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1 HYDRATION

1.1 Introduction

Hydration isdefined asthe chemical absorption of water into asubstance, aprocessby which heat is
generated (hydration heat). The setting of concrete— which can be considered as atransition from
liquid to solid phase — is the most relevant example for the hydration process in the engineering
world.

The effects of the hydration process can be separated into a thermal part and a mechanical part.
The implementation of hydration modelsin FLAC3D follows this separation, as the hydration heat
generation and heat transfer are dealt with in separate thermal models, material hardening and
strength development are implemented as constitutive models.

The coupling parameter between both modules is the hydration grade a, which is defined as the
ratio of the accumulated hydration heat at time ¢ to the ultimate hydration heat generated until
completion.

a(t) = % (1.1)

Qo

Thetime-dependent evolution of the hydration gradeis mainly governed by the temperature bound-
ary conditions. Lower temperatures lead to alonger process with lower hydration heat generation,
whereas higher temperatures lead to a shorter process with higher hydration heat generation.

To have a unique reference value, the concrete age t., which is the equivalent concrete age at a
reference temperature (of 20°C) and is calculated as a function of thermal time ¢ and concrete
temperature T, is introduced.

! E_A.[A_l]
te:f e R L2983 T1.dy 1.2
t

where R isthe universal gas constant (8.314 JK/mol) and E 4 is the activation energy [Jmol].

In FLACSD, two different thermal hydration models are implemented: athermal hydration model
for German concrete, th_hyd_concrete1; and an empirical, more general hydration model, th_hyd.

During the hydration process, the values of elastic material parameters can vary over several orders
of magnitude. Accordingly, the gridpoint masses have to be adjusted for numerical stability, in
small strain mode as well as in large strain mode. The frequency of the update can be set by the
user with the FLAC3P command SET geom_rep value.
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1.2 Thermal Hydration Model for German Concrete (th_hyd_concrete1)

In the hydration model for German concrete, th_hyd_concrete1l (Onken and Rostasy, 1995), the
hydration grade « is afunction of the concrete age z,.

te \\?
w(t,) = o~ n(+5)) (1.3)

where b and 1 are constants. The hydration heat rate ¢ depends on the gradient of the hydration
grade.

Aa

A 1.4

qt) = Q¢ - C-

where C is the cement concentration in [kg/mq], and Q¢e* (in [Jkg]) is the maximum amount of
heat that can be generated, and is estimated to be

AT -c.-p

c (1.5

max __
QCe -

where ¢, isthe specific heat of the material [Jkg/K].

The heat transfer is assumed to be isotropic with constant values of specific heat, thermal conduc-
tivity and coefficient of thermal expansion.
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1.3 General Hydration Model (th_hyd)

In the more general empirical hydration law th_hyd, the activation energy E 4, the heat capacity cp,
and the thermal conductivity A are functions of temperature or temperature and hydration grade,
respectively.

The hydration grade is again a function of the effective concrete age ¢,.

te b
a(ty) = e ("(1+1)) (1.6)
The activation energy E 4 isafunction of temperature T'.

Eao—FEpn
T_TO,EA

14 e ar

EA(T) = Eqn+ (1.7)

The heat capacity ¢, and the thermal conductivity A depend on the temperature 7 and the hydration
grade .

cpla, T) =cpa1+dcyq-a+ (T — TTl.,Cp) ~dep T
Ma, T)=A1+drg-a)-A+drr - T) (1.8)

The hydration heat source strength is limited to a temperature range.

_ Qrgax -C- % VS Tmax,q
q(T) - < ¢ 0 , T > Tmax’q (19)
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1.4 A Modified Drucker-Prager Model for Hydration

The implementation of hydration in FLACSP isaDrucker-Prager constitutive model with hydration
grade o depending on elastic and strength properties (Hinze 1987). During the hydration process,
the actual Young's modulus E is afunction of the hydration grade «.

E(a) = Ecte - (i:zs) (1.10)

where E;. isthe Young’smodulus after complete hydration and a isaspecific parameter for cement
(usually of the order of 0.5—0.7).

