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Bending and deflection of RC slab according to Eurocode 2

1. Problem Description

Based on the Eurocode 2 [1], this template covers the calculation of moment of resistance and
deflection from loading, as well as the effect of creep and shrinkage of reinforced concrete slab D1
of B and | dimensions. The ceiling slab of the storage area (category of buildings E; see [2]) is
considered to be simply supported with a span of | = 3.84 m, a height of h =0.14 m, and loaded with
a uniform continuous load: the mean value of the permanent load gm = 5.40 kN/m (consisting of the
dead load of the slab go = 0.14-25 = 3.50 kN/m and other permanent loads of gi = 1.90 kN/m) and the
variable load gm = 1.25 kN/m. The width of a cross-section for the calculation is assumed to be
b =1 m. Reinforcement with a reinforcing bar diameter of @12 mm and a spacing of 175 mm is
designed, concrete cover ¢ = 25 mm.

C25/30 concrete with characteristic and mean values of cubic compressive strength of fok = 25 MPa
and fem = 33 MPa, mean concrete tensile strength fem = 2.6 MPa, and B500B reinforcing steel with
modulus of elasticity Es = 200 GPa, mean value of yield strength fym = 525 MPa are used.

The moment of resistance and deflections are calculated at the structural design life, i.e. the age of
concrete at the moment considered is assumed t = 50 years, the age of concrete at loading for the
calculation of creep and shrinkage are assumed to be toc = 28 days for creep and tos = 7 days for
shrinkage. Curing time of concrete was ts = 4 days. Relative humidity of the ambient environment is
RH = 40%, coefficients of cement type are ags1 = 4 and ags2 = 0.12 (based on [1] for cement Class N).
Recommended value of model uncertainty for deterministic calculation is © = 1.0.
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As an input parameter, the cross-sectional area of reinforcement is needed to be assessed. Forb =1 m
the area of reinforcement is calculated as:

b @>  1.00 0.0122
-

_ Te— = : = 6.463-107* m?
(spacing of reinforcement bars) T 4 0.175 4 m

S

2. Input variables

The last column of the table contains the Excel Sheet numbers in which the given variable is entered
and for which it is necessary to correctly define the individual input parameters in order to calculate:
1 — moment of resistance,

2 — deflection due to load,
3 — deflection due to creep,
4 — deflection due to shrinkage.
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Notation | Variable Value Unit Model
h Height of a cross-section 0.140 m 1,234
b Width of a cross-section 1.000 m 1,234
I Span 3.840 m 2,3,4
Jm Permanent load 5.400 KN/m 2,3,4
Om Variable load 1.250 KN/m 2,3,4
¥ Coefficient for variable loads (i=1: frequent or i=2: quasi-static combination) | 0.800 - 34
4] Diameter of a reinforcing bar 0.012 m 1,234
As Cross sectional area of reinforcement (within the b width of a cross-section) | 6.463-10* | m2 1,234
o Concrete cover 0.025 m 1,2,34
fym Mean yield strength of reinforcement 525.000 MPa 1

Es Modulus of elasticity of reinforcing steel 200.000 GPa 2,3,4
fex Characteristic value of concrete cylinder compressive strength 25.000 MPa 14
fem Mean value of concrete cylinder compressive strength 33.000 MPa 12,34
fetm Mean value of axial tensile strength of concrete 2.600 MPa 2,34
t Age of concrete at the moment considered (e.g. design life of the structure) | 50.000 years 34
toc Age of concrete at loading for the calculation of deflection due to creep 28.000 days 3
to,s Age of concrete at loading for the calculation of deflection due to shrinkage | 7.000 days 4

ts Age of concrete at the start of drying (usually the end of concrete curing) 4.000 days 4
RH The relative humidity of the ambient environment 40.000 % 34
Ods1 Coefficient which depends on the type of cement 4.000 - 4
Ods2 Coefficient which depends on the type of cement 0.120 - 4

e Uncertainty factor of model 1.000 - 12,34

3. Deterministic Calculation of Moment of Resistance

This section describes the calculation of the moment of resistance of a simply supported plate loaded
with a uniform continuous load as specified above. The Excel Template sheet is labelled
‘Moment_resistance’.

x
<
o
S L =
7 Zn = Neutrﬂ axis == =
<
=}

>
E

S

The calculation is pictured in the figure and can be commented as follows. At first, the effective depth
of a section is calculated as:

