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The stress at t; is
Ci1 —O W =€ E, v (60)

Many tests have shown, that by such simple transformation of the creep function into the
relaxation function the data test results could not be satisfactority described. The reason is
aging, not taken into account by non-aging LVE. This deficit can be overcome by introduction

of the aging parameter p;
p;=0.55+060;,<l;0,<0;<1 (61)

With that, the relaxation function derived on basis of Eq.(52) is:

_1-(-p)o

(62)
1+ po
or more precisely
1-(1-p;) ot —t,,t,
w(t=t,t,) = (1-py) o(t=1t;,te) 63)
1+p; o(t—t;,te)

with: @, acc. to Eq.(52).

6. FIELDS OF TEMPERATURES AND PROPERTIES OF CONCRETE
6.1 Problem and Objectives

The final aim of our efforts is the assessment of stresses in the hardening concrete member.
For that, the computation of the fields of various properties, parameters etc. is essential. The
starting point is the field of temperature T(t) which varies in space and age. Accordingly, the
fields of free (unimpeded) strain and curvature, of the degree of hydration and the mechanical

properties must be generated.

Within the frame of this course, we shall deal with the practical case of the massive slab cast
on ground. Emphasis will be put on the fields of temperature and degree of hydration. Ways

to compute the fields of mechanical properties will elucidated.
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6.2 Idealization of Problem and Differential Equation of that Conduction

If the dimensions of the slab in the groundplan are large in comparison with its depth d, then it
can be geometrically idealized. It is acceptable to depict the slab by a strip with the cross-
section of d x 1.0 m. The vertical dashed lines in Fig. 6.1 represent the planes of cut-out.
There will be no heat flux through these planes. Hence, they are adiabatic boundaries. As the
strip is regarded as infinitely long, there will also be no heat flux normal to plane d x 1.0 m.
Heat flow will therefore be one-dimensional through the top and bottom face of slab. This is

expressed in terms of temperature by T,(t) = T(z, t).

Heat flow is described by Fourrier's differential equation

2
0 "21' A L4 _oT _ 0
oz Cc Pc Cc Pc ot

(64)

with: g, source of heat of hydration (kJ/hm® or W/m’; 1 kJ/hm’ = 0.278 W/m?®; viz. sec. 3 of M
and App. A). Because the source is non-linear in space and time, Eq.(63) can only be solved
incrementally. For this course, the software ETAHB was written, which is attached as App. B.

Numerical integration is there-in performed by the method of explicit differences.
6.3 Initial and Boundary Conditions
Initial temperatures of concrete and ground

In Fig. 6.1 the initial temperature values at t = 0 are shown: T (z, 0) = T, and T(z, 0) = T,
Computation starts at the age t = 0. Although casting of concrete will consume a certain time,

instantaneous casting is assumed.

Heat transfer

Heat transfer to ambiant air is described by the heat transfer coefficient a, which globally
encompasses several transfer phenomena. It mainly depends on the wind velocity. Heat

transfer to air is modelled with Newton's boundary condition, Fig. 6.2:

xc(_a_T_) — o (T,-T,) (65)
0z S
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with: T, temperature of surface; T,, temperature of air; s, denoting the flux vector normal to
surface s. If the surface of cast concrete is covered for some time immediately after casting
with a protective layer (e.g. PE-sheet in summer), then the resultant coefficient of heat

transfer may include this effect

> (66)

with: d, thickness and A, coefficient of heat conduction of protective layer. After removal of

layer, o, will prevail. Eq.(66) can also be used to model the effect of formwork.
Environmental actions

These actions pertain to meteorogical influences and to the contact temperatures with
adjoining solids and fluids. The influences of wind, radiation etc. are covered by the heat

transfer coefficient c..

The temperature of air depends on many influences, especially on seasonal weather. Fig. 6.3
gives examples for a day in summer and in winter in 1997 in Berlin. One has to assume - for
the period of casting and curing of member - a representative mean temperature T, of day
which is also the initial temperature T, = T,(0). The fluctuations of air temperature during the
day may be modelled by a sine-wave. It was found that the mean fresh concrete temperature

can be expressed by T, by
To~10+0.6(T,+5) [°C)

The slab rests on dry to wet ground (sand/gravel). Heat flow will also occur through bottom
face of slab (Fig. 6.1), the ground will be heated up. It is assumed that the temperature of
ground will only be affected by heat flow within over a certain depth below bottom plane:
t~n-d, with n > 4. Hence, in the total depth from top of slab z;, ~(n + 1) - d an isothermal

boundary with T(z,,, t) = Ty, = const may be assumed.

Values for computation

For the computation, a reasonable set of parameters, coefficients etc. i1s assumed which is

shown in App. B of ETAHB.
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Fig. 6.3: Variation of temperature of air in summer and winter

6.4 Fields of Temperature, Thermal Strain and Curvature

For the standard concretes, the temperatures T(z, t) will be computed with ETAHB and

presented dependent on t and t, in tables. Free thermal strain is determined by

E:O(Z’ t) = aT(T(Z’ t) - Tco) (67)

with: o, coefficient of linear thermal expansion; T(z, t) - T, = AT(z, t), temperature

difference beyond placing temperature. For o, we assume

ar~10-10°K" (68)

The free thermal strain varies with time and location just as T(z, t). The mean value of strain

across depth of slab is expressed incrementally, Fig. 6.4:

¢
A€o =~ 2k Agqy, (69)
i

| o

if the slab's thickness d is described by £ layers of the thickness dz = constant (e.g. d/10); and

with i the on-set of strain step at t,. The coordinate of center of the layer k from top of slab is
z,. We obtain the total free mean thermal strain by summation over time from ¢, to t,;:

n

€om = Ei AgOmi (70)
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Because thermal strain is non-linear across depth, for later stress computation also the free

thermal curvature @, is important. Again, we express &, incrementally:

4
PIPALTIREA
Az, = i

( (71)
>z
1

The autogeneous shrinkage can because of the rather high water-cement ratios of the standard

concretes be suppressed.
6.5 Fields of Mechanical Properties

The values of temperature and degree of hydration as computed determined with ETAHB are
printed out dependent on t and t,. Hence, f,, f, E, can - with the formulae of sec. 4 - be

generated dependent on o, t and t..

7. RESTRAINT, THERMAL STRESSES AND CRACKING
7.1 Causes and Kinds of Restraint

The major cause of early cracks in young concrete members is restraint. Restraint is the partial
to total hindrance of the free thermal dilations. We may distringuish between two kinds of

restraint; internal and external restraint.

Internal restraint is caused by the non-linear distribution of thermal strain across section,
Fig. 6.1. Because of the requirement of "plane sections remain plane” (Bernoulli's law),
thermal eigenstresses/-strains arise to ful-fill this requirement. In the general case, the
resultant plane is defined by the mean strain €, and the curvature &,. The eigenstresses self-

equilibrate, no resultant moment and normal force exist.

