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Abstract: Prolonged wet curing is thought by maayptovide only improvements in
concrete performance. Also, because of the lardacito volume ratio of volume change
sensitive structures such as slabs on grade, efiffiat moisture loss can cause unwanted
deflections, reduction in ride quality, and crackiihis work has shown that there is a
potential increase in the amount of curling of thesuctures that are wet cured and then
subject to 1-D drying in severe drying conditiofxperiments on paste beams with
different water-to-cementitious ratios and cureddifferent durations with wet and sealed
curing methods as well as alternative tests onret@bdeams with different curing lengths
suggested that the extended wet curing causeseagbacture refinement resulting in
greater saturation and consequently greater slgeka simplified 1-D, drying diffusion
and shrinkage model was able to adequately predperimentally measured peak curling
deflections as well as the entire curling histdtgrefurther adjustments to input parameters
and confirmed the effect of saturation on curliAgo, the ability of this analytical model
to capture the mechanistic sources of wet curingpeak deflections was evaluated by
comparing its predictions to those acquired vially nonlinear diffusion model. It was
shown the overall deflection predictions by the ragpnate linearized model were in
greater agreement with the measured data tharthetfull, nonlinear solution.

Curing compounds are used to retain moisture whicmotes hydration to develop a tight
microstructure. This work provided a quantitativeemparison between different curing
compounds, wet, sealed, and no curing not madedauiqus studies and showed that
adequate amounts of curing compounds are a usgingamethod for members sensitive
to differential drying such as concrete pavemeamtevere drying conditions. However, it
was shown in less severe drying conditions thatthikng strains caused by drying were
minimal since the drying rate was less signific&d, if the concrete pavements are to be
used in a moist environment, the type of curind thaised on pavements will have very
little impact on their curling deformations.
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CHAPTER |

I. INTRODUCTION

The main concern of this research is to studyrtiparcts of different curing methods on the
deflection of volume change sensitive structurashss slabs on grade, at different drying
conditions. This deflection can happen due to Hiedrying shrinkage differential and moisture
gradient with or without curing. This dimensionastability causes the pavement to curl and
consequently crack under traffic loads. Better wstaeding of drying shrinkage helps one to find
cost effective curing methods for different dryitmnditions to reduce this moisture gradient
induced curling and risk of subsequent crackinghis project, funded by the Oklahoma
Department of Transportation (ODOT), results fréva &ffects of curing techniques at different
drying conditions on curling of paste beams, stagekof concrete beams, field investigation, full

scale pavement, and analytical modeling and nuales@utions will be discussed separately.

In this dissertation, chapters two to five wereergly published in peer reviewed journals and
chapters six and seven were written in a journpépéormat to ease future publishing. Each
chapter starts with a brief review of the recentks@and continues with methods, results,

discussions, and finally the chapter’s conclusion:

» Chapter two aims to quantify the impact of wet rgron the curling and drying rate of
cement paste which is useful to understand perfocsmaf concrete. This chapter has

been published in ACI Materials Journal.



Chapter three aims to quantitatively compare thestm@ loss and volume change caused by
differential drying of paste samples with differevet curing lengths as well as different
types of curing compounds used at different coverates and with multiple layers in
addition to a cost analysis. This has been puldishénternational Journal of Pavement
Engineering.

Chapter four focuses specifically on how differdatations of wet curing can impact the
drying shrinkage gradient of concrete beams anddhsequent curling of the element when
it dries from only one surface, which has beenighbl in Materials and Structures.

Chapter five aims to verify the drying shrinkagechmnisms by using additional experiments
on paste cylinders and a 1-D drying diffusion amdirkage model implementing common
simplifications from the literature to simulate mawling deflections of paste beams. This
chapter has been published in Cement and ConcesteaRch.

In chapter six, the previously presented approxénmaadel will be further adjusted to
investigate the ability of model to predict theiskage of concrete elements and to compare
to experimental results presented in chapter fadrta verify the accuracy or limitations of
the model.