] 0.012
d=h—c—5= 0.140—0.025—T= 0.109 m

Neutral axis depth is assessed based on the formula:

_ Asfym _ 6463-107* - 525

_ - =0.0129
= fr 0.8-1-33 m

with the coefficient 1 = 0.8 for the equivalent height of the pressure area. For cases with fcx > 50 MPa,
the coefficient is calculated according to:
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Tensile force of reinforcement:

F, = Agfym = 6.463 - 107 - 525 - 10% = 339.31 kN

Finally, the moment of resistance is calculated as:

Mg =0Fy(d —0.54x) =1.00-339.31-(0.109-0.5-0.8-0.0129) = 35.23 kNm

4. Deterministic Calculation of Deflection Caused by Bending

This section describes the calculation of a simply supported plate loaded with a uniform continuous
load as specified above. The Excel Template sheet is labelled ‘Deflection_bending’. The steps of the

calculation are as follows:
A secant modulus of elasticity for concrete as:

fcm)O.S <33)03
Eem=22-(5~] =22-(==) =31476GP
cm (10 10 a
An effective modulus of elasticity of concrete:

g Eem 31476
“eff =91+ ot t,) 1+3.056

= 7.760 GPa (creep)

g Fem 31476
“ff 71 +(t,t,) 1+3.971

= 6.332 GPa (shrinkage)

The effective depth of a section is calculated as:

%) 0.012
d=h—c—5= 0.140—0.025—T= 0.109 m

Ratio of modulus of elasticity:

E; 200
= 6.354

" E. 31476

Neutral axis depth:

X =

Sl

A, = bh +nd, = 1.00- 0.14 + 6.354 - 6.463 - 10~* = 0.1441 m?
Ay = bx + nA, = 1.00 - 0.0261 + 6.354 - 6.463 - 10~* = 0.0302 m?

Distance of the centre of gravity of the ideal cross-section from the upper edge:

b-h-%+n-As-d 1.00-0.14-%+6.354-6.463-10'4-0.109

4 - 1+2-b d\ 6354 6463104 | —1+ 1+2-1.00 0.109
s n Ag] 100 6.354 6.463-104

Area of an ideal cross-section A and area of ideal cross-section damaged by cracks Ay:

=0.0711m

Gegr = A 0.1441

) =0.0261m
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For the cross-section damaged by cracks, it becomes to:

b-x- % +n-As-d 1.00-0.0261- 0'02261 + 6.354-6.463-107*-0.109

Gegn = Ay 0.0302

=0.0261m

Moment of inertia of the ideal cross-section to its centre of gravity:
1 hy\? 2
L= Ebh3 + bh (anJ - E) +nds(d — acg;)
2

1 0.14
=137 1.00-0.143 + (1.00 - 0.14) - (0.0711 - T) + 6.354-6.463-107*-(0.109 — 0.0711)?

=2.347-10"* m*
For the cross-section damaged by cracks, it becomes to:

1 x\?
III = EbXS + bx (acg,n - E) + nAs(d - an.lI)z
2

1 0.026
=12 1.00-0.02613 + (1.00 - 0.0261) - (0.0261 - T) + 6.354-6.463-107*

-(0.109 — 0.0261)? = 3.415-10° m*

Maximum bending moment at the centre of the beam caused by permanent load and variable load
(for a characteristic combination of load):

1 1
Mg =5 (g + ) I =5 (540 + 1.25) - 3.84> = 12.257 kNm

Bending moment at crack initiation:

. L — 2600 10° 2.347-107% — 8.859 kN
or = fetm h— acgr -~ 0.14 — 0.0711 "

Distribution coefficient allowing for tensioning stiffening at a section is calculated as:

=1 (M°r)2—1 1.0 (8'859)2—0478
§=1-h Mg/ ~ \12257)

with g1 being the coefficient taking account of the influence of the duration of the loading or of
repeated loading on the average strain. For the calculation of deflection due to loading, i = 1.0 as
defined for short-term load.