External restraint is caused by the hindrance of thermal dilations of the structural member as

a whole. The types of hindrance are manifold, e.g.:

¢ hindrance of thermal movement of slab due to shear-friction between slab and ground
e hindrance of thermal movement of young wall on old foundation

e hindrance of thermal movement of top slab of a tunnel by the old walls etc.
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External restraint arises only in statically indeterminate structures. Restraint reactions must
equilibrate among them. Internal restraint, being void of external hindrance, hardly ever

occurs.

In massive structures, internal and external restraint co-exist. With concrete being a material
with varying visco-elasticity across section, separation of stresses caused by these kinds of

restraint is strictly not possible.

Hindrance of thermal movement can be partial or total. The stronger the hindrance, the higher

the restraint reactions and the probability of severe cracking.
7.2 A Simple Case of Restraint

A simple case of restraint is shown in Fig. 7.1. The bar is axially restrained by an extensional
spring on the right hand side. The free curvature &, is not impeded. The axial deformation is

hindered though not totally, depending on the spring stiffness ¢, [mm/N].
The free thermal deformation of the bar amounts to:
AEO = SOmL = aT ATm ’ L (72)

The deformation of spring, caused by the yet unknown restraint force N, is:

Af,=N -c, (73)
and that of bar by N:
N
AL, = (74)
E, A

with: A, cross-section of bar; E,, effective (average) Young's modulus. Compatibility requires

that

Aby+ Al + AL, =0 (75)
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With that,; we arrive at the axial restraint force:
1

E. Ac,
1+ —=——-
L

N=-o; AT, E, A- (76)

If the spring stiffness ¢, = 0 [mnV/N], total restraint exists. With ¢, > 0, restraint diminishes. If

¢, — o, there is no restraint all, N = 0. Hence the term

1
Ry = 77
N Ee A CS ( )
1+
L
can be interpreted as axial restraint factor: R = 1, total restraint etc..
:::: :.§ FR l’ //
i # i [ rigid restient -~
FR,cr r 4
N
| — EmetA
) Em of A
Emefa
o —to
Al ——=p—4— L, ya €
% Ecty “€om

Fig. 7.1: Axial end restraint of abar by  a spring

If, in addition, also the end rotation ®&,[. would be restrained by a rotational spring, we would

obtain the restraint moment:
M=-2,E IRy (78)

with the moment restraint factor:

K
S 1
BRM = ————— (79)
1+ E.Ic,
L

Here-in are: I, moment of inertia; c,, rotational spring stiffness in rad [-]/Nmm. Again, Ry=1

with ¢, = 0 etc.
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The relationships contain several pre-suppositions:

e thermal deformation was described by the mean axial thermal strain g, and &, alone.
Hence, the strain non-linearity across section - leading to self-equilibrating stress - was

suppressed,
e the variation of thermal strain with time was not considered,
¢ in the effective Young's modulus, viscoelasticity is globally taken into account.
7.3 A More Concise Approach

For a linear, bar-type cut-out from a large slab as shown in Fig. 6.1, the distribution of free
thermal strains is depicted in Fig. 7.2. We assume one-dimensional heat flow normal to bar's
axis though top and bottom faces; side faces are adiabatic boundaries. Only longitudinal
strains and stresses arise. The compensation plane of free dilation is determined by ¢, and z,,.
External restraint will shift and rotate the compensation plane into the strain plane of resilient

restraint. This we express by:

Eres = Eom + o (80)
Lres = &o + L (81)
with:

€ restraint strain, assoc. with restraint stress

€,  resultantstrain

: restraint curvature, assoc. with restraint stress

® resultant curvature

Tes

Next, we discuss the Eq.(80) and (81) in terms of hindrance:
1. Entirely unrestrained member

As there are no restraint actions; we obtain because of g, = 0; &,, =0

Eres = €om

&, =&,

res
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2. Total axial restraint, no bending restraint

Eres = 0

a::rt:s =&y
3. No axial restraint, total bending restraint

Eres = SOm

Lres = Xo + Ly
4. Optional axial and bending restraint

8res = €om + €m

Lres = Xy + Ly

Correspondence to the axially restrained bar of Fig. 7.1 can be established: g;,, = Afy; e, =

Al and €., = -Al.
Model

The bar's depth d is subdivided into ¢ strips of equal thickness Az = d/¢ (¢, even number; e.g.
10). The time dependent local strain history is modelled by strain steps. Compatibility for the

strain step Agg; = const of the strip k at the time i of its on-set requires:
Ateppi T Dk = Apegj = Ares; 2 =0 (82)

With Ag,y; elastic strain response at sudden strain step. With Eq.(82) we express the force of

strip k at time i

d
AFki = _? (ASO,ki - A{’:res,i - Amrc:s,i Zk) Eki (83)
This force diminishes in course of time t,, - t; under stress due to relaxation:

d
AFk,ni = —‘Z (ASO,ki - ASre:s,i = A&res,i Zk) Eki W ni (84)
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Now, by summation over the cross-section from 1 to £ and over time t, - t; we obtain the

restraint reactions:

dn ¢

Nn,l - _? 21:l ;k (ASO ki ~ ASresn Aarcsx Zk) Ek| Wk ni (85)
dp ¢ v

M ? 2131 zl:k (Ago,ki = ASnzs,i - Amres,i Zk) Zy Eki Wini (86)

These equations can only be evaluated incrementally. Thereby, the impeding interaction -
described by g, and &, - with neighbors must be known. However, if we replace the
variable modulus E; yy,; by an effective modulus E, = const, we arrive at the relationship of

sec. 7.2 for the restrained bar.

strain compensanon plane

L \7 "
3 Fa_|
I:f ~ T
T . T
d [ e —_— N
1/ ~—
I/ —
Kvn/ —fe— AX —
| 7 “" —

) ]
Z“-'Ok Z€0kzk
1 -

’ T _d 2k -1
€om = n Ko =7 zk’51— )
>z’
1
€
Ok t
for lamina k N
/V iA(hF (Oﬂsl.\
A‘Ohol | NN N
0 o &, Wt
Gy,
so.. G
= 89,280, %1y

Fig. 7.2: Finite strip model, compatibility, strain history and stress response
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7.4 Restraint of Slab on Ground
Shear friction

In Fig. 7.3 a 1 m wide cut-out from a slab with the thickness d, cast on sand/gravel ground, is
depicted. Length of slab is L. Thermal contraction or expansion of slab is hindered by shear-
friction interaction. This interaction can be described by a rigid-plastic bond stress/slip

relationship
T =~ U Oy (87)
independent on slip u. Here-in are:

Kg = tan ¢ = 0.6, friction coefficient,

o, = dp, vertical pressure on ground due to dead weight.

