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ABSTRACT

The SLABS model for the simulation of curing conCl.etebridge decks ,vas developed
with new boundary condition formulations that can accurately accolmt for a wide
variety of atmospheric conditions, addressing limitations of pre'/ious studies.
Equivalent ages, estimated from the temperature prediCtions of SLAB:S,can vary up
to 40 h over the conditions simulated after 24 h of hydration. Depth variations of
equivalent ages reach 15 h.

INTRODUCTION

Ambient atmospheric conditions interact with the ex,othermic, temperature-dependent
hydration reactions of concrete's binder componemls. This interactionrnayproouce
adverse high or low concrete temperatures and high temperature gradients, or
insufficient concrete moisture content, perhaps resulting inccracking, reduced
strength, or compromised long-term durability (e.g., 1.2,). This interaction may also
result in serious construction site safety problems. I=or example, the partial collapses
ot the Skyline Plaz~ Apartments in Fairfax CoumiY. VA in March 1973 @) ~nd a
coolin!~ tower in V\ftllows1sland,W\! in 1978 (4;), which resulted in the deaths of 14
and 51 workers, respectively, were attributed in part to low air temperatures that

delayed concrete stren~ development

Accurate predictions of concrete temperatures, temperature gradient!;, and moisture
contents would provide engineers and field personnel with informlltion they may
need to make decisions about the proper time to place concrete or thEI proper time to
continue the construction process. Such informatioln would help to mElintainsa~ of
the construction site and ensure that high quality 'concrete is develcped; Previous
modeling 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., 2).

In this study, the SLABS (SUNY Local Atmosphere Bridge Simulation I rnodelis used
to predict the temperatures and moisture content of curing concrete bridge decks
containing New York State Department of Transportation's (NYSDOT) Class HF
concrete, over a wide range of atmospheric conditions. The model bounda~'
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conditions include explicit formulations for sensible, hl~t convective, evclporative, net
radiative!, runoff spray water, and conductive heat fluxes (Fig. 1) develored from field
investig;~tions of the energy balances of curing colncrete bridge decks (2). The
temperalture predictions are used to compute val lies of the maturi1y index, the
equivale,nt age, as a function of atmospheric conditions. Such information provides
the first comprehen$ive view of the effects of a wide range of atmospheric conditions
on the equivalent ages of early-age concrete. The equivalent age can be related to
concretE! strength using a previously established relationship for the cclncrete being
used.
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Fig. 1. :Schematic cross-section of a bridge deck indicating the energy billance terms
used as boundary conditions in Ithe SLABS model. Not to scale. The arrows indicate

the typical direction of energy flow when the peak C4Jncrete temperatures occur at
night: "b" and "r indicate grid points above a beam and above a form, respectively.

The maturity concept for estimating concrete strength is based on the idea that
nominally identical specimens of concrete will acquire equal strength if they acquire
equal values of a maturity index. For example, the l!quivalent age, te. is defined as
the length of time at a specified temperature requirecl to produce a ma1:urity equal to
the matlJrity achieved by a curing period at temperatures different from the specified
temperature (I) and is given by:

Ea ( 1 1

)te = }:e-7 ~-'-r; At (1)
where E. (J mor1) is the activation energy, R. (8.314 J K-1 mor1) is the ideal gas
constant, T c (K) is the average temperature of the concrete during the time interval,
~t (h), and T. is the specified or reference temperatulre (K). To use te as an indicator
of strength development, it is assumed that the initi,al rate of strength development
obeys the Arrhenius equation and that there is sufficient water available for
hydration. To implement Eq. (1), it is necessary to know the value of f. for concrete
and T. must be selected. Traditionally, T. = 293 K has been used (§) i~nd this value

is chose!n for this study.
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ANALYTICAL INVESTIGATIONS WITH THE SLAB!i MODEL

Governing Equations

Below is a brief description of the portions of the SLABS model peirtinent to the
present work. For an expanded view of model deltails and performance, see ~.
The SLABS model is a 10 (vertical) finite-differenc:e model designecl to study the
heat transfer and generation and moisture mo'i/ement in curing concrete bridge
decks. The concrete bridge decks we studied are. 60 mm thicker I)ver the steel
supporit "r beams (300 mm deep) than they are over the "form" (.~ corrugated,
galvanized steel sheet) (Fig. 1). The model 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 studied, moisl curing of the decltS with burlap
and spray water from irrigation hoses was used. We focus only on sil1,ulations over
the fom, in the present study.

