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Abstract

Ultra-high—performance concrete (UHPC) consists of cement, silica fume (SF), sand, fibers, water and
superplasticizer. Typical water/binder ratios are 0.15 to 0.20 with 20 to 30% silica fume. In the production of ultra-high
performance concrete, a significant temperature rise at an early age can be observed because of the higher cement
content per unit mass of concrete. In this paper, by considering the production of calcium hydroxide in cement
hydration and its consumption in the pozzolanic reaction, a numerical model is proposed to simulate the hydration of
ultra-high performance concrete. The heat evolution rate of UHPC is determined from the contributions of cement
hydration and the pozzolanic reaction. Furthermore, by combining a blended-cement hydration model with the
finite-element method, the temperature history in the hardening of UHPC is evaluated using the degree of hydration of
the cement and the silica fume. The predicted temperature-history curves were compared with experimental data, and
a good correlation was found.

Keywords : ultra—high performance concrete, hydration heat, early-age temperature history, hydration model, finite—element

method

1. Introduction high—performance concretes|1].
For ultra—high performance concrete, a sig—
Ultra—high—performance concrete (UHPC) con— nificant temperature rise at an early age can be ob—
sists of cement, silica fume (SF), sand, fibers, water served because of the higher cement content per
and superplasticizer. Typical water/binder ratios are unit mass of concrete, This can jeopardize the dura—
0.15 to 0,20 with 20 to 30% silica fume, The mechan— bility and the appearance of the concrete members
ical properties of UHPC include a compressive due to early—age cracking. A cogent simulation of
strength greater than 150MPa and a sustained the exothermic hydration process of cements plays
post—cracking tensile strength greater than 5MPa, a crucial role in quantifying the thermal stress and
UHPC has a discontinuous pore structure that re— assessing the risk probability of thermal cracking
duces liquid ingress, significantly enhancing its du— in mass—concrete structures, In the past, several
rability compared with that of conventional and researchers(2,3,4,5,6,7] have attempted to predict

the temperature rise in hardening concrete, but
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models are as follows, First, the focus of the proposed
models[2,3] has been on tracking the relationships
between the hydration—heat rate and the con-—
crete—maturity function under adiabatic conditions,
The models did not consider the effect of the wa—
ter—to—cement ratio (w/c) on hydration—heat re—
lease and the influence of the reaction temperature
on the rate of hydration. Second, the proposed mod—
els[4,5] have evaluated the temperature history us—
ing a cement—hydration model, However, these
models[4,5] were only valid for Portland—cement
concrete, and more improvements are needed to con—
sider the pozzolanic reaction of silica fume, Third,
the proposed models[6,7] have considered both
Portland—cement hydration and the reaction of min—
eral admixtures, However, these models[6, 7] were
only valid for normal—strength concrete, and require
additional modifications to predict the temperature
history of ultra—high—strength concrete,

In this paper, to predict the temperature dis—
tribution in ultra—high—performance concrete, we
propose a blended—cement—hydration model that
takes the effect of temperature on the rate of cement
hydration into account, The heat evolution rate of
UHPC is determined from the contribution of the
cement—hydration reaction and the pozzolanic
reaction, In addition, a finite—element analysis con—
sidering the temperature—dependent heat pro—
duction is performed to evaluate the temperature
history and distribution in concrete,

The contributions of this paper are as follows,
First, the proposed hydration model has taken into
account both the hydration of Portland cement and
the pozzolanic reaction of silica fume, Second, the
proposed hydration model has considered the influ—
ences of the water—to—binder ratio, the sili—
ca—fume—replacement ratio and the curing temper—
ature on the hydration rate, and is valid for both
and ultra—high—

ordinary—strength concrete

strength concrete, Third, in the finite—element
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modeling process, the proposed model analyzes the
difference in the heat—evolution rate between the
surface part and the central part in the hardening