Irrespective of slip, the axial restraint force N, is built-up. It is associated with the moment

Mg = Ng, d/2. For axis of symmetry, we obtain the restraint actions

Nfr =~ Ug dpc . = const (88)

N

Mg =~ Ng d/2 = const h (89)

which are constant over time t;, - t;.

Fig. 7.3: Restraint of slab on ground by friction



-54 -
Restraint conditions

The non-uniform thermal strain across depth d is associated with the mean thermal strain €,
and &,. If the curvature &, were fully unhindered, the slap would tend to warp. This is for a
thick slab unthinkable. We may assume that the slab cannot warp at all. Hence, total bending

restraint with &, = 0 is relevant.

The axial restraint force is known by Eq.(88). Because it is constant, Eq.(85) must not be
evaluated. The restraint force, however, is associated with a time-dependent axial strain g, as
Young's modulus increases. This fact has to be taken into account for the restraint moment,

Eq.(86), applying condition No. 4:

fr'g
-d

mi

d n ¢
M,,= "‘E ?‘ Ellk (A%ki = Aggp; — ) Zy Eyi Wini (90)

For evaluations in the pre-planning stage, we may replace the local relaxed modulus E;; yyy;

by the average effective modulus of the Ey; yy,; = E

me,i*

Hence, we obtain

dan ¢ Nf,-f)
m-—YiE . k| Atg — AEgmi — Z, 91
M, f? mc,l?( Ok 0 E_d) X oD
Because of
¢
>kz, =0,

the second and third term in the bracket of Eq.(91) vanish. The ordinate z; can be expressed

by:
2o = (041-2K) (92)
Y

If this expression is introduced into Eq.(86), we obtain:

3 E d?

F: 93
21 12 on! ©3)

M,
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This formulation is well-known from elasto-statics of beams. The evaluation Eq.(93) is

performed as follows:

¢ Determination of mean Young's modulus across section dependent on time
With the mean degree of hydration o, over section with ETAHB, we obtain with Eq.(36),
En(®), En(ty) and En(t).

¢ Relaxation function y is approximated in steps by
Y, ~0.50 fort=12 to 48 hours
Vv, ~0.70 for t=49 to 96 hours
W, ~ 090 fort=97tot, hours (1000 h)

e Relaxed mean effective modulus is E, ., # E () y (1)

e Free thermal curvature is

¢
2 A&y Zy
Az = ———— (94)
>z;
1
and
n
Eon ~ 21 ARy (95)
1

Stresses and Cracking

Because of total moment restraint, cracks are expected to arise either on the upper or bottom

face of slab. The edge stress is:
M
Oy = t—36 (96)

Cracking will occur if

Gip 2 fore 7
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with: f, effective tensile strength of the strips 1 or £ dependent on age acc. to Eq.(33) and
(34). In order to take of the scatter of tensile strength into account, a certain reduction of

strength is recommended, e.g.:

~

fie = 0.75 f .
Counter Measures

If these approximative computations warrant excessive and deep cracks, the engineer has to
deliberate and propose counter-measures. These might cover a large span of possibilities
(some of them will be dealt with in the course). The most effective counter-measure aims at
the reduction of heat release (reduction of T, reduction of C-content, partial replacement of

cement by FA or GBFS, cooling etc.).
Cracking and Reinforcement

Cracking is a normal thing in reinforced concrete. Completely undesireable are through-cracks
which sever the entire member. They should be avoided, especially if ground water may enter
into interior of structure or if water, oil, etc. stored in the structure may seep through the
cracks. Members which inspite of cracks still exhibit a compression zone of tight concrete, are

usually impervious.

Reinforcement cannot avert cracking. The width of cracks, however, can be limited., a costly

way to achieve water-tightness (lim w = 0.1 mm).

Cracks can be sealed by resins, again a very expensive procedure.
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RECOMMENDED READING
¢ Papers by N. Carino, viz. App. A

e ACI Manual of Concrete Praxis, latest ed., parts 1 and 3, various recommendations on

mass concrete
¢ ASTM Codes C 595 M-95a and C 150-95a on cements OPC and blended cements GBFC.
e check ACI Materials Journals; e.g. May-June 1998.

e check ASCE Structural, Materials in Civil Engineering and Engineering Mechanics

Journals

* www.aci-int.org
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APPENDIX A

RELATIONSHIPS OF THE RELEASE OF HEAT OF HYDRATATION

1 TEMPERATURE OF FRESH CONCRETE T¢q

1.1 On Basis fo Temperature Values of Components in Execution Phase

_ A-CA-TA + W-CW ‘Tw +C-CC'TC + FA'CFA'TFA
A-cpa +W-cw +G-cg + FA-Ccgp

TcO

with the following masses fo concrete components:

A total aggregate content (dry mass), kg/m3,

C: cement (for all cements), kg/m3,

W: total water content, kg/m?3,

FA: fly ash, kg/m3,

¢ specific heat capacity, kJ/(kg K), acc. to Table 2.1.
T, etc. initial temperatures at time of mixing, °C

1.2 Assumptions for the Pre-Planing Phase

We assume for our computations the following values dependent on season:

Spring and Fall: Teo=15°C
Summer: Tep=25°C
Winter: Tp=10°C

' M refers to manuscript

(1.1)
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2 SPECIFIC HEAT CAPACITY
21 On Basis of Concrete Composition in Execution Phase
Tab. 2.1: Specific heat capacity and density of components
component unit water cement natural fly ash
W C aggregate FA
G kJ/(kg K) 4.18 0.80 0.80 0.75
Pi kg/m?3 1.0 3.0-3.1 26-28 24
specific heat capacity of concrete:
Go = (C-co+W-cy +G-cg +FA-Cpa) . 2.1)
Pc
2.2 Assumptions for Pre-Planing Phase
0,9 < ¢, < 1,00 [kJ/kgK] for hardened concrete and usual moisture
1,0 < ¢ < 1,15 [kJ/kgK] satuated and fresh concrete
1 kJ/kgK = 0.2778 WhikgK
We may assume here: ¢, = 0.300 Wh/kgK and p. acc. Tab. 7.1.
3 EFFECTIVE AGE OF CONCRETE
el 1 (3.1)
= — — dt :
te J PR [293 273 + T(t)}

or expressed by summation (viz. M)
with:
T(t): temperature of concrete in °C at any pointin structure

R: universal gas constant, R =8.315 J/mol K
E: activation energy, T>20°C: E(T) = 33.5 kd/mol

T <20°C: E(T)=33.5+147-(20-T) kd/mol
273K= 0°C

293 K = 20 °C
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4 DETERMINATION (ESTIMATION) OF max AT,q

4.1 Determination on Basis of Analysis of Cement, GBFS, Hydraulic Binders

and Known Composition (Execution Phase)

C-[(1-mg)- > m;-Q; +mg - Qg |+ FA- Qpp (4.1)

maxAT,q4 = -
o4 Cc

with:

C  cement content, kg/m3

FA fly ash content, kg/m3

mg = SL/C [-], normalized slag content

m; = M,/C [-], normalized content of clinker phase M, from Bogue calculation
Q; specific heat content of clinker phase, kJ/kg

Qg specific heat content of ground blast furnace slag, kd/kg

QFp specific heat content of fly ash, kd/kg

c., specific heat capacity of concrete, kd/(kg K), viz. sec. 2

pe, density of concrete, kg/m3, viz. sec. 2, Table 7.1

Tab. 4.1: Specific heat of hydration Q; of clinker phases and other components in kd/kg
Stoffe Qcss | Qcos | Qcaa [ Qcaar| Qf.cao | Qrmgo | Qsi QFa
Q [kd/kgl | 500 | 250 | 1340 | 420 1150 840 290 35

Determination of Reacting Phases - Bogue-Method

m(C3S) = 4.0710 CaO - 7.6024 SO, - 14297 FepO3 - 6.7189 Alx03 - 2.852 SO3 (4.1)
m(CoS) = 2.8675SiOp - 0.7544 C38 (4.2)
m(C3A) = 2.6504 AlO3 - 1.6920 Fep03 (4.3)
M(C4AF) = 3.0432 Fep03 (4.4)

constituents of pc-clinker in mass-percent without correction for loss of ignition.
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4.2 Estimation of max AT .4 in the Pre-Planning Phase

421 On the Basis of German Experience

In the pre-planning/bidding phase, we have to make assumptions depending on strength
class, dimensions of member etc. These assumptions pertain to the type of cement, its
amount, to the amount of fly ash, etc. Tab. 4.2 presents average values of total heat of

hydration of German cements of strength class 32.5 MPa applied for massive r/c-elements

Tab. 4.2: Heat of Hydration of German Cements (Average Values)
No. | Cement | denomia- | type of for max 6(; content 1) | cement
type tion release | season [kJ/kg] of GBFS | content C
[m.-%] | [kg/m3
concrete]
1 CEM | OoPC strong winter, | 480 - 520 0 2270
325R heat spring,
fall
2 CEM /B | GBFS-C | medium | spring, | 450 -460 > 21 "
325R heat fall <35
3 CEM II/A | GBFS-C | low heat | summer | 370 - 410 > 36 "
32.5 <65
4 CEMI/B | GBFS-C | very low hot 360 - 365 > 66 "
32.5 heat summer <80
1) of total cement

If no fly-ash is added, max ATad can be determined with Eq. (4.1), FA=0

C max Q¢ (5.1a)

max AT,y =
@ C¢c Pc

If fly ash is added, Eq. (4.1) can be applied. Fly-ash content varies in practice between 60
and 120 kg/m3.

4.2.2 Japanese Method

In the Japanese Standard Spec. of Design and Construction of Concrete Structures 1995,

Part 2, the maximum adiabatic temperature rise
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maxAT,q = max Qg (K] (5.1b)
Ce Pc
is expressed by
maxAT,g =aC+b [K] (5.1b)
with:  C cement content, kg/m3
T.o  fresh concrete temperature, °C
a parameter in K/kg
b parameter in K
Table 4.3: Japanese Method for Estimation of max AT 44
No. Cement type Teo a b
[°C) [K/kg] (K]
1 OPC 10 0.12 11
20 0.11 13
30 0.11 12
2 moderate heat 10 0.11 6
PC 20 0.10 9
30 0.11 9
3 fly-ash-PC 1) 10 0.15 -3
20 0.12 8
30 0.11 11
4 GBFS-PC 2) 10 0.11 14
20 0.10 15
30 0.11 15
FA SL
1 2 -020 2) = =040
PC + FA PC + SL
5 DEGREE OF HYDRATION FROM ADIABATIC TEST
5.1 Determination on Basis of Adiabatic Test Results
General:
maxQ
with:
Q(T(t) total heat release along temperature path T(t), kJ/m3 concrete,
max Q total heat release (potential) of concrete caused by cement plus other

hydraulic binders, e.g. FAfort —» o
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max Q = max Quq = ¢, pc Max AT 4

Adiabatic test:

meas aft,) - Co Po ATag(t) _ ATaq(t)
© max Q max AT,q

(5.1)

Modelling:

With transformation of time t into effective age t, with Eq. (3.1), the degree of hydration can
be modelled with the JONASSON-equation:

afte) = exp[—[ln(w %ﬂ 01] . (5.2)

with ¢4 and t, parameters deduced from the measured values (AT 44, T¢p, t) Of adiabatic test

by regression.

5.2 Estimation of Degree of Hydration in Pre-Planning Phase

5.2.1 Estimation on Basis of German Experience (Test Work)

The Jonasson parameters cq [-] and t, [h] can roughly estimated for OPC-concrete (with a
fly-ash content < 20 %) dependent on the cement content

t, ~ 492+ C-0027 (5.3a)
¢y ~ - 186 + C- 00027 (5.3b)

for 250 < C <400 kg/m3.

5.2.2 Japanese Method to Estimate the Degree of Hydration

In the ISCE standard, cited in sec. 4.2.2, the time dependence of the adiabatic rise and

degree of hydration is presented
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ATaq(t) (5.3b)

max ATag = a(t) = 1~ exp(-rt)

with: r=g - C + h; t, real age in calorimeter test in days; C cement content, kg/m3

Table 5.1: Estimation of Degree of Hydratition During Adiabatic Test, acc. JSCE

No. cement type Teo 9 h
[°C] [m3kg d] [

1 OPC 10 0.0015 0.135
20 0.0038 -0.036
30 0.0040 0.337

2 moderate heat 10 0.0003 0.303

PC 20 0.0015 -0.279

30 0.0021 0.299

3 fly ash PC 1) 10 0.0007 0.141
20 0.0028 -0.143
30 0.0030 0.059

4 GBFS-PC 2) 10 0.0014 0.073
20 0.0025 0.207
30 0.0035 0.332

1y _FA 2 _SL__

) PC + FA 020 PC + SL 040

For practical use, the age t in the adiabatic test has to be transformed into the effective age

te with Eq. (14) of M in order to obtain a(tg).

5.2.3 Danish Method

The Danish Method expresses the degree of hydration by

afte) = epo:—ﬂ_bj (5.30)

with t,, effective age in [h], 0.4 <b < 09[],20<a<40[h]
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5.24 Shrinkage core model (SCM)

o(te) - Tad(te)  a(te -to)

®’ " maxATag  1+a(te -to) (83)

a: parameter [1/h]

to: end of dormant phase [h]
te: effective age [h]
References:

[1] Carino, N.J.: The Maturity Method: Theory and Application, Cement, Concrete and
Aggregates, ASTM, pp. 61-73, 1984.

[2] Carino, N.J., Tank, R.C.: Maturity functions for concretes made with various cements
and admixtures, ACI| Materials Journal, pp 188-196, March-April 1992.