The concrete simulated for this study is Ne~v York State Dopartment of
TransplJrtation's (NYSDOT) Class HP mixture who:se binder componl!nt has mass
fractions of 74 % ASTM Type J, Type II, or Type 1/11 c:ement, 20 % Clas:~ F flyash and
6 % siliica fume (1Q). Class HP concrete has a water to binder ratio (w/b) of 0.38.
The hYloration reactions are modeled as a bimoleclilar reaction between the binder
and the water (11).

The change in the unhydrated bil1der concentration, ai, (mole m-3) is give!1 by:

dB n m
---k.B .R (2)
dt

where R (molR m-3) is the concentration of water available for the hydra'~on reactions;
nand m are exponents whose :sum gives the order of the hydration r'!action; k (m3
mo1R-1 S-1) is the reaction rate cor.lstant given by:

E
k-A.exp(-~) (3)

R .r
c

where ,~ is the pre-exponential factor and T c (K) is th,e concrete temperature. Wojcik
et al. (.1.1> determined n=m=1 and E.=35 kJ rnol-1 for Class HP binder and Wojcik et
al. ~ determined A=O.OO39. Note that this E. is usedi also in Eq. (1).

The governing equation for concrete temperature, T c, is given by:
2dTc iJ Tc dB

--KT--V.-, (4)dt iJz2 dt
where the second term on the right hand side of Eq. (4) is the hydration heat source
term ~'here the parameter, V (K m3 mole-I s), converts the reacted binder
concenltration to heat and is equal to -AH*MwtlpcC,~; -AH: the Class HP concrete
heat of hydration (~420 kJ kg-I); cpo: the specific heslt capacity of Clasu HP concrete
(1380 J kg-I K-I); and Pc: the density of Class HP concrete (2230 kg m~. KTis the
thermal diffusivity of concrete (8.8x10-7 m2 S-I), fr,om Pc, cpo, and the Class HP
thermal conductivity kc (2.7 W m-1 K-I) (~,11). Mw!1 is the molecular weight of the
binder ~:-0.2 kg morl) determined from a mass average weighting of the molecular
weights of cement, flyash and silica fume.
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-rhe change in available water concentration, R (molR ITI-3), is given by:

dR iJ2R dB
-=KR-+1/"- (5)
d/ oz2 dt

where KR is the diffusivity of water in concrete ~) and changes as SI function of
hydration fraction. R is the water concentration in th~~ concrete that is ;~vailable for
the hydration reactions. The term, '1. represents th,e number of moles of water
removed from the available water per mole of binder that hydrates. This term
includes water that is chemically converted into hydration products and 1Nater that is
adsorbed onto the surface of the hydration product~i where it cannot be used for
further hydration m). Wojcik et al. <m determined '1=8"3.

Boundary conditions

By convention, upward fluxes are positive. At the top surface, the energy balance
(W m-1 is given by:

*
-QA+QGA=QEA+QHA+QR.-I (6)

where -O*A is the net radiation (net shortwave + net longwave); OGA is 1he heat flux

through the top surface of the concrete; OHA is the (~onvective sensible heat flux; OEA
is the evaporation heat flux; and ORA is the runoff water heat flux (Fig. 1).

-rhe total top surface energy flux is explicitly given by:

k dTcQGA =- c--
dz

U (7)
Q~ -pLvCU(qa -qs) -/>C pCU(T a -T s) -PWCt,,(Twi -Tttf )-:-

Atop
The second term on the right hand side of Eq. (7) is the evaporative heat flux, the
1hird is the sensible heat flux, ancj the fourth is the rllnoff water heat fllIX. M is the
"olume flow rate of spray water running off the bridge (m3 s.1; Atop is tht~ area of the
bridge's top surface (m1; q. and q. are the air arid surface specifi(: humidities
Igwg.-1; T. and T. are the air and surface temperatures (DC); p. and p ~Ire the water
3nd air densities (kg m-3); Cw and Cp are the water a'1d air specific heat capacities
~J kg-1 K-1; Lv is the latent heat of evaporation (J kg-1); U is the wind speed (m s-1); C
is the dimensionless exchange coefficient; z is the vertical dimension (m); and T wi
;~nd T wI are the initial (when hitting the top surface) and final (when rul1ning off the
bridge) spray water temperatures rC).