The actual uniaxial compressive strength o, and uniaxial tensile strength o; also depend on the
hydration grade.

o, = 0.85. <f0fe . M)g/z
c l—ap
o — oo
or = fete 1 oo (1.11)

where f;. isthe uniaxial strength [MPa] after completion of the hydration process; «g isaspecific
parameter for cement (0.17 —0.38); and ¢ is a heat capacity factor (0.6 — 1.0).

The yield criterion in the Drucker-Prager constitutive model (see Section 2.5.1 in Theory and
Background) is

O=t+qg-0—k (1.12)

where g and k are material parameters, and t and o are stress invariants. ¢ and k can be derived
from the actual uniaxial compressive and tensile strengths, o, and o;.

_ ‘/é'(UD_UZ)
op + oy
2-0p -0,

(\/é'O'D +Uz)

k = (1.13)
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Table 1.1 Thermal hydration model for German concrete MODEL th_hyd_concretet

Q) e_activate activation energy, E 4

2 gas_const universal gas constant, R
3 t1_const material parameter, 1
4 b_const material parameter, b
5) cement cement concentration, C
(6) gmax maximum amount of generated heat, Q{~¢"
@) spec_heat specific heat, ¢,

(8) conductivity  conductivity, A

read only

9 t_concrete effective concrete age, 7,
(10)  heat hydration heat rate, g

Table 1.2 General thermal hydration model-MODEL th_hyd

D gas_const universal gas constant, R
2 t1_const material parameter, ¢1

3 b_const material parameter, b

4) cement cement concentration, C
5 gmax maximum amount of generated heat, Q2"
(6) E_a1 material parameter, E4 1
(7) E_a2 material parameter, E 4 2
8) T_OEA material parameter, 1o, g ,
9) C_pi material parameter, C, 1
(10) dC_pa material parameter, dC, a
(11) T-pc material parameter, 71 .,
(12) dC.pT material parameter, C,, 7
(13) lambda_1 material parameter, A1
(14) dLambda_a material parameter, d1
(15) dLambda_T material parameter, dir
(16) T_maxq material parameter, Tyqx 4
read only

(17)  t_concrete effective concrete age, 7,
(18)  heat hydration hest rate, g

(19) e_activate activation energy, E 4

(20)  spec_heat specific heat, ¢,

(21) conductivity  conductivity, A

(22) dT temperature change, AT
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Table 1.3 Modified Drucker-Prager model for concrete MODEL hydration

Q) cte_tension
2 cte_young
3 cte_alpha

4 a_const

(5) c_const

(6) tension

@) compression

(8) Young

9 dAlpha_min
(20) qvol

(11) kshear

(12) qdil

tensile strength for @ = 1, fse
Young‘'s modulusfor o = 1, E,
material parameter, «g

material parameter, a

material parameter, ¢

tension limit strength, o;

compression limit, op

Young's modulus, E

minimum difference of (@ — «g)min
Drucker-Prager material parameter, g
Drucker-Prager material parameter, k¢
Drucker-Prager material parameter, gy
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1.6 Example Problemsfor the Hydration Model

1.6.1 Concrete Inclusion in an Elastic Medium

This example consists of a concrete inclusion inside an elastic and thermal isotropic material. The
model has asize of 10 m x 1 m x 10 m and is fixed in the y-direction (Figure 1.1). Roller
boundary conditions are applied at the model boundaries. The material properties are listed in
Table 1.4 (elastic frame) and Table 1.5 (concrete inclusion). The model was run for athermal time
of approximately 250 days.

Figures 1.2 to 1.6 show the evolution of various parameters during the hydration process (gridpoint
temperatures at five points (Figure 1.2), hydration grade (Figure 1.3), tensile and compressive
strength (Figure 1.4), elastic parameters (Figure 1.5) and the generated hydration heat (Figure 1.6)).