6 HEAT SOURCE FOR CALCULATION OF TEMPERATURE FIELD
At a point j = (x,y,z) in the structure we obtain

da da do ot (7.1)
qj(T(t)) =5 - maxQ pri max Q % af

with gj(t), heat source in kJ/(m3h) if t, t, are counted in hrs.

7 CONCRETE COMPOSITIONS AND OTHER DATA

7.1 Standard Concretes

For the computation of the fields T(z,t), a(z,t) in the system massive slab on ground, the

standard Concretes CO1, CO2 and CO3 will be used. Their compositions are given in Table

7.1. In Table 7.2 other relevant parameters are listed.
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7.2 Data Describing Hydration

Chemical composition of the constituents of PC-clinker of the cements of Table 7.1 are listed

in the Tables 7.3a and b.

Table 7.3a:

Constituents of PC-Clinker of OPC for CO1 and CO3

for concrete CEMI1325R constituents of m;
OPC PC-clinker m.-%
CO1 and CO2 OPC Ca0o 64.4
100 % Sio, 21.5

PC-clinker Fe,O4 1.5

Al,O4 56

SO, 3.0

mi, Q; of OPC 270 kg/m3, FA = 60 kg/m3 with Qgp, viz. Table 4.1 and Bogue calculation

Table 7.3b:

Constituents of PC-Clinker of PC for CO2

for concrete CEM IlI/B 32.5 | constituent of PC m;
GBFS-PC clinker m.-%

CO2 Ca0 66.3
Si0, 21.6

PC-clinker Fe, 04 2.1

Al,O4 5.4

SO, 1.6

Cement constists of 32 m.-% PC clinker and of 68 m.-% slag. Specific heat of slag and of
clinker phases are shown in Table 4.1. Calculation of clinker phases are given in sec. 4.1.
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Tab. 7.1b: Standard Concrete Mixes
M'X NO. CO1 C0O2 Co3
strength class C25 C35 C25
constituents PC- GBFS- PC-
concrete | concrete | concrete
type of cement CEMI| [CEMII/B| CEMI
325R 325 325R
cement [kg/m’ | 270 390 280
fly ash [kg/m’] 60 - 220
water kg/m’ | 175 183 197
W/(C + 0,3 FA) 0.61 0.47 0.57
aggregate
0/1 [ka/m’] 92.8 179.3 -
0/2 [kg/m’]| 556.7 484 .1 -
2/8 [kg/m’] | 554.6 3215 -
8/16 [kg/m’]| 644.6 800.8 -
sum [kg/m’] | 1848.7 | 17857 | 1828.0
admixture
plasticizer  [kg/m’]| 2.70 1.95 1.50
retard.  [M.-% v. C] - - 0.4
density of fresh
concrete p,  [kg/m’] | 2360 2360 2336

Tab. 7.1b: Parameters of Standard Concrete Mixes
MIX NO CO1 co2 CO3
strength class Cc25 C35 C25

constituents pC- GBFS- PC-
concrete | concrete | concrete
type of cement CEMI1 [CEMII/B]| CEMI
325R 32.5 325R
Cq [-] -1.13489 | -1.18937 -1.08
tk [h] 12.0548 | 16.19731 | 26.8385
ag [-] 0.1995 0.3592 0.2462
fetq [N/mm?] | 3.005 | 3.368 3.31
foq [N/mm?2] | 47.89 57.123 55.21
[INNmm?2] | 33630 | 35717 | 36386

Ect1
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APPENDIX B ETAHB
System
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Fig. 1

1 ONE-DIMENSIONAL TEMPERATURE ANALYSIS OF HARDENING

CONCRETE ELEMENTS WITH THE METHOD OF EXPLICIT DIFFERENCES
1.1 General Remarks

The program ETAHB was convinced to compute the temperature field, field of equivalent age
and field of degree of hydratarion in a three layered body. Fig. 1 shows the definition of

system.

The entire system consists of three subsystems of the materials My to M,. The coordinate z
starts at the left edge of material M. At the left and right boundary, time-dependent boundary

conditions can be chosen.

1.2 Systems Parameter

For the temperature analysis, the geometry, the materials, the initial and boundary conditions

have to be stipulated. Also the time of computation has to be chosen.
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1.3 Geometry

The thickness d of the entire system is the sum of the individual thicknesses dy;, dus and dys.
All of them greater than zero.

The program computes the field of temperature and the degree of hydratation at chosen
coordinates z, dependent on age t with the method of explicit differences. The values of z,
are chosen equidistant. They are in the center of the elements strips with the breath dz. The

number of supports nis determined by
n=d/dz
Zx is given by

Z = (k-0.5) dz, k=1,..,n

1.4 Materials

For each of the three materials, the material number, material name (both optional), the
specific heat capacity ¢, the coeffizient of heat conduction 4 and the density p have to be
chosen. If one of the materials is hardening concrete, the maximum heat of hydratation of
concrete maxQ, the total amount of cement C and the parameters t, and ¢, of JONASSON’S
formulation of degree of hydratation have to be stipulated. Other hydralic binders are taken

into account.

1.4.1 Initial and Boundary Conditions

At the start of computation, t = 0, the initial temperatures T, of the materials must be chosen.
Also at the boundaries z = 0 and z = d the ambient temperatures T, and the heat transfer
coefficients o, must be chosen. The ambient temperatures are constant. The coefficients of

heat transfer can be defined in two consecutive time intervals.

1.4.2 Period of Time

The period of time tis divided into m equidistant intervals dt. dtis chosen to 1/360 h, so m

can be calculated to

m =t 360.

The results are stored hourly.
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2 EXAMPLES

2.1 Working with the program

The handling of the program is simple. Assume the example “name* should be examinated,

the program call is
ETAHB NAME <ENTER->.

One set of data consists of two input sets and three output sets (see next table).

Table 2-1: data set

FILES INPUT OUTPUT

"name.dat” {e geometry of system -
* time of analysis
» discretisation of structure

+ boundary conditions

”

"name.mat” | ¢ material values -

"name.tem” | - e protocol of input data

e temperature field

"name.eqa” | - ¢ field of equivalent age
"name.hyd” | - + field of degree of hydratation
2.2 Example: Adiabatic System

At first a simple adiabatic system is considerd. In the next four tables the complete input and

output data are documented.

A concrete cube of 1m® was considered. The concrete CO3 was chosen. The calculation

time is 24h. From the output file the development of the heat source can be derived.