Chapter seven examines the curling of cement ancrete samples in laboratory conditions
that are close to the average relative humidi@kiahoma and compares the results to those
from simulations. Also, the performances of differeuring methods on concrete beams in
the field and on a continuous reinforced concreteement are investigated.

Chapter eight concludes the dissertation and walvidle important insight into the volume
stability of slabs and the potential negative imdavet curing on slab curling, suggest
some key points to have a better selection of agj@e curing methods, and highlight

required improvements to future modeling work.



CHAPTER II

II. THE IMPACT OF WET AND SEALED CURING ON CURLING IN EMENT
PASTE BEAMS FROM DRYING SHRINKAGE

21 ABSTRACT
Paste beams with different water-to-cementitiotissavere cured for different durations with
wet and sealed curing methods and then the impactiding was observed. The results show
that samples that were cured showed greater cutéfigction and these effects increased with
the length of curing for the drying conditions istigated. These findings could impact
construction techniques for volume change sensitiectures such as slabs on grade in drying

environments.

Keywords: concrete pavement, curling, drying shrinkagehslan grade, wet curing

2.2INTRODUCTION

The purpose of curing is to maintain adequate mi@sind temperature in concrete to promote
the development of microstructure and strength fikaika, Kerkhoff, & Panarese, 2011). Curing
can increase durability, strength, water-tightnass, abrasion resistance (ACI-308R, 2001; Dhir,
Hewlett, & Chan, 1991; Gowriplan, Cabrera, Cusé&ng/ainwright, 1990; Montgomery,
Basheer, & Long, 1992). Wet curing methods inclpdeding, fogging, and saturated wet

coverings.

The moisture distribution in a hardened slab isieesl to be uniform before drying begins and



becomes non-uniform as moisture is lost (Hedenll@d7). As concrete loses moisture it will
shrink from drying. If there is more moisture I@gghe top of the slab than at the bottom then the
shrinkage will be greater at the surface and tliliscause the element to curl upwards at the edge
of the slab (Ytterberg, 1987a, 1987b, 1987c). Tpiwards curl can cause the slab to lose contact
with the base at the edges or to crack if it isra@sed (ACI-302.1R, 2004). To minimize curling

from drying shrinkage a uniform moisture gradientéquired.

2.2.1 Mechanisms of Drying Shrinkage

The drying shrinkage in cement paste is thougbetoaused by a negative pore fluid pressure
caused by menisci forming within pores upon dnyiBgntz, Garboczi, & Quenard, 1998;
Coussy, Dangla, Lassabatere, & Baroghel-Bouny, 20@¢kenzie, 1950). The drying that
occurs may be external (i.e., vapor diffusion) ansed by self-desiccation due to the hydration
reaction; shrinkage due to this latter componeatitegenous shrinkage — may be more important
for concrete mixtures with w/cm less than 0.40 @vea, 1999). The autogenous shrinkage
increases when the water to cementitious ratiorfWis decreased or the cement fineness is
increased. For autogenous shrinkage, this inciedmause the capillary pressure will cause
higher tension in the pore water of the finer métracture (Bentz et al., 2001; Jensen & Hansen,
1996). Also, due to the low permeability of the tahe at low w/cm, the curing water infiltrates

at a slower rate and cannot penetrate deep wihbisample replacing moisture lost due to

hydration (Cather, 1994; Meeks & Carino, 1999; &dnaara, 1964).

Regardless of the source of drying, the formatioiihe menisci and generation of the capillary

pressure P

cap

) can be related, according to the Laplace-Young(E4). If ) is the surface

tension of the pore fluidd is the liquid-solid contact angle, amdis the average radius of the

curvature of the meniscus (Adamson & Gast, 196djiRska et al., 2008):



p = 2ycos@ ).

ap - Eq. (2.1)