concrete,
2. Blended-cement hydration model

2.1 Portland-cement hydration model

The shrinking—core model, which was originally
developed by Tomosawa[8], is used in this study to
simulate the development of cement hydration, This
model is expressed as a single equation consisting

of three coefficients: kd, the reaction coefficient
in the induction period; D, ,the effective diffusion

coefficient of water through the C-S5-H gel; and kr‘i,
a coefficient of the reaction rate of the mineral com—
pound of cements, as shown in Egs, (1-1) and (1-2)
below:

o, _3(5./50)PCo e

dt v+wonp, — ——————— (1_1)
1
Ly liay +Lmay
. 'k, n p - W TN ————(1-2)

where % (=1,2,3 and 4) represents the reaction
degree of the mineral compounds of cement, CsS,
CaS, CsA and C4AF, respectively; « is the degree
of cement hydration and can be calculated from the

weight fraction of the mineral compounds & and

the reaction degree of the mineral compounds & ;

y 1s the stoichiometric ratio by mass of water to

w
g

cement (= 0.25); is the physically bound water

in the C-SH gel (= 0.15); P» is the density of water;

P. is the density of the cement; Co e is the amount



of water at the exterior of the C-S-H gel; " is the

S

radius of the unhydrated cement particles; ©. is

the effective surface area of the cement particles

in contact with water; and S, is the total surface

area if the surface area develops unconstrained,
k

The reaction coefficient "« is assumed to be a
function of the degree of hydration, as shown in
eq. (2) where Band Care the coefficients determining
this factor; B controls the rate of the initial shell
formation and C controls the rate of the initial shell

decay.

The effective diffusion coefficient of water is af—
fected by the tortuosity of the gel pores as well as
the radii of the gel pores in the hydrate, This phe—
nomenon can be described as a function of the degree
of hydration, and is expressed as follows:

w— free

The amount of water in the capillary pores
is expressed as a function of the degree of hydration
in the previous step, as shown in Eq. (4):

)

where Coand "o are the mass fractions of cement

W, -04C,a

Cw— free = (
0

w

and water in the mix proportion, respectively, and
ris an empirical parameter considering the accessi—
bility of water into the inner, anhydrous part through
an outer, hard shell of the cement particles[8].
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The effect of temperature on these reaction co—
efficients is assumed to follow the Arrhenius law,
as shown in Egs. (5)—(8):

1 1
B =B,, exp(-4, (; -—))

2937 —m———————— (5)
C = C, exp(—f, (=~ —))
— 20 exXp 2 T 293" ——————————— (6)
E1 1
kri = kriZO exp(_E(;_E)) __________ (7)
D, =D, exp(~f, (= - —))
e~ e20 exXp 3 T 293 —————————— (8)

where ﬂl, s, E/R and B are temperature

s

C, k

—sensitivity coefficients, and B 20, 20, 20 and D 20

are the values of B, C, k. and D. at 20 C,
respectively.

On the basis of the degree of the reactions of the
mineral compounds of cement[9], the parameters
of the hydration model are calibrated and shown
in Table 1, These parameters do not vary with the
water—to—cement ratios and the cement—mineral
compositions, When the water—to—cement ratio, the
cement—mineral compositions, the cement Blaine
surface and the curing temperature are given, the
model can automatically determine the degree of ce—
ment hydration,

2.2 Silica-fume-reaction model

Based on an analysis of the experimental results
regarding the amount of chemically bound water,
the increase in the adiabatic temperature and the
measured temperature of small quasi—adiabatic
blocks, Maekawa[10] and Lura[11] stated that the
reaction of silica fume can be roughly described by
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Table 1. Coefficients of the cement-hydration model

E
Bzo (c%/%) k;~03320 erzS20 er3A20 er4AF2O DeZO ﬂ1 ﬂz ﬁ3 }
(cm/h) (cm/h) (cm/h) (cm/h) (cm/h) (cm?/h) (K) (K) (K) ®)
8.09x 10 0.02 9.03x10°% 271x107 135%x10® 677x10® 862x10"° 1000 1000 7500 5400

the following, approximate key figures:
- Calcium hydroxide 2.00 g/g silica fume
- Chemically bound water 0 g/g silica fume
0. 5 g/g silica fume
565 kJ/kg silica fume