Job Title: Concrete inclusion in an elastic, thermal isotropic medium
FLAC3D 3.00

Step 100000 Model Perspective
16:35:10 Wed Sep 28 2005

Center: Rotation:

X: 5.500e+000 X: 0.000

Y: 5.000e-001 Y: 0.000

Z: 5.500e+000 Z: 0.000

Dist: 3.092e+001 Mag.: 1
Ang.: 22.500

Block Model: Mechanical
elastic
hydrat

Axes

Linestyle

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Figure 1.1  FLACSP model for the concrete inclusion test

Table 1.4 Material properties for the elastic material

Bulk modulus (K) 1000 MPa
Shear modulus (G) 700 MPa
Specific heat (Cp) 0.2 Jkg/K
Thermal conductivity (k) 20.0 W/kg/K

Linear thermal expansion coefficient (o;)  10~%C~1
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Table 1.5 Material properties for the concrete material

Maximum amount of generated heat (Q &2 10° Jkg
Cement concentration (C) 330 kg/m?®
Material parameter (b) —-1.114
Material parameter (r1) 7.2 x 10%[5]
Universal gas constant (R) 8.314 Jmol
Activation energy (E4) 33.5 Jmol
Specific heat (Cp) 0.2 Jkg/K
Thermal conductivity (1) 2.0 W/m/K
Linear thermal expansion coefficient (o) 10-%°Cc1
Specific parameter for cement (o) 0.20
Young's modulus after complete hydration (E¢e) 1000 MPa
Material parameter (c) 04
Materia parameter (a) 0.6
Minimum value for (o — «o) 10~4
FLAC3D 3.00 T

] Semperaure Gp 39

D eRbe02 <> aooresans .

S \

Figure 1.2

test as a function of the concrete age

Evolution of gridpoint temperatures for the concrete inclusion
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FLAC3D 3.00

Step 100000
16:35:10 Wed Sep 28 2005

History
8 h_alpha (FISH symbol)

Linestyle
5.331e-015 <-> 5.738e-001
Vs.
10 h_te (FISH symbol)
3.201e+003 <-> 3.202e+005

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Job Title: Concrete inclusion in an elastic, thermal isotropic medium

x10"-1

5.5

5.0

4.5+

4.0

3.5

3.0

2.5

2.0

154

1.0

0.5

1.0 20
x10"5

3.0

Figure 1.3  Evolution of the hydration grade for the center zone of the con-
crete inclusion as a function of the concrete age

FLACSD 3.00

Step 100000
16:35:10 Wed Sep 28 2005

Job Title: Concrete inclusion in an elastic, thermal isotropic medium

History
11 h_tension (FISH symbol)

Linestyle
8.333e-005 <-> 3.115e-001
12 h_comp (FISH symbol)

Linestyle

2.502e-004 <-> 3.035e+000
Vs.

10 h_te (FISH symbol)

3.201e+003 <-> 3.202e+005

Itasca Consulting Group, Inc.
Minneapolis, MN_ USA

3.0

2.0

154

1.0

0.5

1.0 20
x10"5

3.0

Figure 1.4  Evolution of the tensile and compressive strength for the center
zone of the concrete inclusion as a function of the concrete age
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FLAC3D 3.00

Step 100000
16:35:10 Wed Sep 28 2005

Job Title: Concrete inclusion in an elastic, thermal isotropic medium

x10"2

History
13 h_young (FISH symbol)
Linestyle

6.0

4.551e+000 <-> 6.335e+002
14 h_bulk (FISH symbol)
Linestyle

2.673e+000 <-> 3.720e+002
15 h_shear (FISH symbol)

1.871e+000 <-> 2.604e+002

Vs.
10 h_te (FISH symbol)
3.201e+003 <-> 3.202e+005

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Linestyle ======--==---=------

5.0

4.0

3.04

2.0

1.0

x10"5

Figure 1.5 Evolution of the elastic parameters for the center zone of the
concrete inclusion as a function of the concrete age

Job Title: Concrete inclusion in an elastic, thermal isotropic medium

FLAC3D 3.00 P!
Step 100000
16:35:10 Wed Sep 28 2005
History
9 h_q (FISH symbol) 144
Linestyle
1.937e-009 <-> 1.549e+002
Vs.
10 h_te (FISH symbol)
3.201e+003 <-> 3.202e+005 1.24
1.0
0.8
0.6
0.4+
0.2
Itasca Consulting Group, Inc.
Minneapolis, MN_ USA

1.0 20
x10"5

3.0

Figure 1.6  Evolution of the hydration heat for the center zone of the concrete

inclusion as a function of the concrete age
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; Concrete inclusion in an elastic, thermal isotropic nmedium