As drying occurs pores of decreasing size will heégiempty leading to increased capillary

pressures as described by the Kelvin-Laplace emuéiqg. (2.2)) (Coussy et al., 2004).4f, is
the density of waterR the ideal gas constank, the temperatureM, the water molar mass,

and RH s the relative humidity:

cap

P = —pW—RTIn(RH). Eq. (2.2)
M \
2.2.2 Impact of Curing on Drying Shrinkage
While it is widely understood that wet curing caavé positive impacts on concrete it has also
been reported that wet curing may have a negatipact on drying shrinkage. For example
Perenchio (1997) observed that drying shrinkageim@asased by wet curing up to seven days.
Others have observed that a shorter curing timer@gllt in a faster drying rate (Hedenblad,
1997; Jackson & Kellermann, 1939). This fastermiyyiate may minimize internal moisture
gradients and therefore reduce curling caused Yaggishrinkage. However, others have
suggested that longer moist-curing periods willehkittle effect on drying shrinkage and
therefore curling, other than delaying the onsetfwinkage (Suprenant, 2002). Based on this

previous work it appears that conflicting resukssd been reported in the literature.

2.2.3 Impact of Aggregates on Drying Shrinkage

The aggregates in a concrete mixture do not samfly shrink upon drying and therefore dilutes
and restrains the shrinkage of the paste. Othees maticed this as the drying shrinkage of the
cement paste is six to eight times greater thamegabbserved in concrete (Bisschop, 2002) and
paste shrinks about 1.7 times more than mortart(002). This suggests that one should be

able to study the performance of the paste andagaindication of the subsequent performance
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in mortar or concrete. Because of the correlatismvben paste and concrete shrinkage, paste
samples have been used in this study as a megasmtmnsight into concrete behavior. Pastes
have the advantage of yielding greater strainsiltieg in greater measured displacements and
higher measurement accuracy and resolution. Funtire, quality control of pastes is simpler
than for concrete, resulting in greater measuremep@atability and a higher confidence level in

mechanisms evoked from the results.

2.2.4 Impact of Member Geometry on Drying Shrinkage

Many researchers have shown that the magnitudeasdmaf shrinkage for concrete is dependent
on the specimen size (Browne, 1967; McDonald & Rop893; Pickett, 1946). As the surface
area to volume ratio of a specimen increases fhisrinhpacts the magnitude and the rate of
shrinkage (T. C. Hansen & Mattock, 1966). Thesseolmtions were used to help guide the

specimen size in order to obtain rapid results.

2.3RESEARCH SIGNIFICANCE

While there are benefits in strength gain, decr@apermeability, and abrasion resistance from
wet curing there is a discrepancy in previous ne$eas to whether wet curing increases drying
shrinkage and hence curling in concrete. This rgrtian be detrimental to the long-term
behavior of pavements and slabs on grade. This aiark to quantify the impact of wet curing
on the curling and drying rate of cement paste Wisaseful to understand performance of

concrete.

24EXPERIMENTAL METHODS

2.4.1 Materials
The Portland cement used in this study meets thgrements of both a type | and Il cement,

according to ASTM C150 (2011) and AASHTO M85 (2Q1I)e oxide analysis and the



estimated phases are given in Table 2.1. The pasteures in this experiment had a w/cm of

0.34, and 0.42 and were compared in a constart kite.

Table I.1 Oxide analysis of the cement used fatgpheams and the phase concentrations

chemical test results (%)

Sio2 AbO3 MgO FeOs CaO SQ
20.23 4,77 1.90 3.23 64.15 2.52
phase concentrations (%) blaine
GsS GS GA AAF (cnlg)
63.56 10.05 7.18 9.83 3713

Note: (1 cm =10 mm = 0.3037 in; 1 g = 0.0022 Ib)

2.4.2 Sample Preperation and Curing M ethods

The paste mixtures were prepared according to A&BU5 (2011). Three paste beams with
dimensions of 100 cm x 6.1 cm x 1.3 cm (39.4 in4i@ x 0.5 in) were consolidated in plastic
molds from each mixture. This specimen size waseha@o that the sample was thin but had a
large surface area. Several others have foundhbateveloped stresses and shrinkage strains due
to the moisture gradients during drying is highdiated to specimen size (Browne, 1967;
McDonald & Roper, 1993; Pickett, 1946). After cagtiall specimens were cured with wet
burlap on the finished surface for 24 hours at@%73°F) and then demolded. This was done to
ensure that the sample had some initial strengthdndling. After removing the specimens from
the molds the samples were sealed with wax ondasdut the finished surface. A few samples
were also sealed with aluminum tape for compar&uhno difference was found in drying

performance. The wax was used because it is econbamd easy to apply.