Using the hydration model and the stoichiometry

- Gel water
- Total heat generation

of the reaction of silica fume proposed by Mackawa
et al.[10] and Lura[11], the amounts of calcium hy—
droxide, chemically bound water and capillary water
in cement—silica—fume blends during hydration can
be determined using the following equations:

)

VVL'ap :VVO_O'4XC0Xa
_RCWSFX(ZSFXP_RPVVSFXCZSFXP____ (10)
W, =vxCxa+RCW,xag,xP ____ (11)

/4

cbm

In Eqs. (9), (10) and (11), CH Wew and

the masses of calcium hydroxide, capillary water and

are

a

chemically bound water, respectively; “sr is the ra—

tio between the released heat and the total heat gen—
eration of the silica fume; P is the mass of the

RCH

silica fume in the mixture proportion; e is the

mass of calcium hydroxide produced from the hydra—

RCH

tion of cement; s# 18 the mass of reacted calcium

RCW.

hydroxide in the reaction of silica fume; se 1S

the mass of chemically bound water in the reaction

d RPW,

of silica fume; an » 1s the mass of gel water

in the reaction of silica fume,
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Due to the high specific surface area and great
pozzolanic activity of SF, it is assumed in the present
paper that the hydration of SF involves two proc—
esses: a phase—boundary reaction process and a dif—
fusion process. The hydration equation of silica fume

can be written as follows:

daSF _ mCH(t) 3pw
dt P vl Pyr
1
5 =
T (1mag)s -y Loay)s ———(12-1)
DeSF eSF krSF
De = Dm X ln(_)
SF SFO g |~ ————— (1 2_2)

where "o () (kg/m?) is the mass of calcium hy—
droxide in a unit volume of hydrating cement—sili—
ca—fume blends, which can be obtained from Eq.
9); P (kg/m’) is the silica—fume mass in the mixing

v

proportion; Vs is the stoichiometric ratio of the

14

mass of CH to silica fume; ’so is the radius of a

silica fume particle; Ps (g/cm?) is the density of
the silica fume; Daro (cm?/h) is the initial diffusion

coefficient;: and ¥ (cm/h) is the reaction—rate
coefficient,

The effect of temperature on the silica—fume re—
action is considered to follow the Arrhenius law as
follows:

1 1
= DeSon exp(_ﬂmv(

D -
T 293

eSF 0

)



E 1 1
k — k __SE
w5 = Ky €XP( R (T 03 ) [ (12-4)
where Pesro and K 520 are the values of Pesr and

ke at 293 K| respectively, and By (K) and E, /IR

(K) are the temperature—sensitivity coefficients of
D and krsp, respectively,

The released heat of the hydrating blends consists
of the heat released from Portland—cement hydra—
tion and the heat released from the miner—
al—admixture reaction, The total released heat is

expressed by Eq. (13—1):

da,

dQ da
—=C x H —+PxH_.X
0 Zg, i dt SF dt

dt ,———— (13-1)
where the first term derives from the hydration
of Portland cement and the second derives from the

reaction of the silica fume; s is the total heat
generation content of the silica fume (by comparing
the analytical and experimental data, Mackawa et
al.[10] set the total heat generation of silica fume
to 565 kd/kg). (It should be noted that the sili—
ca—fume—reaction model, Equations 9—13 in section
2.2, is the original work of the author, Equations
9—13 are originally proposed to describe the pozzo—
lanic reaction of silica fume and the heat—evolution

rate of silica—cement blends, The stoichiometry of

the pozzolanic reaction of silica fume is adopted from
references|10,11],)

