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ABSTRACT

The SLABS madel for the simulation of curing concrete bridge decks was developed
with new boundary condition formulations that can accurately account for a wide
variely of atmospheric eonditions, addressing limitations of previous studies.
Equivalent ages, estimated from the temperature predictions of SLABS, can vary up
o 40 h over the condltions simuiated after 24 h of hydration. Depth variations of
equivalent ages reach 15 h.

INTRODUCTION

Ambient atmaspheric conditions interact with the exothermic, temperalure-dependent
hydration reactions of concrete’s binder components.  This interaction may produce
adverse high or low concrele temperatures and high temperature: gradients, or
insufficient concrete moisture content, perhaps resulting in-cracking, reduced
srength, or compromised long-term durability (e.g., 1.2). This interaction may also
result in serious construction site safety problems. For example, the partial collapses
of the Skyline Plaza Apartments in Fairfax County, VA in March 1973 (3) and a
cooling fower in Willows Island, WV in 1978 (4), which resulted in the deaths of 14
and 51 workers, respectively, were attributed in pait to low air temperatures that
delayed concrate strength development.

Acourate predictions of concrete temperatures, temperature gradients, and moisture
contents would provide engineers and field personnel with information they may
need to make decisions aboul the proper time to place concrete or the: proper time to
continue the construction process. Such information would help to maintain safety of
the comstruction site and ensure that high quality concrete is deveicped. - Previous
medeling studies of curing concrete exposed to the atmosphere did not use
boundary conditions that could accurately account for a wide range of atmospheric
conditions (e.g., 8h .

In this study, the SLABS (SUNY Local Atmosphere Bridge Simulation) model-is used
to predict the temperatures ang moisture content of curing concrete bridge decks
containing New York State Department of Transportation’s (NYSDOT) Class HF
concrate, over A wide range of atmospheric conditions. The model boundary
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conditions include explicit formulations for sensible heat convective, evaporative, net
radiative, runcff spray water, and conductive heat fluxes (Fig. 1) developed from field
investigations of the energy balances of curing concrete bridge decks (6). The
temperature predictions are used fo compute values of the maturily index, the
equivalent age, Bs a function of atmospheric conditions. Such information provides
the first comprehensive view of the effects of a wide range of atmospheric conditions
on the equivalent ages of eary-age concrate.  The equivalent age can be related to
concrete strength wsing a previously established relationship for the concrete being
used.
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Fig. 1. Schematic cross-section of & bridge deck indicating the energy balance terms
used as boundary condiions in the SLABS model. Not to scale. The amrows indicate
the typical direction of energy flow when the peak concrete temperatures occur at
night. “b" and “f" indicate grd points above a beam and above a form, 1espectively.

The maturity concept for esfimatling concrete strength is based on the idea that
nominally identical specimans of cancrete will acquire equal strength it they acquire
equal values of a maturity index. For example, the equivalent age, t,, is defined as
the length of ime at a specified temperature required to produce a maturity equal to
the maturity achieved by a curing period at temperatlures different from the specified
termperature (7) and is given by

f«_g_(_l_ L)

te = Se R Te Ts )4 (1)
where £, (J mol'} is the activation energy, R (8.314 J K" mol™) is the ideal gas
constant, T, (K) is the aversgs temperature of the concrete during the time interval,
at (h), and T, Is the specified or reference temperature (K). To use t. as an indicator
of strength development, it is assumed that the initial rate of strength development
obeys the Arrhenius equalion and that there is sufficient water available for
hydration. To implement Eq. (1), it is necessary to know the value of Ej, for concrete
and T, must be selected. Traditionally, T. = 293 K has been used (8) and this value
is chosen for this study,
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ANALYTICAL INVESTIGATIONS WITH THE SLABS MODEL
Governing Equations

Below s a brial description of the portions of the SLABS model pertinent to the
present work. For an expanded view of model details and performance, see (9).
The SLABS model is a 1D (vertical) finite-difference model designed to study the
heal transfar and generation and moisture movement in curing concrete bridge
decks. The concrete bridge decks we studied are = 60 mm thicker over the steel
support °I° beams (300 mm deep) than they are over the “form™ (a corrugated,
galvanized steel sheet) (Fig. 1). The medel consists of 10 vertical grid points (9
layers) above the form and 12 vertical grid points {11 layers) above the beams with a
grid size of 27 mm. For the bridges studled, moist curing of the decls with burlap
and spray water from imigation hoses was used. We focus only on simulations over
the form in the present study, :