File 2-1: bench_01.dat

(name of program]
Etahb

[file]
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bench_01 ; adiabatic environment
[geometry])
0.4 ; in [(m] width (thickness) of the first substructure
0.3 ; in [m] width (thickness) of the second substructure
0.3 ; in [m}] width (thickness) of the third substructure
[time)
24 ; in [h] time of analysis
[increments])
0.1 ; in [m] local increment dz
[boundary conditions]
0.0 ; in [°C] temperature of environment at z=0
0.0 ; in [W/{(m*m K)]) heat transfer coefficient before removal at z=0
0.0 ; in [W/(m*m K)] heat transfer coefficient after removal at z=0
0.0 ; in [h] time of removal of formwork etc.
0.0 ; in [°C] temperature of enviroment at z=d
0.0 ; in [W/ (m*m K)) heat transfer coeffizient before removal at z=d
0.0 ; in [W/ (m*m K)] heat transfer coeffizient after removal at z=d
0.0 ; in (hl time of removal of formwork etc.

File 2-2: bench_01.mat

[name of program]

Etahb

[file]
bench_01

[material 1}

adiabatic environment

1 ; material number
CONCRETE CO3 ; name of material
0.3000 ; spec. heat capacity (W h / kg K]
-1.080 ; heat source model parameter (JONASSON) exponent c_1 [-]
2.1 ; heat conductivity [W / m K}
149044 ; max. heat realease of concrete [kJ / (m*m*m)]
2336 ; density (kg / m*m*m])
12.0 ; initial temperature at t=0 h
26.8385 ; heat source model parameter (JONASSON) denominator t_k ([h)
280 ; cement content [kg / m*m*m)
[material 2]
2 ; material number
CONCRETE CO03 ; name of material
0.3000 ; spec. heat capacity [Wh / kg K]
-1.080 ; heat source model parameter (JONASSON) exponent c_1 [-]
2.1 ; heat conductivity [W / m K]
149044 ; max. heat realease of concrete [kJ / (m*m*m)]
2336 ; density [kg / m*m*m]
12.0 ; initial temperature at t=0 h
26.8385 ; heat source model parameter (JONASSON) denominator t_k [h]
280 ; cement content [kg / m*m*m]
[material 3]
3 ; material number
CONCRETE CO3 ; name of material
0.3000 ; spec. heat capacity {Wh / kg K]
~1.080 ; heat source model parameter (JONASSON) exponent c_1 [-]
2.1 ; heat conductivity [W / m K]
149044 ; max. heat realease of concrete [(kJ / (m*m*m)]
2336 ; density [kg / m*m*m]
12.0 ; initial temperature at t=0 h
26.8385 ; heat source model parameter (JONASSON) denominator t_k (h]
280 ; cement content [kg / m*m*m]

File 2-3: bench_01.tem

[name of program]

Etahb

[files]
output:
output:

bench_01.tem
pbench_01.eqga
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output: bench_01.hyd
input: bench_01.dat
input: bench_01.mat

[material 1]

number : 1

name: CONCRETE CO3

spec. heat capacity c_c: 0.3000 [Wh / (kg K)]

heat source modell parameter (JONASSON) exponent c_1: -1.0800 [-]
heat conductivity lamda: 2.1000 [W / {(m K)]

max. heat release of concrete maxQ: 149044 [kKJ / (m*m*m)]
desity rho: 2336.0 (kg / (m*m*m)]

initial temperatur T_O0: 12.00 [°C]

heat source modell parameter (JONASSON) denominator t_k: 26.84 [h]
cement content C: 280.0 [kg / (m*m*m)]

[material 2}

number : 2

name : CONCRETE CO3

spec. heat capacity c_c: 0.3000 (W h /7 (kg K)]

heat source modell parameter (JONASSON) exponent c_l: -1.0800 [-)

heat conductivity lamda: 2.1000 [W / (m K))

max. heat release of concrete maxQ: 149044 [kJ / (m*m*m)]

density rho: 2336.0 [kg / (m*m*m)]

initial temperatur T_0: 12.00 [°C}

heat source modell parameter (JONASSON) denominator t_k: 26.84 ([h]
cement content C: 280.0 [kg / (m*m*m))

[material 3]
number : 3

name: CONCRETE CO3
spec. heat capacity c_c: 0.3000 [W h / (kg K)]
heat source modell parameter (JONASSON) exponent c_l: -1.0800 [-]

heat conductivity lamda: 2.1000 [W / (m K)]

max. heat release of concrete maxQ: 149044 [kJ / (m*m*m) ]

density rho: 2336.0 {kg / (m*m*m)]

initial temperatur T_0: 12.00 [°C]

heat source modell parameter (JONASSON) denominator t_k: 26.84 [h]
cement content C: 280.0 (kg / (m*m*m)}

{geometry])

substructure 1 width = 0.40 [m]

substructure 2 width = 0.30 [m]

substructure 3 width = 0.30 [m]

[boundary conditions]

z =0

ambient temperature: 0.0 [°C]

heat transfer coefficient before removal: 0.0 [W / (m*m K)]
heat transfer coefficient after removal: 0.0 [W / (m*m K)]
time of removal: 0.0 [h]

z = d

ambient temperature: 0.0 [°C]

heat transfer coefficient before removal: 0.0 [W / {(m*m K)]
heat transfer coefficient after removal: 0.0 [W / (m*m K)]
time of removal: 0.0 [h}

[system parameter]

thickness: 1.0 {m]

number of local increments: 10 [-]

local increment: 0.100 [m]}

time: 24.0 (hl

number of time increments: 8640 [-]

time increment: 0.003 [h]

[temperature diffusivityl

material 1: a= 0.003 [m*m/h]

material 2: a= 0.003 [m*m/h]

material 3: a= 0.003 [m*m/h)

[convergence criteria)

material 1: a_ml * dt / (dz * dz) 0.00077551
material 2: a_m2 * dt / (dz * dz) 0.00077551
material 3: a_m3 * dt / (dz * dz) = 0.00077551

n
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[temperature]

t N2z 0.050 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850 0.950
1.00 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
2.00 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
3.00 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
4.00 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
5.00 12.001% 12.001 12.001 12.001 12.001 12.001 12.001 12.001 12.001 12.001
6.00 12.005 212.005 12.005 12.005 12.005 12.005 12.005 12.005 12.005 12.005
7.00 12.018 12.018 12.018 12.018 12.018 12.018 12.018 12.018 12.018 12.018
8.00 12.050 12.050 12.050 12.050 12.050 12.050 12.050 12.050 12.050 12.050
9.00 12.108 12.108 12.108 12.108 12.108 12.108 12.108 12.108 12.108 12.108

