1 at thetime of cracking the slab will be under axial tension.
If €c4s <€y jim» Shrinkage cracks will not occur. Then external load induced strain that will cause

slab cracking is:
Pl
Dect (t) =€t lim- ecds(t) = €ct,lim - ﬁes(t), (37)
a C
4b
Ixct (t) = ect,lim - 1+l§ es(t)
or 0 (38)
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Dividing both sides of equation (37) by € ;;,, we obtain:

| = Dey(t) _, 4b, eft)
ect,lim (1+ bO)ect,Iim —
) -l
where: Cet,lim )

. Abg
1+b, 1 (39)
(40)

4. Analysis of solutions. The results of analysis of the effect of particular parameters on the state of
cracking have been shown in a graphic form in subsequent figures 3 + 7. Figure 3 illustrates the effect of
the degree of reinforcement r, and reinforcement bars diameter f on concrete limit elongability €g |im -

What has been adopted as the effect of thisimpact the value of coefficient hs , after equation (26).
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Fig. 3. Effect of reinforcement degree r r and diameter of reinforcement barsf on concrete limit e ongability
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Fig. 4. Combined effect of reinforcement bar diameter f and concrete shrinkage es on coefficient cf
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The combined effect of reinforcement bar diameter and concrete strength has been shown in. fig. 4.
As input parameters coefficients hy and h,, described by equations (26) and (28), have been adopted. A
wide range of the values of these coefficients has been taken into account. This range, however, lies within
realistic boundaries, considering the real steel-concrete composite elements.

Figure 5 illustrates the effect of the generalised resistance coefficient bo. Parameters (f, &, fem
E.) discussed earlier refer to the interacting reinforced slab, whereas coefficientb, covers also the steel
girder, thus including the total composite section. If at the design stage coefficient k in fig. 5 is lower than
one, shrinkage cracking will occur (with no contribution from external loads). They will first appear on the
bottom surface of the slab (on the composition surface side).
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Fig. 5. Effect of generalised resistance coefficient bO on slab strain curve slope
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Fig. 6. Chart for evaluation of shrinkage cracking initiation possibility
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It is easy to evaluate the real possibility of shrinkage cracking initiation using fig. 6. It covers the
effect of all the parameters affecting the state of stress and strain as well as concrete elongability, and thus
any possibility of occurrence of shrinkage cracks.

Thevaluew =0,875<1,0for r, =0,02, f =16 mm, h,, =0,5i bg = 1,0, shown in fig. 6, indicates
that reinforced slab cracking will be induced by concrete shrinkage, even before external load is applied. If
o > 1,0, the slab may crack under the effect of additional strain Ae4(t). The analysis in this aspect has been
shown in fig. 7. The negative values of | indicate shrinkage cracking occurrence before external load is

applied. -
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Fig. 7. Dependence of coefficient A(t) on generalised res stance coefficient

5. Final remarks. The analysis results presented enable a statement that shrinkage cracking may
occur in the reinforced slab of steel-concrete composite girder before an external load is applied. What co-
decides of crack initiation is reinforcement degree and reinforcement bar diameter together with concrete
strength as well as the so-called generalised resistance coefficient by, which characterises the
interreationships and stiffness of the steel girder and reinforced slab.

Concrete elongation due to its shrinkage is more significant in the bottom filament (in case of a steel
girder). This means that shrinkage cracks can start at the bottom of the slab. This phenomenon was
observed in, for example, the investigations described in [5].

In real steel-concrete composite elements the value of coefficient 5, is in a wide range. However, it
can be assumed that for average values of other parameters shrinkage cracks will not appear for g, < 0.25.
Their initiation can be restricted by sensible reinforcement of the slab (diameter ¢p and reinforcement
percentagep; ).

The curves shown in figures 3 +7 can help to evaluate fast (but approximately) the possibility of
shrinkage cracks initiation. They can also be helpful in designing steel-concrete compasite beams.
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STRENGTHENING OF CONCRETE ELEMENTS
BY PRESTRESSED COMPOSITE STRIPS
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IIpeacraBieHo pe3yabTaTH JOCIIIKEHb 3 METOI0 JeMOHCTpalii MOKIUBOCTI i mpak-
THYHHUX TepeBar, Mo MOXOASTh Bill 101aTKa HANpPYy:KeHOi KOMIO3MUTHOI cMyru (ByrJienese
apMoBaHe moJiiMepHe BOJIOKHO), 00 MiACHMJIMTH OeTOHHI KOHCTPYKUii. Po3moBclomKeHHs
HANpYy:KeHb 3Pi3y y KJeioBoMYy 3'€AHAHHI 0yJ10 BU3HAYEHO HA MiICTABi TEOPETUYHOI0 aHATIZY
PiBHOBa:)KHOT0 cTaHy. 3anpoekToBaHo cucremy Hampy:kenusi cmyru CFRP i 3minnenns
Hanpy:keHux 0anok. bajgky nmepeBipeHo mix cTATHYHUMU i JUHAMIYHUMHU HABAHTAKEHHSIMU.
Hageneno pe3yabTaTi BUIPOOYBaHb i BUCHOBKH, 110 IPYHTYIOThCSI HA HUX.

Karwuosi ciioBa: CFRP, 6eToHHi KoOHCTpYKILil, HANPY:KeHHs 3Pi3y, HANPYKeHi OATKH.

The paper presents the results of research aiming at exposing the possibility and
practical advantages resulting from the application of stressed composite strip (Carbon Fibre
Reinfor ced Polymer) to strengthen concrete structures. The distribution of shear stressin the
glue joint was determined on the basis of theoretical analysis of equilibrium state. This
knowledge allowed the system of stressing CFRP strip and strengthening the prestressed
girder to be designed. The girder was tested under static and dynamic loads. The paper
presents the results of tests and conclusions based on them.

Keywords: CFRP, concrete structures, shear stress, prestressed girder.

1. Introduction. In bridge strengthening, high tensile strength of compasite strip CFRP was utilized
in small degree [1, 2, 3] till now. Composite strips are characteristic by very large range of linear strain,
reaching the value of 1.8%. The alowable extension of the glued composite element is the decisive
parameter to the way of its utilization and cost effective application of this type of reinforcement. Hence
the endeavours to apply composite strip in the stressed state [4, 5, 6,7].

Strip pretensioning allows taking fuller advantage of its capacity and the resulting increase of
economic effectiveness of the reinforcement [8, 9, 10, 11]. Pre-tensioned composite strip reinforced with
carbon fibre (CFRP) gives new possibilities of strengthening existing structures. Thanks to stressing, the
bonded CFRP strip takes an active part in carrying dead loads imposed on structure and causes stress
reduction in the inner reinforcement [12, 13, 14]. The anchorages take an important part of the
delaminating force and diminish radically shear stressesin the glued joint, particularly at strip ends [15, 16,
17]. Proper design and effective use of stressed composite strip requires analytic and empirical
investigation of inner force distribution (stresses) in the strengthened structure and especially shear forces
prevailing in the glued joint.
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