Tha concrete simulated for this study is Mew York State Department of
Transportation's (NYSDOT) Class HP mixture whose binder componsant has mass
fractions of 74 % ASTM Type |, Typa II, or Type I/l cement, 20 % Class F flyash and
& % silica fume (10). Class HP concrete has a water to binder ratio (w/b) of 0.38.
The hydration reactions are modeled as a bimalecular reaction between the binder
and the water (11).

The change In the unhydrated binder concantration, B, (mole m™) is given by:

ﬂrB T ig)

—_— . —k ’ E " R 2

i 2
where & (mols m™) is the concentration of water available for the hydration reactions;
n and m are exponents whose sum gives the order of the hydration r=action; k (m’
molg” 57 is the reaction rate constant given by:

E

k= A exp(-—£—) )]
£ Ta

where A [s the pre-exponential factor and T (K} is the concrete temperature. Wojcik

at al. (11) determined r=m=1 and E,=35 k) mol”" for Class HP binder and Wojcik et

al, (9) determined A=0.0038. Mote that this £, is used also in Eq. (1).

The goveming equation for concrate temperature, T, is given by:

2
.ﬂ i T —¥ idf 4)
et Azt dt
where the second term on the right hand side of Eq. (4) is the hydration heat source
term where the parameter, V (K m" mala” s), converts the reacted binder
concentration fo heat and 15 egual to —AH*M.efrccn; -AH: the Class HP concrete
heat of hydration (~420 kJ kg'); cp: the spedific heat capacity of Class HP concrete
{1380 J kg™ K'); and pc: the density of Class HP concrete (2230 kg m). Kris the
thermal diffusivity of concrete (8.8x107 m® s}, from pe, Cx, and the Class HP
thermal conductivity k. (2.7 W m™ K7) (6,11). M,z is the molecular weight of the
binder (~0.2 kg mol™'} determined from a mass average weighting of the molecular
welghts of cement, fiyash and silica fume,

Kr
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water concentration, R (molg m™®), is given by:

2
Bkl on- 2 )

ity of water in concrete (12) and changes as & function of
the water concentration in the concrete that is available for
. The term, v, represents the number of moles of water
lable -water per mole of binder that hydrates. This term
iemically converted into hydration products and water that is
ace of the hydration products where it cannot be used for
fojcik et al. (9) determined n=8.3.

fluxes are positive. At the top surface, the energy balance

*

A+964 =OF4+OHA+ORA ®
idiation (net shortwave + net longwave); Qga is the heat flux
of the concrete; Qua is the convective sensible heat flux; Qga
ux; and Qga is the runoff water heat flux (Fig. 1).

rgy flux is explicitly given by:

(7)

=qs)- pcpCU(T =Ts) = pwey(Tyi - uf)_'“ :
OP

s right hand side of Eq. (7) is the evaporative heat flux, the
t flux, and the fourth is the runoff water heat flux. M is the
y water running off the bridge (m® s'); A, is the area of the
); gsand gsare the air and surface specific humidities
he air and surface temperatures (°C); pw and p are the water
); cw and ¢, are the water and air specific heat capacntles
nt heat of evaporation (J kg”'); U is the wind speed (m s™"); C
:change coefficient; z is the vertical dimension (m); and T
/hen hitting the top surface) and final (when running off the
reratures (°C).

an free convection (free convection is assumed when the
icator, the bulk Richardson number, Rb, <-1(14)and U <
coefficients were determined by Wojcik and Fitzjarrald (6).
ge speeds (equal to CU in Eq. (7)) are given by Kondo and
surface.