After demolding, the specimens were weighed bedokafter sealing with wax. The finished
surface of the beam was cured for different dunatiohile the beams were stored in £2373
°F) and 40% relative humidity environmental chamBédter the specified curing period the
curing material was removed from the sample. Theptawas then left in the chamber to lose

moisture from the unsealed, finished surface.
7



Since only the top surface of the sample was exptusthe drying environment this created a
moisture gradient in the sample. This gradient edulfferential shrinkage strains to occur that
caused the specimen to curl. This test is advaategeas the moisture loss is quick and the
resulting gradients can be large. This leads fgrdficant curling deformation of the specimens
that is easy to measure. To ensure that the curiesurements were not impacted by gravity the
beams were stored on their sides. This test wasledafter previous work by Berke and Li

(2004) to investigate the effectiveness of shriekaglucing admixtures to minimize curling.

Specimens with different durations of wet and stal&ing were compared. For wet curing,
samples were kept in saturated burlap for 1, and,14 days of additional curing after demolding
and waxing. The burlap was wetted every day torerthat it remained saturated. After the
curing was removed the specimens were subjectadl@86 relative humidity and 28 (73°F)
drying environment within an environmental chambleraddition to wet curing, several
specimens were cured in a sealed plastic bagdod13 days within this chamber. This curing
was similar to the wet burlap, but no external moeswas added to the specimens during the
curing process. Other samples received no curireg démolding. All specimens were stored at

23°C throughout the testing.

2.4.3 Specimen M easur ement

To measure the curling, rubber bands were useditbthe ends of the specimen to a flat
aluminum plate with the uncoated surface of theispen facing the plate. The distance between
the aluminum plate and the specimen is measunemjalar locations along the length with a
caliper of 0.0127 mm (0.0005 in) accuracy. Theiogrbf the beam was symmetric with a
maximum at the middle of the beam. The loss of moisof the sample was measured through
the mass loss over time with 0.1 g (0.00022 Ibueay. After finishing the measurements, the

specimen is returned to the chamber room untihthé measurement.



25RESULTS

A typical result for the deflection of a specimeithvtime is shown in Figure 2.1 for a 0.42 w/cm

paste after demolding.

12
= 10 //// \\ Day 0
E g AP EN ——-Day3
= PP e B N Day 5
2 6 s U\ ---- Day6
= ///.,’ Q\\ Day 12
5 T ¥4 ‘\

o0 £ \

0 20 40 60 80 100

beam length (cm)

Figure 11.1 Curling height over the beam lengthddferent days of drying at 23 and 40% RH

for a 0.42 w/cm sample with no additional curingctn = 10 mm = 0.3037 in)

Since the deflected shape was parabolic and syrtniremature this means that uniform drying
was occurring and that the maximum curling value lba used to describe the test results. The
mass change for this sample is plotted comparedrtgples that were cured with wet and sealed
curing for 1 and 3 days and samples of 0.34 w/craccwith wet curing for 1 and 3 days as
shown in Figure 2.2. The mass loss has been namddtiy the initial mass of the sample to

compare the data.
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Figure 1.2 The mass change versus drying timep@cimens with 0.34 and 0.42 w/cm for wet

and sealed curing of 0, 1, and 3 days when exposa@3°C and 40% RH environment.

Figure 2.3 shows the idealized behavior of theispas investigated.
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Figure 1.3 The idealized behavior of the specimienestigated.