The stiffness of the cross-section in individual stages is defined for stage m1 — intact cross-section
and for stage m2 — cross-section damaged by cracks as:
1

= (1-0478) - =7.071- 1075 kN~ 'm™2
B, - 0478 e o 2347 107 - 071 107 KNTIm

fm,l = (1_5)'

1
= 0.478 - = 4.443-10"* kN~ 'm™2
Een - Iy 31.476- 106 - 3.415 - 10-5 m

fm,Z :E'

Finally, deflection due to loading (uniform continuous load in this case) is:

5 2 5 -5 -4 2
w=20 [EMS]((fm,1 + fmz2)l ] =1.000- [E' 12.257-(7.071-107° + 4.443-107*) - 3.84 ]
=9.696-10"3m
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5. Deterministic Calculation of Deflections due to Creep and Shrinkage

This section describes the calculation of deflections in a simply supported plate due to creep and
shrinkage. Since most coefficients are calculated in the same way for both creep and shrinkage, the
calculations for these two phenomena are described together. The individual sheets of the Excel
Template are labelled ‘Defelection creep’ and ‘Defelection shrinkage, respectively.

A perimeter of the member in contact with the atmosphere (tom and bottom slab surface for this case):
u=2b =2-1000 = 2000 mm

Notional member size:

2A. 2bh 2-1000-140

w - u ~ 2000 - 140mm

h0=

Coefficients to consider the influence of the concrete strength:
35 0.7 35 0.7
a, = (fc_m> = (ﬁ) = 1.042

_ (35)0'2 _ (35)0'2 1012
a, = = =133 =1.

35 0.5 35 0.5

a, = (fc_m> = (ﬁ) = 1.030
Coefficient depending on the relative humidity (RH in %) and the notional member size (ho in mm)
is:

By = 1.5-[1 4 (0.012 - RH)'®] - hy + 250 < By 1im for f., < 35MPa (a)
By = 1.5-[1+ (0.012 - RH)8] - hy + 250 - @3 < Byyjim " @3 for fum >35MPa (b)

with Bu.im = 1500. For the input values and fem < 35 MPa:
By = 1.5-[1+ (0.012 - RH)'®] - hy + 250 < By jim

By = 1.5+ [1+ (0.012 - 40)*8] - 140 + 250 = 460 < By ;im = 1500

A factor to allow for the effect of concrete age at loading on the notional creep coefficient is defined
as:

1 1
(0.1 +t32°) (0.1 + 28°2)

B(to) = = 0.488 (creep)

1
(0.1 +t22°) (0.1 + 792)

B(to) = =0.635 (shrinkage)

with to = to,c = 28 days for creep, and to = tos = 7 days for shrinkage.
A factor to allow for the effect of concrete strength on the notional creep coefficient is:

Bfan) = e = T2 = 2925
cm _\/—E_m_ .
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A factor to allow for the effect of relative humidity on the notional creep coefficient:

1 RH
opyy = 1+ —00 for f., < 35MPa (a)
0.1-3/hy
1 _RH
Qry = 1+%-a1 L a, for f., > 35MPa (b)
0.1-3/hy
For the case fem < 35 MPa:
1 —RH 120
o =1+—=00 — 100__ ;156

=1+ ———
0.1-3/ho 0.1- Y140

A coefficient to describe the development of creep with time after loading is calculated as:

PR I Gl o (50-36525-28) 1" _

beltto) =1op 77—y = |@60.00+50 36525 —28)| ~ (creep)

B.(t, ty) = ﬂ - = (5036525 - 7) - = 0.993 (shrinkage)
T T By + t — ty) (460.00 + 50 - 365.25 — 7) : &

with to = to,c = 28 days for creep, and to = tos = 7 days for shrinkage.
The notional creep coefficient:
®o = Pru * B(fem) - B(ty) = 2.156-2.925-0.488 = 3.079 (creep)

®o = Pru * B(fem) - B(ty) = 2.156-2.925-0.635 = 4.000 (shrinkage)

The creep coefficient is then calculated as:
@(t, ty) = @y B:(t, ty) =3.079-0.993 = 3.056 (creep)

o(t, tg) = @g - B(t, ty) = 4.000-0.993 = 3.971 (shrinkage)

When determining deflection, it is also necessary to calculate a secant modulus of elasticity for
concrete as:

f 0.3 3 0.3
—22-(Lm) _—9p.(22) =
Eem = 22 (10) 22 (10) 31.476 GPa
An effective modulus of elasticity of concrete:
Eem 31.476

Eooff = = = 7.760 GP
ceff =1+ ot ty) 1+ 3.056 a (creep)

o Bem 31476
“eff =9+ ot t,) 143971

= 6.332 GPa (shrinkage)

The effective depth of a section is calculated as:

%) 0.012
d:h—c—iz 0.140—0.025—T= 0.109 m
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Ratio of modulus of elasticity:

E. 200
Meft = E oy 7.760 (creep)

E 200
= =———=31.584 hrink
Neff Foor 6332 (shrinkage)

And neutral axis depth:

2-1.00 0.109

Neff 2'b d _ 25.773
25.773 6.463-10*

x=—2 A -1+ |14

neg As | 1.00

- 6.463-107* - —1+J1+

= 0.0459m (creep)

2-1.00 0.109

Nefr 2'b d _ 31.584 +
31.584 6.463-10~*

e Y (S P i il
x s e Ag |~ 1.00

= 0.0493 m (shrinkage)

-6.463-107% - —1 +J1

Area of an ideal cross-section:
A; = bh + nggA; = 1.00 - 0.14 + 25.773 - 6.463 - 107* = 0.1567 m?>  (creep)

A; = bh + nggAs = 1.00 - 0.14 + 31.584 - 6.463 - 10™* = 0.1604 m?  (shrinkage)

Avrea of ideal cross-section damaged by cracks:
Ay = bx + nggAs = 1.00 - 0.0459 + 25.773 - 6.463 - 10~ = 0.0625 m?  (creep)

Ay = bx + negAs = 1.00 - 0.0493 + 31.584 - 6.463 - 10™* = 0.0698 m?  (shrinkage)

Distance of the centre of gravity of the ideal cross-section from the upper edge:

b-h- % + negs-Ag-d  1.00-0.14 - % + 25.773-6.463 - 107* - 0.109
= = = 0.0741
Acgl A, 01567 0.0 m (creep)
h 0.14 4
b-h 5+neg+As-d  1.00-0.14-——+31.584-6.463 107 - 0.109 ik
Acgl = A, = 01604 = 0.0750 m (shrinkage)

For the cross-section damaged by cracks, it becomes to:

0.0459 + 25.773-6.463-107*- 0.109

b.x.%J,neff.As-d_ 1.00 - 0.0459 -

— 2 —
Acgnn = Ay 0.0625 = 0.0459m (creep)
b-x- )2—6 + negr- As-d - 1.00 - 0.0493 - 0'0;1'93 +31.584-6.463-107*-0.109 _
Acgn = Ay = 00698 = 0.0493m (shrinkage)

Next, the cross-sectional characteristics need to be calculated for the intact cross-section and the
cross-section damaged by cracks. The moment of inertia of the ideal cross-section to its centre of
gravity is calculated based on formula:
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1 3 h\? 2
II = E bh®> + bh (acg_l - E) + TleffAS(d - acgyl)
2

1 0.14
=17 1.00-0.143 + (1.00 - 0.14) - (0.0741 - T) + 25.773-6.463-107* - (0.109 — 0.0741)?

=2.513-10"*m* (creep)

1 3 2 n A(d — a z
II = _1 bh + bh (acg’I 2) eff S( Cgrl)
2 2

1 0.14
=12 1.00-0.14% + (1.00 - 0.14) - (0.0750 - T) + 31.584-6.463-107* - (0.109 — 0.0750)>

=2.558-10"*m* (shrinkage)
For the cross-section damaged by cracks, it becomes to:

1 x\?
Iy = be3 + bx (acg,u - E) + neffAs(d - an.lI)2
2

1 0.0459
=5 1.00 - 0.04593 + (1.00 - 0.0459) - (0.0459 — T) + 25.773 - 6.463-107*

- (0.109 — 0.0459)? = 9.856 - 10> m* (creep)

1 x?
I = be3 + bx (an,II - E) + nege(d — anJl)z

0.0493\2
) +31,584 - 6.463 - 10~*

1
= 1.00 - 0.04933 + (1.00 - 0.0493) - <0.0493 -

- (0.109 — 0.0493)2 = 1.127 - 10~* m* (shrinkage)
For the calculation of deflection due to shrinkage, the static moment of the cross-sectional area of the

reinforcement relative to the centre of gravity of the cross-section has to be assessed for the intact
section and for the section damaged by cracks:

Sy = As(d — aggr) = 6.463 - 107* - (0.109 — 0.0750) = 2.200- 10~ m*  (shrinkage only)
Sy = As(d — acgn) = 6.463 - 107* - (0.109 — 0.0493) = 3.855-10"°m® (shrinkage only)

Maximum bending moment at the centre of the beam caused by permanent load and variable load is
calculated for both creep and shrinkage as:

1 1
Myq =5 (G + ;" ) I =5+ (540 + 08+ 1.25) - 3.84” = 11.796 kNm

with ¥ = ¥, = 0.8 for a quasi-static combination which is assumed for long-term loading.
Bending moment at crack initiation:

M, = 600100 253 10 oo
or = fetm h— dcgr = 4. 014 —00741_ " m (creep)
I , 2.558- 1074 _
M = fetm .—h — =2.600-10 -—0 1200750 = 10.225 kNm (shrinkage)
s . .