I=or conditions other than free convection (free convection is assumEtd when the
;~tmospheric stability indicator, the bulk Richardson number, Rb, < -1 (1~) and U <
" m S"1), the exchange coefficients were determined, by Wojcik and Fitzjarrald (2),

I=ree convection exchange speeds (equal to CU in E'q. (7») are given b:f Kondo and

Ishida (1§) for a smooth surface.

The net radiation is computed by determining the inc:oming and outgoing longwave
and shortwave radiation components with schemes given by Stull <W. Freedman et
al. (.1§). Prata (11). and Brutsaert ~).
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The spray water drops will adjust to the environmental conditions as th'9Y rise and fall
after being ejected from the irrigation hoses. Bec;ause the drops do not remain
airborne for more than a few seconds, their tempenltures generally do not approach
the air wet-bulb temperature. A model by Prupp,acher and Klett U~) is used to
calculate the temperature of the spray water as it hits the top surface (T",,).

At the sheet metal form, the heat flux at the bridge deck bottom, QGB (W m-2), is

given by:

where the second term on the right-hand side accolJnts for convectivE heat loss; T of
is the temperature of the form; Q*B is the net radiation at the bottom SIJrface; and C"
is the E~xchange coefficient for the form. To model thle heat transfer through the steel
support beams (Fig. 1), a formulation of heat flow ttlrough an infinite steel fin @) is
used.

Boundary condition sensitivity studies

We calculated the equivalent ages of concrete for a wide variety of atrnospheric and
construction conditions for the first 24 h of the active phase of the hydration
reactions. The equivalent ages were computed llsing Eq. (1) starting at the end of
the induction period of the hYljration reactions and the concrete was allowed to
mature as long as there was 'Nater available for reaction at a given point. The
atmospheric variables considerefd were air temperatlJre and relative humidity (T. and
RH), wind speed (U), and cloud cover fraction (c/f) vvhich affects radia1ion (1.§). The
range of values chosen represents typical atmOSphEiric conditions. Diurnal variations
of the atmospheric variables were approximated with simple cosine functions that
capture the main features of typ'ical diurnal variations @. T. and U ~Ienerally peak
during the late afternoon while RH reaches a I1rJinimum during this time. The
simulations were run for Albany, NY in early June \\,jt!1 the concrete bl!ing placed at
0700 Iclcal time (L T). The length of the induction j:leriod of the hydration reactions
was se1 at eight hours.

RESULTS

Equivalent age sensitivity to atmospheric condltlc,ns

Wlen Elveraged over the Class HP deck slab, concr,ete temperatures Elnd equivalent
ages, te, are maximum when the curing concre1te was influenced by high air
temper~~tures and humidities (Figs. 2 and 3). UndE~r these conditionll, evaporation
and convection are limited, allowing the concretlB to retain heat. The average
equiva"~nt ages at 24 h varied between 18 hand 55 h (Fig. 3).
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Fig. 2. a) Contours of predicted concrete temperatllres averaged over the slab
thickness over the period of time used to compute the equivalent ages, as a function

of afternoon RH and T a, with U = 0.5 m S.1 and ch'= O. b) as in (a), but with
U = 5 m S'1. c) as in (a), but with c/f = 1. d) as in (a), blut with U = 5 m..s.1 and c/f = 1.
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Note in Fig. 3a that t. are reduced at the highest air temperatures ~Ind 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 thEI concrete slab. \~th 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 pl~netrate below
the tO~1 2 or 3 grids (m. the mix water is not replenished. Wth no available water. the
conCrEtte cannot continue to mature, resulting in 10wer equivalel1t ages when
avera~led over the slab thickness. lMlile this self-desiccation has no! been verified
directl~f for Class HP concrete, it is possible given that Class HP c:ontains 24 %
cement replacement with flyashl and silica fume (e.~h ~). Note that if it is assumed
that there is sufficient water under these conditions, t. continues to increase
SRlootllly as T. and RH inCrease! and reaches a peak of 70 h.

Increai~ing the wind speed and the cloud cover frac:tion lowers the ecluivalent ages,
with the wind speed having th.~ larger effect of thElse two variables. For example,
increasing the wind speed from 0"5 m S-1 to 5 m S-1 lowers the equivalent age from
32 h to 19 h for T.= 10 aC, RH = 0%, and c/f= 0 (Figs. 3a and 3b). Increasing the
cloud (:over fraction from c/f = CI to c/f = 1, lowers f. from 32 h to 26 h at T. = 10 aC,
RH = 0%, and U = 0.5 m S.1 (Figs. 3a and 3c]l. Higher wind spee[js allow more
efficierlt convective and evaporative heat loss, Ic)w.~ring concrete temperatures and
so the equivalent ages. Increasing the cloud COVel. fraction reduces rncoming solar
radiation producing lower concrE~te temperatures and equivalent ages.