1puted by determining the incoming and outgoing longwave
components with schemes given by Stull (14), Freedman et
3rutsaert (18).
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adjust to the environmental conditions as thay rise and fall
the irrigation hoses. Because the drops do not remain
3w seconds, their temperatures generally dc not approach
ure. A model by Pruppacher and Klett (19) is used to
f the spray water as it hits the top surface (Ty).

the heat flux at the bridge deck bottom, Qgs (W m?), is

arT,
0GB = —k¢ d::c

= Op + pcpUCH(T, —Tor) (8)

the right-hand side accounts for convective heat loss; T
m; Qs is the net radiation at the bottom surface; and C,
for the form. To model the heat transfer through the steel
formulation of heat fiow through an infinite steel fin (20) is

itivity studies

:nt ages of concrete for a wide variety of atmospheric and
r the first 24 h of the active phase of the hydration
ages were computed using Eq. (1) starting at the end of
e hydration reactions and the concrete was allowed to
was water available for reaction at a given point. The
sidered were air temperature and relative humidity (T, and
cloud cover fraction (cff) which affects radiation (16). The
yresents typical atmospheric conditions. Diurnal variations
es were approximated with simple cosine functions that
of typical diurnal variations (8). 7, and U generally peak
while RH reaches a minimum during this time. The
bany, NY in early June with the concrete being placed at
length of the induction period of the hydration reactions

to atmospheric conditions

lass HP deck slab, concrete temperatures and equivalent
vhen the curing concrete was influenced by high air
s (Figs. 2 and 3). Under these conditions, evaporation
«d, allowing the concrete to retain heat. The average
ed between 18 h and 65 h (Fig. 3).
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Fig. 2. a) Contours of predicted concrete temperatures averaged over the slab
thickness over the period of time used to compute the equivalent ages, asa function
of afternoon RH and T,, with U=0.5m s and cif= 0. b) as in (a), but with
U=5ms" c)asin (a), but with clf = 1. d) as in (a), but with U= 5 m.s"" and cff = 1.
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Fig. 3. a) Contours of predicted equivalent ages at 24 h after the induction period
averaged over the slab thickness as a function of afternoon RH and T, with
U=0.5ms" and clf= 0. b) as in (a), but with U=5m ™. ¢) as in (a), but with cif =
1.d)asin (a), butwith U=5ms” and cif = 1,

496



Advances in Cement and Concrete

Note in Fig. 3a that ¢, are reduced at the highest air temperatures and humidities.
For these simulations, with low wind speeds, the convective and -evaporative heat
fluxes are low which allows the concrete temperatures to reach their maximum
(reaching a peak of 64 °C) near the bottom of the concrete slab. With such high
temperatures, the hydration is extremely rapid, very quickly using up the water
available for hydration. Since water from the top surface does not penetrate below
the top 2 or 3 grids (), the mix water is not replenished. With no available water, the
concrete cannot continue to mature, resulting in lower equivalent ages when
averaged over the slab thickness. While this self-desiccation has not been verified
directly for Class HP concrete, it is possible given that Class HP contains 24 %
cement replacement with flyash and silica fume (e.¢)., 21). Note that if it is assumed
that there is sufficient water under these conditions, t, continues to increase
smoothly as T, and RH increase and reaches. a peak of 70 h.

Increasing the wind speed and the cloud cover fraction lowers the ecuivalent ages,
with the wind speed having the larger effect of these two variables. For example,
increasing the wind speed from 0.5 m s™ to 5 m s™ lowers the eguivalent age from
32 hto 19 hfor T.= 10 °C, RH = 0.%, and ci = 0 (Figs. 3a and 3b). Increasing the
cloud cover fraction from cif = 0 to cif = 1, lowers ¢, from 32 h to 26 h at T, = 10 °C,
RH = 0%, and U = 0.5 m s™ (Figs. 3a and 3c). Higher wind speeds allow more
efficient convective and evaporative heat loss, lowering concrete temperatures and
so the equivalent ages. Increasing the cloud cover fraction reduces incoming solar
radiation producing lower concrete temperatures and equivalent ages.

Vertical profiles of equivalent ages

While the above results show that {, averaged over the slab thickness can vary
widely depending on ambient conditions, t, can also vary with depth within the slab
under given conditions (Fig. 4). The vertical profiles in Fig. 4 are for points indicated
by “D", “E”, and “F” in Figs. 2c and 3c. In general, the equivalent ages decrease with
distance above the form and are maximum near the bottom of the slab where
concrete temperatures are maximum. For the T, and RH sensitivity simulations
reported here, {, varies by up to 15 h from bottom to top. Because up to 85 % of the
heat transfer occurs at the top surface of bridge decks (8), lowest temperatures, and
largest temperature and i, gradients occuz gmear the top surface.