Distribution coefficient allowing for tensioning stiffening at a section is calculated as:

=1 M”z—1 0.5 (9'922)2—0646
§ = B My = =2 \11706) =V (creep)
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-1 Mo\ _ 1 s (10'225>2—0624 hrink
&= B Mo, = . 1179¢) — % (shrinkage)

with g being the coefficient taking account of the influence of the duration of the loading or of
repeated loading on the average strain. For the case of creep and shrinkage, g1 = 0.5 as defined for
short-term load.

For the calculation of deflection due to creep, the stiffness of the cross-section in individual stages is
defined for stage m1 — intact cross-section and for stage m2 — cross-section damaged by cracks as:

1 1
=(1-9- = (1 - 0.646) - =1.814-10"* kN 'm™2
fmp =1 =8) Eetr' Iy ( ) 7760106251310 m
frg =& L 0646 ! =8.450-10"* kN 'm2
m,2 Ecetim*In  7.760-106-9.856-1075

Finally, deflection due to creep is:

5 5
Wereep = 0 [EMS(I(]‘,,L1 + fm‘z)lz] =1.000- [E' 11.796- (1.814-107* + 8.450 - 107%) - 3.842
=18.598-10"3m

To calculate deflection due to shrinkage, it is necessary to calculate additional parameters. The
influence of environmental relative humidity is assumed as:

Bru = 1.55[1 — (RH/100)3] = 1.55[1 — (40/100)3] = 1.451

Nominal value of proportional shrinkage strain due to drying of concrete:

€cao = 0.85 [(220 + 110441 ) - €Xp (—adsz ];C—gl)] -107% - Bry

33
= 0.85 [(220 + 110 - 4.00) - exp (—0.12 'E>] +107¢-1.451 = 5.478 - 10~*
Final value of proportional shrinkage strain caused by concrete drying:
Ecdoo = kn * €cq0 = 0.940-5.478-107* = 5.149 - 10~*

with coefficient dependent on nominal dimension kn = 0.940 for ho = 140 mm according to following
table; linear interpolation is used to determine intermediate values.

ho [mm] kn [-]
100 1.00
200 0.85
300 0.75
> 500 0.70

Coefficient of time development of drying shrinkage is assumed as:
t—ts 50 - 365.25 — 4

= =0.996
(t —ts) + 0.04/R3  (50-365.25 — 4) + 0.04+/1403

Bas (t, ts) =

Proportional shrinkage strain due to drying over time t:

£cq(t) = Bas(t, ts) * €cqe = 0.996 - 5.149 - 107* = 5.130 - 10™*
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Final value of autogenous shrinkage strain:
Eca = 2.5(fx — 10) - 1076 = 2.5(25 — 10) - 107® = 3.750 - 1075

Coefficient of time development of autogenous shrinkage:
Bas(t) = 1 — exp[—0.2t%%] = 1 — exp[—0.2 - (50 - 365.25)*%] = 1.000

Proportional autogenous shrinkage strain over time t:
£ca(t) = Bas(t) - €caro = 1.000-3.750- 1075 = 3.750 - 1075

Total shrinkage strain:
Ees = €cq(t) + £ca(t) = 5.130-107* + 3.750 - 1075 = 5.505 - 10~*

Shrinkage curvature:

2.200-107° 3.855-107°

=5.505-10"*-31.584 - [(1 —0.624) ' ————+0.624 -

Su 3855 107
2.558- 104 1.127 10~

[Il
=4.276-103m™*

1 S,
= Ecs " Meft (1—5)'1—14‘5'

Ccs

Finally, deflection due to creep is:

1 -172 1 -3 2 -3
Wshrinkage = 0 [Ercs l ] =1.000- [5-4.276 1073 -3.84 ] =7.881-10"3m
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