10.00 12.201 12.201 12.201 12.201 12.201 12.201 12.201 12.201 12.201 12.201

11.00 12.334 12.334 12.334 12.334 12.334 12.334 12.334 12.334 12.334 12.334

12.00 12.511 12.511 12.511 12.511 12.511 12.511 12.511 12.511 12.511 12.511

13.00 12.733 12.733 12.733 12.733 12.733 12.733 12.733 12.733 12.733 12.733

14.00 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000 13.000

15.00 13.312 13.312 13.312 13.312 13.312 13.312 13.312 13.312 13.312 13.312

16.00 13.669 13.669 13.669 13.669 13.669 13.669 13.669 13.669 13.669 13.669

17.00 14.067 14.067 14.067 14.067 14.067 14.067 14.067 14.067 14.067 14.067

18.00 14.506 14.506 14.506 14.506 14.506 14.506 14.506 14.506 14.506 14.506

19.00 14.983 14.983 14.983 14.983 14.983 14.983 14.983 14.983 14.983 14.983

20.00 15.496 15.496 15.496 15.496 15.496 15.496 15.496 15.496 15.496 15.496
21.00 16.041 16.041 16.041 16.041 16.041 16.041 16.041 16.041 16.041 16.041
22.00 16.616 16.616 16.616 16.616 16.616 16.616 16.616 16.616 16.616 16.616
23.00 17.218 17.218 17.218 17.218 17.218 17.218 17.218 17.218 17.218 17.218
24.00 17.843 17.843 17.843 17.843 17.843 17.843 17.843 17.843 17.843 17.843

date:
23.08.1998
running time:
0 : 0 : 3 :57
File 2-4: bench_01.eqa
[equivalent age]

t Nz 0.050 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850 0.950
1.00 0.60 0.60 0.60 0.60 0.60 0.60 0.60 Q.60 3.60 0.60
2.00 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20
3.00 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80
4.00 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40
5.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
6.00 3.60 3.60 3.60 3.60 3.60 3.60 3.60 3.60 3.60 3.60
7.00 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20 4.20
8.00 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80
9.00 5.40 5.40 5.40 5.40 5.40 5.40 5.40 5.40 5.40 5.40

10.00 6.01 6.01 6.01 6.01 6.01 6.01 6.01 6.01 6.01 6.01

11.00 6.62 6.62 6.62 6.62 6.62 6.62 6.62 6.62 6.62 6.62

12.00 7.24 7.24 7.24 7.24 7.24 7.24 7.24 7.24 7.24 7.24

13.00 7.87 7.87 7.87 7.87 7.87 7.87 7.87 7.87 7.87 7.87

14.00 8.52 8.52 8.52 8.52 8.52 8.52 8.52 8.52 8.52 8.52

15.00 9.18 9.18 9.18 9.18 9.18 9.18 9.18 9.18 9.18 2.18

16.00 9.85 9.85 9.85 9.85 9.85 9.85 9.85 9.85 9.85 9.85

17.00 10.55 10.55 10.55 10.55 10.55 10.55 10.55 10.55 10.55 10.55

18.00 11.26 11.26 11.26 11.26 11.26 11.26 11.26 11.26 11.26 11.26

19.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00

20.00 12.77 12.77 12.77 12.77 12.77 12.77 12.77 12.77 12.77 12.77

21.00 13.56 13.56 13.56 13.56 13.56 13.56 13.56 13.56 13.56 13.56

22.00 14.39 14.39 14.39 14 .39 14.39 14.39 14.39 14 .39 14.39 14.39

23.00 15.24 15.24 15.24 15.24 15.24 15.24 15.24 15.24 15.24 15.24

L_7724.OO 16.13 16.13 16.13 16.13 16.13 16.13 16.13 16.13 16.13 16.13
" File 2-5: bench_01.hyd

{degree of hydratation]

t \ 2 0.050 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850 G.950
1,00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000
500 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 C.000
300 0.000 0.000 0.000 0.000 ©0.000 0.000 0.000 0.000  0.000  0.00C
4.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
6.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.C00
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8.00 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 G.001 0.001

9.00 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.0G2 G.002
10.00 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
11.00 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.00¢ 0.00¢6 0.006
12.00 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.00¢9 0.009
13.00 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013
14 .00 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
15.00 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024
16.00 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
17.00 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037
18.00 0.045 0.045 0.045 0.045 0.045% 0.045 Q.045 0.045 0.045 0.045
19.00 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053
20.00 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
21.00 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.072
22 .00 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083
23.00 0.093 0.083 0.093 0.093 0.093 0.0983 0.093 0.093 0.093 0.093
24.00 0.105 0.105 0.105 0.105 0.105 0.105 0.105 0.105 0.105 0.105

2.3 Example: Slab on Ground System

It is often necessary to study slab on ground. The next two tables show the complete input

data. Assume a slab with a thickness of 1.5m.

To simulate a infinitely thick ground (sand/gravel), with a thickness below the slab of 9.0m.
The corresponding heat transfer coefficients are chosen to 10000 W/m’K. The ambient
temperature for ground is chosen to initial temperature of ground (at z=d: T, = Tg,). This two

conditions ensure that temperature at z=d remains at ambient temperature.

At 72h the formwork was removed.

File 2-6: bench_02.dat

[name of program]

Etahb
[file]
bench_02 ; slab on ground system
[geometry] '
1.5 ; in [m) width {thickness) of the first substructure
4.5 ; in [m] width (thickness) of the second substructure
4.5 ; in [(m] width (thickness) of the third substructure
[time] ,
2016 ; in (h] time of analysis

[increments] .
0.15 ; in [m] local increment dz

[boundary conditions]

10.0 ; in [°C] temperature of environment at z=0
4.0 ; in [W/{m*m K)] heat transfer coefficient before removal at z=0
30.0 ; in [W/ (m*m K} heat transfer coefficient after removal at z=0
72.0 ; in {h) time of removal
12.0 ; in [°C] temperature of envi;onment at z=d
10000.0 s in [W/ {m*m K)] heat transfer coeff}cient before removal at z=d
10000.0 ; in [W/{m*m K)] heat transfer coefficient after removal at z=d
10.0 ; in [h} time of removal

L

File 2-7: bench_02.mat
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[(name of program)
Etahb

[file]
bench_02

[material 1)
1
concrete CO3
0.3000
-1.080
2.1
149044
2336
12.0
26.8385
280

[material 2]
2
sandy ground
0.23693
1.0
1.0
0.0
1700
12.0
1.0
0.0

[material 3)
3
sandy ground

slab on ground system

material number

name of material

spec. heat capacity [Wh / kg K}

heat source model parameter (JONASSON) exponent c_1 [-]
heat conductivity [W / m K}

max. heat realease of concrete maxQ: [kJ/(m*m*m)]

density (kg / m*m*m]

initial temperature at t=0 h

heat source model parameter (JONASSON) denominator t_k [h]
cement content [kg / m*m*m]

material number

name of material

spec. heat capacity [Wh / kg K]

heat source model parameter (JONASSON) exponent c_1 [-]
heat conductivity [W / m K]

max. heat realease of concrete [kJ / (m*m*m)]

density [kg / m*m*m]

initial temperature at t=0 h

heat source model parameter (JONASSON) denominator t_k [h)
cement content [kg / m*m*m]

material number
name of material

0.23693 ; spec. heat capacity (W h / kg K]
1.0 ; heat source model parameter (JONASSON) exponent c_1 [-]
1.0 ; heat conductivity [W / m K]
0.0 ; max. heat realease of concrete [(kJ / (m*m*m)])
1700 ; density [kg / m*m*m]
12.0 ; initial temperature at t=0 h
1.0 ; heat source model parameter (JONASSON) denominator t_k [h]
0.0 ; cement content {kg / m*m*m)
3 ANNEX

For the computation, a set of material values, parameters of the used material models, initial

and boundary conditions are presented.