3. Prediction of temperature history in the
hardening of ultra-high performance con-

crete

3.1 Evaluation on the calcium hydroxide contents in
UHPC

Nguyen[12] carried out experimental inves—
tigations of the development of the properties of
silica—fume—blended ordinary concrete and ul—
tra—high—performance concrete, Specimens with
three water—to—binder ratios of 0,18, 0.25 and 0,40
and various amounts of silica—fume additions, from
10 to 30%, were cured at 20C. The calculated Bogue
composition for cement is 63.77% CsS, 9.24% CsS,
8.18% CsA and 9.13% C4AF. The specimens with
water/binder ratios of 0,25 and 0.4 (paste speci—
mens) were sealed for curing with a plastic lid, and
the specimens with water/binder ratio of 0,18 (UHPC
specimen) were cured in a fog room until the day
of testing, The mix proportions of the UHPC speci—
mens are shown in Table 2. The imbibition of water
from the surrounding fog environment is related to
the chemical shrinkage of hydrating blends. For the

specimens with water—to—binder ratios of 0,25 and

Table 2. Mixing proportions for UHPC

) ] ] ] Superplasticizer
Amount of cement Water/binder ratio Sand/binder ratio (by SF (solid% by weight of

(kg/m®) (by weight) weight) (% by weight) binder)

1010 0.18 1 0 0.9

885 0.18 1 10 0.6

765 0.18 1 20 0.7

645 0.18 1 30 1.25

Table 3. Reaction coefficients for the silica-fume-reaction model

krSFZO (cm/h) DeSFZO (cmP/h) ESF /R ﬂ3SF

1.80x10° 1.92x 1072 5000 7000
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0.18, superplasticizer was used to achieve a flow
value between 210mm and 230mm, The amount of
calcium hydroxide (CH) in the samples was de—
termined by TGA at different ages, i.e., 6 h or 1,
3, 7, 28 or 91 days.

Based on the amount of calcium hydroxide, the

K, and DPsrwof the sili—

reaction coefficients
ca—fume—reaction model can be obtained and are
shown in Table 3, It should be noted that the eval—
uated calcium hydroxide contents are derived from
modeling and the experimental results are taken

from the work of Nguyen[12].

whd0sf20-simulation results
O whia0sf20-experirmental results

ch contentsig/g binder)

1 1 L
1000 1500 2000

tirme(hours)

1
0 500 2500

Figure 1-a. W/B 0.4 with 20% silica fume.

wh2bsf20-simulation results

0O wh25sf20-experimental results
wh25sf10-simulation results

O wh25sf10-experimental results

01p 1

ch contents(g/y binder)

nosr

1l
10’
tirme(hours)

Figure 1-b. W/B 0.25 with 10% and 20% silica fume.
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wh18sf20-simulation results
O whi8sf20-experimental results

01F 1

ch contents(g/y binder)

00sr 1

e

1 1 T
il 500 1000 1500
timethours)

i]

2000 2500

Figure 1-c. W/B 0.18 with 20% silica fume.

Figure 1. Evaluation of the calcium hydroxide contents in sili-

ca—-fume-cement paste.

The evolution of the CH amount is shown as a
function of the hydration time in Figure 1, As shown
in Figure 1, the simulation results agree well with
the experimental results overall, In the hydration
of cement—silica—fume blends, the evolution of the
the
Portland—cement hydration that produces CH and

amount of CH depends on two factors:

the pozzolanic reaction that consumes CH, In the
initial period, the production of CH is the dominant
process, and in the later period, the consumption
of CH is the dominant process. In the experimental
range (the silica—fume replacement ratio ranges
from 10% to 30%), the CH amount initially increases,
reaches a maximum value and then decreases, The
proposed model is valid for ultra—high—performance
concrete (water—to—binder ratio: 0.18), high—
strength concrete (water—to—binder ratio: 0,25) and
ordinary—strength concrete (water—to—binder ra—
tio: 0.4).