The mass loss and the maximum curling height ofsdesrof 0.42 w/cm for O, 1, 3, 7, and 14
days of additional wet curing is shown versus tagstdf drying in Figure 2.4. Markers have been

added to both graphs to highlight the point of maxin curling.
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Figure 1.4 The mass loss and maximum curling hiedlgining drying at 23C and 40% RH
environment for a 0.42 w/cm specimen with differéatations of wet curing; the circles show

the maximum curling height. (1 cm = 10 mm = 0.3087

The mass loss and the maximum curling height ofsé@srof 0.42 w/cm that were sealed for 1
and 3 days is compared with samples with 0, 1,3athalys of wet curing in Figure 2.5. Again
markers have been added to highlight the pointsafimum curling.
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Figure 1.5 The mass loss and maximum curling hiedlgining drying at 23C and 40% RH

environment for a 0.42 w/cm specimen for wet aradeskcuring; the circles show the maximum

curling height. (1 cm = 10 mm = 0.3037 in)

A comparison between the 0.34 and 0.42 w/cm spersfer mass loss and the maximum

curling height is compared in Figure 2.6. Again keas have been added to highlight the points

of maximum curling.
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Figure 11.6 The mass loss and maximum curling hefigh0.34 w/cm compared to 0.42 w/cm
specimen with different durations of wet curinge ttircles show the maximum curling height. (1

cm =10 mm = 0.3037 in)
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2.6 DISCUSSION

2.6.1 General Behavior

The general performance of the curling and massdbthe samples are summarized in Figure
2.1 and the solid black line in Figure 2.2. Sirtee ¢urling shown in Figure 2.1 is symmetric this
suggests that the moisture loss is uniform. Asteageen in Figure 2.1 the samples curl up over

the first three days of drying and then this cgrliecreases as the mass continues to decrease.

In the top two panels of Figure 2.3 the idealizesisture gradients are shown along with the
overall curling of the sample. The lower two par@&igure 2.3 show the moisture loss and the
deflection of the sample. Over the first few dafdinying the sample loses moisture at a high rate
and begins to curl upward. With subsequent dryliregsample is observed to decrease in curling
height. This mass loss will continue until the intd relative humidity reaches equilibrium with
the environment. However, because the moistured®e top and bottom of the sample is
different there is a differential in shrinkage audthe sample curls. With increased drying the
curl decreases as the material in the bottom o$aingple begins to shrink and the differential in
shrinkage between the top and bottom is reducegdir&i2.3 shows a generalized behavior of the

specimens.

2.6.2 Impact of Wet Curing on Curling

Figure 2.4 shows that the rate of drying and thme theeded to reach the maximum amount of
curling increased as the length of wet curing iasesl. However this Figure also shows that as
the curing duration increases then so does thermamtiamount of curling. In contrast, the
samples with no additional curing showed the laasbunt of curling while having the highest

amount of moisture loss.

These findings are in conflict with previous workieh suggests the length of curing only

impacts when curling will start and not the magdé{ACI-360R, 2006; Suprenant, 2002).

14



However, this supports work by Perenchio (1997) shawed that the drying shrinkage increased

for wet cured samples in these drying conditions.

Additional curing will sustain hydration and decsedhe porosity and permeability of cement
paste. Because the pore sizes are smaller forielat&ith a greater degree of hydration, the
degree of saturation will be higher at a giventredahumidity. This increase in saturation may
be explained by the Kelvin equation, which des&ith®® minimum pore size emptied at a given
relative humidity at equilibrium. This means thating will cause a higher level of saturation
and will increase the effective pressure in theepmtwork and therefore the shrinkage on drying
(Coussy et al., 2004). Also, this decrease in pability makes it more difficult for a specimen
to lose moisture from drying. This is why specim#érat are cured longer lost moisture at slower
rates, required more time to reach their maximurowrhof curling. Hedenblad (1997) has made
direct measurement of the decrease in permeatilityincreased curing. However, according to
Eq. (2.1) this decrease in pore size will causmarease in pressures upon drying. This explains
why there is an increase in curling deflection, &decrease in mass loss from the samples with a
longer period of wet curing. Moreover, the addieibwet curing may increase the water content
of the samples as shown in Figure 2.2, which witéase the length of drying time needed for

the samples to reach their maximum curling height.