Verticcil profiles of equivalent ;ages

\M1ile the above results show that te averaged Oller the slab thickness can vary
widely depending on ambient clDnditions, te can also vary with 4;iepth 'Nithin the slab
under !~iven conditions (Fig. 4). The vertical profiles in Fig. 4 are for points indicated
by "0", "E", and "F" in Figs. 2c alnd 3c. In general, tile equivalent ages decrease with
distanc:e 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, te varies by up to 15 h from bottom to top. Because up to 85 % of the
heat trlinsfer occurs at the top surface of bridge dec:ks (2), lowest temperatures, and
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Fig. 4. a) Vertical concrete temperature profiles for tlhe scenarios indialted in Fig. 2c

by "0", "E", and "F". Z gives the distance above t!he form. b) Vertical profiles of
equivalent ages for the scenarios indicated inl=ig. 3c by "0", "E", and "F".
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SUMMARY AND CONCLUSIONS

In this paper, we have applied the SLABS model to investigate the in~uence of

atrnospheric conditions on the equivalent ages of concre!te 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 perf'Drmance mixes c:ontaining
pozzolans under extreme environmental conditions. Note that self-
desiccation is also a function of the water binder (wlb) ratio

2. As expected, equivalent ages after 24 h of hydration averagec over the
entire slab thickness are maximum undE!r 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 c:an approach 15 II with the
maximum values generally occurring near the tlottom of the slab 'Nhere the
maximum concrete temperatures developed.

The results from this investigation show clearly that many factors are ir,volved in
corltrolling NYSDOT Class HP concrete temperatures and maturity. At early ages,
small differences in equivalent ages can represent large differences in concrete

strength. Therefore, not only must the field engineer decide the time of ~llacement
and the curing regimen for a concrete structure, the engineer must also pay close
atte,ntion to the atmospheric conditions that are expected to ensure that the structure
attains the proper maturity at the time of critical construction operations.

Bec:ause other concrete mixtures may have different sE!nsitivities to environmental
conditions, the results presented here should be vieYied as the fIrst attempt to
examine such sensitivities, but specific to Class HP concrete. Moreover, while a
wide variety of conditions were simulated for this study" they are a subse1 of what
can occur and therefore, care must be taken when ap~llying the results presented
here to other situations

The engineer must consider the effect of depth variations of maturity in a concrete
structure. Such variations become important when attempting to determine the
overall maturity of a concrete element by a single point Imeasurement. \Mlile some
ponions of the concrete may have reached the spel:ified strength needed for
continuing construction or opening a slab to traffic. other portions may have not
rea(:hed the proper strength. Recognizing this depth variation may be necessary to
mail1tain construction site and public safety. Because most heat transfel' and the
10wl~st temperatures occur near the top surface. sampling with a maturity meter near
the top surface generally will indicate the lowest maturity attained by the slab,
information that will provide a lower limit to the strength de',elopment.

The SLABS model indicates that self-desiccation of Class HP concrete rrlay occur
under some extreme conditions especially deep within the slab at early ages.
Accounting for this self-desiccation when computing maturity indices willlcwer their
value as the results show. Moist curing may provide water to the uppermol;t 50 mm
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of the slab, but this water probably doesnotinfluenc~hydration below this level (e.g.,
~,W. Current research by the author with an X-!ay absorption system at the
National Institute of Standards and Technology seeks to determine more rigorously
this depth of influence as a fum::tionof wlb, curing r,egimen, 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 conclrete maturity can be taken in~o
account.

Other factors such as time of placement, initial concrete temperatllre, and spray
water volume and temperature! will also influence the concrete's ternperature and
maturity ill, ~). These factors, then, could be used to offset any problems that could
arise due to adverse atmospheric conditions. For example, the initial concrete
temperature of a batch c;lf conc:rete could be lowerled to counter the effects of high
ambient air temperatures or lo~' wind speeds on concrete temperature is. A simplified
field model, such as SLABS, that accounts for all of these facto"1 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
develo!ping the best quality concrete and maintaini"g the safety of the construction
site, perhaps preventing future disasters such ;~s those at the Skyline Plaza
Apartmlents in Fairfax County, VA and the Wllows Isil~nd cooling tower.
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