Concrete inclusion in an elastic, thermal isotropic nedi um

set echo on

config therma

gen zone brick size 11 1 11

macro concrete = 'ra x 47 z 47

s W

nodel elast th_iso

nodel hydrat th_hyd _concretel concrete

prop dens 2000 bul k 1e3 shear 0.7e3
prop cond 20.0 thex le-4 spec_heat 0.2

prop thex le-5 cond 2.0 concrete

prop qmax le5 cenent 330 b_const -1.114 t1 const 7.2e4
concrete

prop gas_const 8.314 e _activate 33.5 cte_alpha 0.20 cte_tension 2.0

concrete

prop cte_bul k 0.98e3 cte_shear 0.50e3 c_const 0.4 a _const 0.6
concrete

prop dal pha_mn le-4 cte_young 1le3

concrete
ini tenp 300
fix tenp 300 ra x -0.1 0.1
fix tenp 300 ra x 10.9 11.1
fix tenp 300 ra z 10.9 11.1
fix tenp 300 ra z -0.1 0.1
fix xrax -0.10.1
fix x rax 10.9 11.1
fixy
fix zraz -0.10.1
fix zraz 10.9 11.1
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hi st gp
hi st gp
hi st gp
hi st gp
hi st gp
hi st gp

tenp
tenmp
tenp
tenp
tenp
tenp

N O WN B

def hist_setup
hzp = z_nearall (6.5,0.5,6.5)

end
hi st _set

def hyd_

h_al ph
h_g

h te
h_tens
h_conp
h_youn
h_bul k

up

hi st

a

i on

g

h_shear

h_poi s
end

S

hi st hyd_hi st
hist h_alpha h_qg h_te
hi st h_tension h_conp
hi st h_young h_bul k h_shear h_poiss

O OO oOoOOoOo
o1 o1 o1 o1 o1 Ol

z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’
z_prop(hzp,’

set geomrep 500
hi st nstep 100

cyc 1300

0

save hyd_i ncl usi on. sav

plot hist 8 vs 10

return

al pha’)
heat’)

t _concrete’)
tension’)
conpression’)
young’)

bul k')
shear’)

poi sson’)

Optional Features

1.6.2 Concrete Wall on Elastic Baseplate

The numerical model (Figure 1.7) used here is based on a model, which was used by Onken
& Rostasy (1995) to compare numerical results and temperature measurements. It consists of a
new concrete wall (10 x 1 x 40 elements), footed on a baseplate of old concrete (10 x 1 x
5 elements). Since the material parameters and the boundary conditions are not available from
Onken & Rostasy (1995), the material parameters from Example 1.1 are used together with typical
temperature boundary conditions.
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For the concrete wall, the thermal hydration model for German concrete (th_hyd_concrete1) and the
modified Drucker-Prager with hydration (hydrat) are used. The baseplate is considered elastic and
thermal isotropic.

The model was under summer temperature conditions. The temperatures at the wall boundary are
fixed to air temperature, at the baseplate to the initial ground temperature:

Initial wall temperature, 296 K

Wall boundary temperature fixed at 293 K
Initial baseplate temperature, 285 K

Baseplate boundary temperature fixed at 285 K

The numerical results are displayed in Figures 1.8 to 1.13. Shown are the temperature distribution
inside the model after 1 and 3 days (Figures 1.8 and 1.9), evolution of gridpoint temperatures
(Figure 1.10), evolution of the hydration grade (Figure 1.11), evolution of the strength parameters
(Figure 1.12), evolution of the elastic parameters (Figure 1.13), and evolution of the generated
hydration heat. The results are qualitatively in good agreement with the results given by Onken &
Rostasy (1995) (a more detailed comparison is not available due to the limited access to material
parameter and boundary conditions).