3.2 Evaluation of adiabatic temperature rise in sili-
ca-fume-blended concrete

In this part, the experimental results for the adia—

batic temperature rise of silica—fume concrete[13]

are used to verify the proposed model, The calculated



Table 4. Mix proportions for silica-fume-blended concrete

: Cement Water SF 3 Super-plasticizer Water/cement SF/cement
Specimen (kg/m®) (kg/m®) (kg/m®) Aggregate(kg/m’) (kg/m®) ratio ratio
WC30 529.5 158.9 - 1748.3 5.82 0.3 -
WC30SF5 474.8 142.4 237 1800.4 57 0.3 0.05
WC30SF 10 483.9 145.2 48.4 1752.6 0.0 0.3 0.1
WC30SF30 453.2 136.0 136.0 1679.9 0.0 0.3 0.3
370 T T T T T T T T 370 T T T T T T T
B w0 B
[}
O experimental result 1 1
simulation result O experimental result
< WIC=03 i < simulation result 4
T T WIC=0.3 5% silica fume
: :
1 1 1 1 1 1 290 1 Il 1 1 1 1 1
60 g0 100 120 140 160 1380 ] 20 40 il g0 100 120 140 160
timethours) timethours)

Figure 2-a. Adiabatic temperature rise of Portland—cement
concrete with a water-to-cement ratio of 0.3

O experimental result

simulation result b

WC=0.30,10%silica fume

temperature(k)

290 1 I 1
G0

1 1 1 1
a0 100 120 140
timethours)

160

Figure 2-c. Adiabatic temperature rise of silica-fume-blended
concrete with a water-to-cement ratio of 0.30 and 10% silica
fume

Figure 2-b. Adiabatic temperature rise of silica-fume-blended
concrete with a water-to-cement ratio of 0.30 and 5% silica fume

370 T T T T T T T

3RO

O experimental result

simulation result

Wy/C=0.30, 30% silica fume

temperature(k)

310 B
300 1
[
290 1 1 1 1 1
20 40 g0 a0 100 120 140 160
timethours)

Figure 2—d. Adiabatic temperature rise of silica—fume-blended
concrete with a water-to-cement ratio of 0.30 and 30% silica fume

Figure 2. The comparison between the experimental results and the simulated results of the adiabatic temperature rise

Bogue composition for cement is 57.1% CsS, 15.3%
CoS, 7.7% CsA and 8,4% C4AF. The mix proportions
of silica—fume—blended concrete are shown in Table
4, The water—to—cement ratio of concrete is 0,3,
and the silica—fume—replacement ratio ranges be—
tween 0,05 and 0.3. The mixtures are designed to

be workable using a plasticizer., The incremental

temperature at each time step under adiabatic con—
ditions can be calculated as:

A 400)
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where AT is the incremental temperature in one

time step; d0O(?) is the released heat, which can

be determined from Equation (13—1); and Cp(?) is
the heat capacity of concrete, which can be calculated

by the sum of each component (cement, silica—fume
aggregate, water and chemically bound water).
When the superplasticizer is used in mixing the con—
crete, the initial dormant period will be prolonged,

To fit the experimental results in the initial dormant
period, the coefficient B,,, which is related to the

initial dormant period of cement hydration, is multi—
plied by a factor of 0,2, whereas the other coefficients
do not change, Based on the adiabatic temperature
rise of the silica—fume—blended concrete, the tem—

perature—sensitivity coefficients S, and E /R

are calibrated and shown in Table 2, A comparison
between the experimental results and the predicted
results is shown in Figure 2, The predicted results
generally agree with the experimental results, The
proposed model can reflect the dependence of the
reaction of silica fume on the calcium hydroxide,