Table 3-1: concrete composition

CONCRETE COMPOSITION CO1 co2 CcO3
class [MPa] |25 35 25
cement type [-] CEMI |CEMIII/B 32.5 |CEMI
32.5R |NWHSNA 32.5R
cement content [kg/m®] |270  |390 280
fly ash [kg/m®] |60 - 220

water-cement ratio (W/(C+0.3 FA)) | [-] 0.61 0.47 0.57
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aggregate [kg/m°] (1848 |1765 1852

Table 3-2: material values

PARAMETER COf1 CO2 COs3 GROUND

heat conductivity Ac W/mK] |21 2.6 2.3 1.0

heat capacity Ce [Wh/kgK] }0.300 0.300 0.300 0.23693

density e [kg/m°]  [2350 2390 2336 1700

heat of hydratation of | maxQ |[kJ/m®] |138396 |144296 |149044 |-

cement

Table 3-3: parameter of material models

MATERIAL |PARAME CO1 CO2 COs3 GROUND | REMARKS
TER

MODEL

heat source | [h] 12.0548 |16.19731 {26.8385 |1.0

(Jonasson)
Cy [-] -1.13489 |-1.18937 |-1.08 1.0

compressive | f;; [MPaj |47.89 57.123 55.21 - not used in

strenght temperature
o [] 0.1995 0.3592 0.2462 |- calculation

(IBMB)

tensile fore [MPa] |3.005 3.368 3.31 -

strenght
o [] 0.1995 0.3592 0.2462 |-

(1IBMB)

Young's E. [GPa] |36.630 35717 36386 |-

modulus
o [] 0.1995 0.3592 0.2462 |-

(IBMB)

Table 3-4: initial and boundary conditions

WEATHER / SEASON SPRING/ |SUMMER |WINTER

AUTUMN

fresh concrete temperature | T |[°C] 15 25 10

inital temperature of ground | Tso | [°C] 8 12 5

ambient temperature T, |[°C] 12 25 7
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coeft. of heat transfer e
immediatley after casting
with curing protective layer

W/m?K] |10 10 10

coeff. of heat transfer e
immediatley after removal of
protective layer

[W/mK] | 20 20 30

Table 3-5: terms and definitions

TERM | EXPLANATION UNIT

P density [kg/m’]
o initial degree oh hydration [-]

Ae heat conductivity [W/mK]
e heat transfer coefficient [W/mPK]
a temperature diffusitivity, a =1/ (p ¢) [m?/h]
Ce heat capacity [Wh/kgK]
Ci parameter of JONASSON heat source model, exponent []

at constant time increment [h]

dz constant local increment [m]

Eci1 end value of Young’s modulus material model, theor. value at a=71 [GPa]
fer end value of compressive strength material model, theor. value at a=1 |[MPa]
fet1 end value of tensile strength material model, theor. value at a=1 [MPa]
maxQ@ | instrinsic heat of hydratation of concrete [kd/m®]
He instrinsic heat of hydratation of cement [kJ/kg]
m number of time increments [-]

n number of local increments [-]

Ta ambient temperature [°CJ]

T initial temperature of concrete [°CJ

t actual time (age) [h]

te parameter of JONASSON heat source model, denominator [h]
’T; initial temperature of soil [°cj
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Z actual point [m]

3.1 Important Remarks

Etahb was developed to study —on a realistic scale- the fields of temperatures and degree of
hydratation in a massiv slab on ground. Such fields are pre-requisite for the computation of
thermal stresses in young concrete. In order to successfully work with this engeneering tool,

the following items must be taken into account:
e maximum numbers of local supporting points: 2000
thickness of strip dz < d /2000,
zis the coordinate of center of strip from left hand side.
e maximum numbers of points of time integration f: 368800, time increment dt=1/360 h.

« the convergence of the explicit differences scheme requires the following stability

condition:
F,=2/(pc)dt/df <0.5.

This condition is necessary, but not adequate. To check the convergence the user have
to double the local interval and calculate the bench again. If the difference between this
two results is small, the stability condition is fullfilled. If F; > 0.5 at the beginning of the
calculation, the user has to interrupt the analysis and double the local interval again.

Otherwise the numerical results may be wrong and oscilate.

» practical values for dz are 5¢cm - 30cm.

e a calculation of a slab on ground system with dz=0.07cm, d=10.5m, t=2084h is runing
about 15min on a AMD K6 PC.

« the program does not check errors of the user in input data. Error messages of the system

could easily corrected with the protocol in the “NAME.TEM™- file.




APPENDIX C

PROBLEMS AND HOMEWORK

PROBLEM 1

For the standard concretes of App. A the chemical composition of the PC-clinkers, the mass

precentage of PC-clinker in the cement and the fly ash contents are given in App. A.

e Determine the heat releases of the cements, including slag and fly ash. Calculate the
maximum heat release max Q and the maximum adiabatic temperature rise max AT,4 (sec.

2 and 4, App. A).

e In which seasons would you apply these concrete mixes and for which structures? How is

your recommendation affected by the thickness of e.g. a foundation slab?

s Do not hesitate to propose alternatives with subsequent justification (also with respect to

cost).

PROBLEM 2 DEGREE OF HYDRATION

Heat release, heating up of concrete member, evolution of properties and stresses etc. are

influenced by the degree of hydration.

e Determine a(t,) with the parameters t, and ¢, for the standard concretes CO1 to CO3 with

the data of App. A.

e How would you estimate max AT,y and a(t.) in the pre-planning phase (no test results

available!)?

e For the standard concretes a(t,); t, and ¢, are known. Model alternatively a(t.) on basis of

the ISCE-standard.



PROBLEM 3

e Compute with program ETAHB the fields of concrete temperature T(z,t) and of degree of
hydration a(z,t) using the properties of concretes CO1 to CO3 for several values of slab

thickness.
o Plot T(z,t) and a(z,t) versus time (age) up to 1000 s.

e Discuss the results, compare them. Make proposals as to modfications to lower the

temperature rise. Justify your proposals.

e Compute the average values of tensile strength and modulus of elasticity dependent on

time for CO1 to CO3 using the given ag-values and parameters over 1000 hrs.

PROBLEM 4

e Because you know the field T(z,t), you are able to determine the free curvature &,(t) and
the mean free thermal strain gg,(t) for the slabs, e.g. for one of the standard concretes, s.

sect. 6 and 7 of App. A.

e Determine the restraint stress in outer fibers (strips) in top and bottom region of slab of

chosen thickness d and length L.
e Will cracking occur?

o Present methods to avoid thermal cracking?