B wall

Concrete
Hydratation 10m

[ IBase plate

elastic,
thermal
isotropic

Histories of zone
values

Fixed
temperature

Histories of \

gridpoint
temperatures

<+«1m»
< 5m

Figure 1.7  Model of the concrete wall on an elastic baseplate
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FLAC3D 3.00

Step 594001 Model Perspective
18:02:44 Wed Sep 28 2005

Job Title: Concrete wall on base plate

Z: 4.
Dist: 3.092e+001

Rotation:
X: 0.000
Y: 0.000
Z: 0.000
Mag.: 1
Ang.: 22.500

agfac = 0.000e+000

Interval = 2.0e+000

Minneapolis, MN USA

Contour of Temperature

2.8500e+002 to 2.8600e+002
2.8600e+002 to 2.8800e+002
2.8800e+002 to 2.9000e+002
2.9000e+002 to 2.9200e+002
2.9200e+002 to 2.9400e+002
2.9400e+002 to 2.9600e+002
2.9600e+002 to 2.9800e+002
2.9800e+002 to 2.9848e+002

Itasca Consulting Group, Inc.

Figure 1.8

Temperature distribution after 1 day (concrete age)

FLAC3D 3.00

Step 2376002 Model Perspective
18:02:55 Wed Sep 28 2005

Job Title: Concrete wall on base plate

Center:
X:

Z:
Dist: 3.092e+001

Rotation:
X: 0.000

Mag

N 1
Ang.: 22.500

agfac = 0.000e+000

Interval = 1.0e+000

Itasca Consulting Group,
Minneapolis, MN USA

Contour of Temperature

2.8500e+002 to 2.8600e+002
2.8600e+002 to 2.8700e+002
2.8700e+002 to 2.8800e+002
2.8800e+002 to 2.8900e+002
2.8900e+002 to 2.9000e+002
2.9000e+002 to 2.9100e+002
2.9100e+002 to 2.9200e+002
2.9200e+002 to 2.9300e+002
2.9300e+002 to 2.9380e+002

, Inc.

Figure 1.9

Temperature distribution after 3 days (concrete age)
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FLAC3D 3.00

Step 2376002
18:05:25 Wed Sep 28 2005

History

1 Temperature Gp 160

Linestyle
2.925e+002 <-> 3.075e+002

2 Temperature Gp 292

Linestyle
2.930e+002 <-> 3.118e+002

3 Temperature Gp 424

Linestyle ====================-=--
2.930e+002 <-> 3.127e+002

4 Temperature Gp 556

Linestyle
2.930e+002 <-> 3.129e+002

5 Temperature Gp 688

Linestyle —— —— — — — — — — — —
2.930e+002 <-> 3.130e+002

Vs.

9 h_te (FISH symbol)
1.672e+000 <-> 4.147e+005

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Job Title: Concrete wall on base plate

x10"2
3.124

A

3.104

3.084

3.06

3.044
3.024
3.00
2.984

2.96

1.0

T
20 3.0
x10"5

4.0

Figure 1.10 Evolution of gridpoint temperatures for the concrete inclusion
test as a function of the concrete age

FLACSD 3.00

Step 2376002
18:06:22 Wed Sep 28 2005

History
7 h_alpha (FISH symbol)
Linestyle
0.000e+000 <-> 6.150e-001
Vs.
9 h_te (FISH symbol)
1.672e+000 <-> 4.147e+005

Itasca Consulting Group, Inc.
Minneapolis, MN_ USA

Job Title: Concrete wall on base plate

x10M-1

6.0

5.0

4.0

3.0

2.0

1.0

00 T
1.0

x10"5

4.0

Figure 1.11 Evolution of the hydration grade as a function of the concrete

age
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FLAC3D 3 OO Job Title: Concrete wall on base plate
Step 2376002 4 g
18:06:40 Wed Sep 28 2005 35 7
History
10 h_tension (FISH symbol)
Linestyle
8.333e-005 <-> 2.000e+000 3.0
11 h_comp (FISH symbol) .
Linestyle
0.000e+000 <-> 3.551e+000
Vs.
9 h_te (FISH symbol)
1.6726+000 <> 4.147e+005 254
2.0
154
1.0
0.5
0.0 T T T T
. 1.0 20 3.0 4.0
Itasca Consulting Group, Inc. 1075
Minneapolis, MN_ USA x

Figure 1.12 Evolution of the tensile and compressive strength as a function
of the concrete age