When silica fume is incorporated into concrete,
two possible reasons may be accepted to explain the
change in the generation of the heat. One is the
pozzolanic reaction of the amorphous silica in silica
fume, and the other is the influence of the silica
fume on the heat of cement hydration, In the current
paper, a new model is proposed that can describe
the pozzolanic reaction between calcium hydroxide
and silica fume (section 2.2). On the other hand,
the influence of silica fume on the heat of cement
hydration is considered by looking at the amount
of capillary water (Equation (10)) and the wa—
ter—withdrawal mechanism (Equation (4)). Thus,
the proposed model shows a strong ability to predict
the development of the properties of silica—fume
concrete, such as the temperature rise under adia—

batic conditions,
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3.3 Prediction of temperature history in the hardening
of ultra-high-performance concrete

In construction sites, the curing temperature of
concrete typically varies from location to location
in each structure at each stage, For a typical thick
member, the increase in the temperature at the core
is much faster than that near the surface during
the early stages of curing. To estimate the thermal
stress and

strain, as well as to prevent thermal cracking,
it is essential to predict the temperature distribution
and history in quasi—adiabatic concrete, By combin—
ing the hydration model with a finite—element meth—
od (FEM), a numerical procedure is proposed that
can be used to calculate the concrete—temperature
distribution and history during hardening,

3.3.1 The Equation Governing the Model

At any time, the temperature distribution in a
hardening concrete is represented by a dynamic heat
balance between the heat generated inside the con—
crete and the heat lost to the surroundings., The
heat generation inside is due to the hydration re—
actions of the cement and the mineral admixtures,
The temperature distribution is determined by the
following heat equation[14]:

@

oT
pC—=div(kVT)+
ot dt

(14)

where (PC) is the heat capacity of the hydrating
concrete and can be calculated as the sum of the
individual components of concrete; k£ is the thermal

conductivity of the concrete; T is the concrete tem—
perature; ¢ is time; and %9 " 1s the heat—generation

rate in hardening concrete, which can be calculated
based on the degrees of hydration of the cement

and the mineral admixtures (Eq. (13)).



3.3.2 Boundary and initial conditions

Eq. (14) is subject to two types of boundary
conditions, The first is that the temperature along
the boundary or around a portion of the boundary
is known and the second is that the energy trans—
ferred through the boundary is known. For ordi—
nary engineering structures, the second type of
boundary condition normally holds, This boun—
dary condition can be described by the following
equation:

kT =pB(T -T,),

where B is the heat—convection coefficient be—

tween the surface of the concrete and the surround—

ing environment; 7, is the temperature on the sur—

face of the concrete; and 7, is the temperature of

the surrounding environment,
The initial condition can be described by the fol—

lowing equation:

where T, is the initial temperature of the concrete

member,

3.3.3 Numerical Method for Solving the Governing
Equation

In this paper, a finite—element method is adopted

to solve Eq. (14). Eight—node isoparametric elements

are built to model the volume of concrete in

three—dimensional (3D) space. Following the 3D ap—

proximation, Eq. (14) can be rewritten as follows:

T}

[BI{T} +[C] ={P}.

a
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In Eq. (17), the global matrices[B],[C] and {P}

are obtained from the assembly of the element ma—

trices as follows:

[B1=208) oo (18-1)
[c1=205 (18-2)
=20 (18-3)

Furthermore, based on numerical time in-—

tegration, Eq. (17) can be written as follows:

1
(5 [C1+OLBDIT}

n+l

= (AL[C]—(I—H)[B]){T},, P,
t

Generally, the value of the parameter € should
be greater than 0.5 to ensure the stability of the
numerical integration, In this paper, based on the
Galerkin method in the time domain, the value of
the parameter € is determined to be 2/3[14].