2.6.3 Comparing Sealed and Wet Curing

As shown in Figure 2.2, specimens that were wedctincreased in mass due to capillary and
osmotic suction during the wet curing while thecpens that were sealed showed no increase
in mass during curing. Once the curing was remakiedvet cured samples showed a greater rate
of water loss for the first day of drying and theemilar rates of mass loss. With increased curing
the wet cured samples lost mass at a lower ratie Wié sealed cured samples lost mass at a
similar rate regardless of the curing length. Alsocan be observed that with increased curing

time there was an increase in the maximum curliigHt.
15



The increased drying rate during the period befaagimum curling is likely caused by the loss
of the additional water added during the wet curtigwever, despite this difference in rate of
mass loss and time of maximum curling the magnitefdbe maximum curling is similar
between the wet and sealed cured samples curedrgrarable duration¥his suggests that the
capillary pore size range and hence the shrinkagedydration products on drying were
similar between the samples despite the additiagtr used in the wet curing for the durations
investigated. Therefore, the extra water suppligthb wet curing does not seem to impact the
magnitude of the curling, only the drying rate éimelamount needed to reach the maximum
amount of curling. It is likely that this additidnaater supplied during wet curing fills the larger
pores in the paste that are able to lose water ety and not impact the drying shrinkage and

hence the curling.

2.6.4 Impact of w/cm on Curling

As shown in Figure 2.2 as the w/cm increased tbetidsthe rate of water loss during the early
drying. This is expected as the samples with thgbdr w/cm will have a higher permeability and
S0 it is easier for the samples to dry. Figuresh@®ws that samples with a w/cm of 0.42 showed
more curling from drying than samples with a w/ch®@®4 for similar curing durations. Other
researchers have shown that as the w/cm incrdaseseo does the drying shrinkage (Darwin,

Browning, & Lindquist, 2004; Schmitt & Darwin, 1999

For the 0.34 w/cm samples it appears that afteidayeof wet curing, that the curling heights
were similar. This holds for all of the 0.34 w/cansples except for the sample cured for 7 days.
This sample is likely an outlier. Similarly for tie42 w/cm samples the maximum curling height
did not significantly change for samples that waweed for 7 and 14 days. This suggests that
once a critical duration of curing occurs then &ddal curing does not have a significant impact

on the moisture loss or the curling of a samplés Thtical duration appears to be shorter with
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lower w/cm.This could be caused by the low rate at which thing water is able to further

penetrate the sample because of the low permeatiiiihe microstructure.

Another interesting observation is that there \itde difference in curling height or drying time
to maximum curling when comparing uncured sampligs &34 and 0.42 w/cm, despite the
mass loss being different by a factor of two. As time it is not clear why this occurs. One
would expect the 0.34 w/cm sample to be stiffer laanek an overall smaller pore size. However

at this time the microstructure is not well formaaw not well understood.

In general more work is needed to understand thplicw between pore size, water content, and
physical properties of the paste. Analytical moa@etscurrently being used to provide insight to

these problems for future publications.

2.6.5 Practical Implications

Although there are many benefits from wet and skealging, this work has shown that they can
increase the potential for surface drying shrinkaige curling. However, there are things that can
be done with the mixture design and slab constindtiat can minimize volume change from
drying. These recommendations are useful for timstcoction of concrete flatwork that will only
have drying from one side such as in slabs on gragavements. For these elements it is
recommended that mixtures with a lower w/cm shdadised and to avoid curing for extended
periods. For members with high sensitivity to yolichange long term wet curing is not
suggested and in some cases it may be desirabt# tmre the element. The curing duration
should be decided based on the application ofléieand the need for durability, strength, and
allowable curling deflection. However, this recoemdation may change for different curing
conditions, materials, mixture designs, and elerazets. Judgment should be used on the part of
practitioners. Sometimes it is necessary to wéit aoncrete floors have dried before applying

coverings in order to minimize mold or ensure adfesswill properly function. In these cases
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this work supports using a low w/cm and a sealethgumethod instead of a wet cure. This is

suggested as wet curing was shown to prolong ite iequired for drying.