250 E 250 E
200 4 i 200 4 ¥\:\F
E
2 (mm) "] i 150 \:\F
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Fig. 4. a) Vertical concrete temperature profiles for the scenarios indiczted in Fig. 2¢
by “D", "E", and *F". Z gives the distance above the form. b) Vertical profiles of
equivalent ages for the scenarios indicated in Fig. 3¢ by “D”, "E”, and *F". !
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SUMMARY AND CONCLUSIONS

In this paper, we have applied the SLABS mode! to investigate the influence of
atrmospheric conditions on the equivalent ages of concrete bridge decks at 24 h after
the induction period with the following important findings:

1. As long as there is sufficient water available for hydration, the maximum
equivalent ages coincide with the maximum concrete temperatures. Self-
desiccation, especially deep within the slab, must be considered when
determining concrete maturity of high performance mixes containing
pozzolans under extreme environmental conditions. Note that self-
desiccation is also a function of the water binder (w/b) ratio.

2. As expected, equivalent ages after 24 h of hydration averagec over the
entire slab thickness are maximum under conditions of high air
temperatures and relative humidities and low wind speeds.

3. Over the ranges of variables tested, equivalent ages can vary from less
than 20 h to more than 50 h after 24 h of hydration.

4. The variations of equivalent ages with depth can approach 15 h with the
maximum values generally occurring near the bottom of the slab where the
maximum concrete temperatures developed.

[he results from this investigation show clearly that many factors are irvolved in
ontrolling NYSDOT Class HP concrete temperatures and maturity. At early ages,
small differences in equivalent ages can represent large differences in concrete
trength. Therefore, not only must the field engineer decide the time of placement
ind the curing regimen for a concrete structure, the engineer must also pay close
ttention to the atmospheric conditions that are expected to ensure that the structure
ttains the proper maturity at the time of critical construction operations.

3ecause other concrete mixtures may have different sensitivities to environmental
onditions, the results presented here should be viewed as the first attempt to
xamine such sensitivities, but specific to Class HP concrete. Moreover, while a
vide variety of conditions were simulated for this study, they are a subset of what
an occur and therefore, care must be taken when applying the results presented
ere to other situations.

he engineer must consider the effect of depth variations of maturity in a concrete
tructure. Such variations become important when attempting to determine the
verall maturity of a concrete element by a single point measurement. While some
orlions of the concrete may have reached the specified strength needed for
ontinuing construction or opening a slab to traffic, other portions may have not
2ached the proper strength. Recognizing this depth variation may be necessary to
aintain construction site and public safety. Because most heat transfer and the
west temperatures occur near the top surface, sampling with a maturity meter near
1€ top surface generally will indicate the lowest maturity attained by the slab,
formation that wili provide a lower limit to the strength development.

he SLABS model indicates that self-desiccation of Class HP concrete rray occur
nder some extreme conditions especially deep within the slab at early ages.
ccounting for this self-desiccation when computing maturity indices will lcwer their
alue as the results show. Moist curing may provide water to the uppermost 50 mm
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of the sfab, but this water probably does not influence hydration below this level (e.g;,
2, 22). Current research by the author with an X-ray absorption system at the
National Institute of Standards and Technology seeks to determine more rigorously
this depth of influence as a function of w/b, curing regimen, and materials. There is
a need to determine under what conditions and for what mixture proportions such
desiccation may occur so that its effect on concrete maturity can be taken into
account.

Other factors such as time of placement, initial concrete temperature, and spray
water volume and temperature will also influence the concrete’s temperature and
maturity (9, 23). These factors, then, could be used to offset any probiems that could
arise due to adverse atmospheric conditions. For example, the initial concrete
temperature of a batch of concrete could be lowersd to counter the effects of high
ambient air temperatures or low wind speeds on concrete temperatures. A simplified
field model, such as SLABS, that accounts for all of these factors in predicting
concrete temperatures could be an important tool for determining the expected
concrete maturity and temperatures on a case by case basis. Such a tool could aid in
developing the best quality concrete and maintaining the safety of the construction
site, perhaps preventing future disasters such as those at the Skyline Plaza
Apartments in Fairfax County, VA and the Willows Isiand cooling tower.
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