FLAC3D 3 00 Job Title: Concrete wall on base plate
- X103
Step 2376002
18:07:11 Wed Sep 28 2005
. 164
History
12 h_young (FISH symbol)
Linestyle
4,551e+000 <-> 1.703e+003
13 h_bulk (FISH symbol) 144
Linestyle -
2.673e+000 <-> 1.000e+003
14 h_shear (FISH symbol)
Linestyle =======-==--=-=---------
1.871e+000 <-> 7.000e+002
Vs. 1.2+
9 h_te (FISH symbol)
1.672e+000 <-> 4.147e+005
1.0
0.8
0.6
0.4
0.2
Itasca Consulting Group, Inc.
Minneapolis, MN_ USA

Figure 1.13 Evolution of the elastic parameters as a function of the concrete
age
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FLAC3D 3 OO Job Title: Concrete wall on base plate
" x10"2
Step 2376002
15:39:53 Thu Sep 29 2005 a5
History
8 h_q (FISH symbol)
Linestyle
0.000e+000 <-> 3.649e+002
Vs. 3.0
9 h_te (FISH symbol)
1.672e+000 <-> 4.147e+005
254
2.0
1.5
1.0
0.5
0.0 T T T T
. 1.0 20 3.0 4.0
Itasca Consulting Group, Inc. 1075
Minneapolis, MN_ USA x

Figure 1.14 Evolution of the generated hydration heat as a function of the
concrete age

Example 1.2 HYDRAT2.DAT

; Concrete inclusion in an elastic, thermal isotropic nmedium

title
Hydratati on: Concrete wall on elastic base plate - sumer tenperature
condi tions

config therna

gen zone brick p0=(-0.5,0.0,0.0) p1=0.5,0.0,0.0) p2=(-0.5,1.0,0.0) &
p3=(-0.5,0.0,10.0) size = 10,5, 20

gen zone brick p0=(-2.5,0.0,-1.0) pl1=(2.5,0.0,-1.0) p2=(-2.5,1.0,-1.0) &
p3=(-2.5,0.0,0.0) size = 20,5,5

attach face ra z -0.01 0.01

group concrete range z 0 100

group base plate range z -100 0O
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nodel elast th_iso range group base_plate
nmodel hydrat th_hyd concretel range group concrete

prop dens 2000 bul k 1e3 shear .7e3
prop cond 20. thex le-4 spec_heat 0.2
prop cond 2. thex le-5 range group concrete

prop gmax l1le5 cenent 330 b_const -1.114 t1 const 7.2e4
range group concrete
prop gas_const 8.314 e _activate 33.5e3 cte_al pha 0.20 cte tension 2.0
range group concrete
prop cte bulk 0.98e3 cte shear 0.50e3 c_const 0.4 a const 0.6
range group concrete
prop dal pha_nmin le-4 cte_young le3
range group concrete

ini tenmp 296

fix tenp 293 ra x -0.51,-0.49 z 0.0 100
fix tenp 293 ra x 0.49,0.51 z 0.0 100
fix tenp 293 ra z 9.9,10.1

ini temp 285 range group base plate

fix tenp 285 ra z -1.01 -0.99

fix tenp 285 ra x -10.0 -0.49 z -0.01 0.01
fix tenp 285 ra x 0.49 10.0 z -0.01 0.01

fix xyzraz-09-1.1
fix x rax -2.6-2.4
fix x rax 2.4 2.6
hist gp temp 0 0.5 1
hist gp temp 0 0.5 2
hist gp tenp 0 0.5 3
hist gp tenp 0 0.5 4
hist gp tenp 0 0.5 5

def hist_setup

hzp = z_near (0,0, 5)
end
hi st _setup

def hyd_hi st
h_al pha = z_prop(hzp,’ al pha’)
h g = z_prop(hzp,’ heat’)
h te = z prop(hzp,’t_concrete’)
h_tension = z_prop(hzp,’tension’)
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h_conp = z_prop(hzp,’ conpression’)
h_young = z_prop(hzp,  young’)
h_bul k = z_prop(hzp,’ bul k)
h_shear = z_prop(hzp, shear’)
h_poi ss = z_prop(hzp,’ poisson’)
h tinme = thtine

end

hi st hyd_hi st

hist h_alpha h_g h_te

hist h_tension h_conp

hi st h_young h_bul k h_shear h_poi ss
hist h_tine

set geomrep = 500
sol ve age 86400

save hyd_exp2_1d. sav
set age 259200

save hyd_exp2_3d. sav
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