Prediction of Temperature Distribution in the
Hardening of Ultra—high—performance Concrete

Maruyama et al[15]. conducted an experimental
investigation on the temperature distribution in ul—
tra—high—performance concrete, The mix pro—
portions of concrete are shown in Table 5, Low—heat
Portland cement was used (the calculated Bogue
composition for the cement is 29.5% CsS, 49% CoS,
4% CsA and 9.5% C4AF), and the water—to—binder
ratio and silica—fume—replacement ratio were 15%
and 10,5%, respectively, The dosage of super—
plasticizer was determined to have a flow value of
60 cm, and the air content was determined to be
2%. A full—scale model column (a section of 900mm
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Table 5. Mix proportions of ultra-high-performance concrete

WaterTorer Tatey Coel Sica fume (kgm)  Sand kgm)  Gavd  Supe pasiozajonder
0.15 155 929.7 103.3 451 930 2.5

x900mm with a height of 1100mm) was equipped
to measure the temperature history, The specimen
was located in an enclosed experiment room, The
change in the environmental temperature was re—
the
experiment, Thermocouples were installed at the

corded continuously throughout entire
center and at a point 50mm above the surface to
measure the temperature, The top and bottom sur—
faces of the specimen were thermally insulated with
100—mm-—thick polystyrene foam, and the form—
works in the surrounding four faces were metal
molds, The thermal conductivity of the concrete was
1.5 W/(m - K), and the heat—transfer coefficient be—
tween the covered surfaces of the metal molds and
the surrounding environment was 10 W/(m” K) [15].

Finite—element modeling with 3D elements was
used for the temperature analysis, Because of the
symmetry of the geometry and the boundary con—
ditions and initial conditions, the FEM mesh and
calculation were only applied for one—eighth of the
specimens, The boundary conditions of the symme—
try planes were treated as insulated boundary
conditions, As shown in Figure 3, for the analytical
discretization of the concrete specimen, 891
(9x9x11=891) eight—node brick elements were
used. In the modeling procedure, the concrete col—
umn was first divided into discrete elements, and
the heat—evolution rate of each element in one time
step was calculated using a hydration model based
on the current element temperature,

Figure 4 compares the experimental results and
the analysis results of the finite—element modeling,
The analysis results generally reproduce the ex—
perimental temperature history, The maximum

temperature at the center of the specimen reached
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60T from an initial temperature of 23C. It is note—
worthy that the dormant period, which is reflected
by the sudden increase in temperature, is quite
prolonged. The sudden increase in temperature oc—
curred approximately 24 h after casting, when con—
ventional concrete shows a peak in temperature, This
phenomenon can be explained by the addition of the
superplasticizer, which has a delayed effect on the
hydration of cement,

The temperature distribution and temperature his—
tory during the hardening of concrete depends on
factors such as the heat evolution of hydration, the
geometry of the structural members, the initial con—
ditions and the boundary conditions, The value of
this work lies in the determination of the heat evolu—
tion through a hydration model that considers both
the cement hydration and the reaction of the mineral
admixtures, Mutual interactions between the cement
hydration and the reaction of the mineral admixtures
are considered based on the amount of capillary water
and the amount of calcium hydroxide remaining in
the system, This model can also be integrated into
other commercial software as a module for predicting
the properties of hardening blended concrete,

temperatu{

measurement
position (surface)
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Figure 3. Finite-element meshing of the concrete specimen
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Figure 4. Temperature history during the hardening of

ultra-high—performance concrete

4. Conclusions

This paper presents a numerical procedure to pre—
dict the temperature history of ultra—high—per—
formance concrete, This numerical procedure starts
with a hydration model that considers both the hy—
dration of the cement and the pozzolanic reaction
of the silica fume, The interactions between the hy—
dration of the cement and the pozzolanic reaction
of the silica fume are considered through the amount
of calcium hydroxide and capillary water, The pro—
posed hydration model has considered the effects
of the water—to—binder ratio, the silica—fume—re—
placement ratio and the curing temperature on the
heat—evolution rate of hydrating blends, Furthermore,
in the finite—element procedure, the heat—evolution
rate of each element in one time step was calculated
using the hydration model based on the current ele—
ment temperature, The results of the analysis of tem—
perature history in ultra—high—performance concrete

agree well with the experimental results,
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