It should be noted that the drying environmenhis tvork was severe but representative of what
may happen to concrete slabs from prolonged expdsuow relative humidity. Rewetting was
not investigated in this paper, and it is not cleaat magnitude this will have on the performance
because of the typically short duration of moisxposure and the low permeability of the
concrete. The impact of rewetting is currently lgaimvestigated and will be described in future

publications.

2.7 CONCLUSIONS
In this paper effects of wet curing were compacethat of sealed and no-curing in a 40% RH
and 23 °C drying environment for paste beams. Alremof useful observations have been

made:

» As the curing time increased there was a subsegieentase in the rate of mass loss
from drying but an increase in the ultimate diffeial shrinkage or curling. This was true

for a range of w/cms and curing durations and nusho

» There was little difference in the maximum curlimgight of specimens that used a wet
and sealed cure; however the wet cured samplesolsezved to curl at a faster rate than

the sealed cure samples.

» Samples with a w/cm of 0.34 had a lower maximuntirgiheight and a lower drying

rate than samples with a w/cm of 0.42 for the seumg periods.

» There was little difference in the maximum curlimgight for samples with a 0.34 and
0.42 w/cm that did not receive additional curingspite having a significant difference

in the rate and amount of moisture loss.
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Several recommendations have been made on posxiblifications to concrete slab
construction to minimize volume change from dryiAghough these observations were made in

paste samples, similar behavior would be expeciedncrete as suggested by Pickett (1956).
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CHAPTER IlI

III. COMPARISON OF CURING COMPOUNDS TO REDUCE VOLUME CINKE
FROM DIFFERENTIAL DRYING IN CONCRETE PAVEMENT

3.1ABSTRACT
Curing compounds are used to retain moisture whiomotes hydration to develop a tight
microstructure. Because of the large surface tamelratio of these structures, differential
moisture loss can cause unwanted deflections, tiedua ride quality, and cracking. This paper
guantitatively compares the effectiveness of déffiercuring methods with an emphasis on curing
compounds to resist moisture loss and subsequamhecchange caused by differential
shrinkage. This work provides a quantitative congoer between different curing compounds,
wet, sealed, and no curing not made in previoudigatlons. A performance based cost analysis
over the different curing compounds is also inctid&he result shows that the poly-
alphamethylstyrene curing compound causes the tawass loss and subsequent deflection
compared to the water-resin and water-wax basedgcaompounds at equal coverage rates at
equal costs. The work also shows that a doublecgisin of curing compound shows greater
benefit than a single layer with the same volunmerater-wax based curing compounds. The
results show that if adequate amounts of curingpmmds are used then they are a useful curing

method for members sensitive to differential drysugh as concrete pavements.

Keywords: Curing compound; Curling; Drying shrinkage; Palphamethylstyrene; Resin; Wax
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3.2INTRODUCTION

When a concrete pavement dries, the moisture profll change over time and shrinkage at the
exposed surface will cause the element to deflectid and crack if it is restrained and the stress
exceeds the strength of the concrete (ACI-302.0R42D'ambrosia, 2012; Hedenblad, 1997;
Ytterberg, 1987a). These cracks can lead to eaillyrés and costly repairs. Concrete is typically
protected to retain moisture by different curingmoels. Membrane-forming curing compounds
are the most widely used method to cure the frgshlged concrete (Kosmatka et al., 2011).
Curing compounds are used to increase the moistument and subsequent degree of hydration
of the concrete (K. Wang, Cable, & Ge, 2002, 2086xording to ACI-308R (2001) membrane-
forming curing compounds can be applied immediaadtigr the final finish of the concrete. This
means that supplemental moisture does not have aoldbed to keep the concrete moist. This
paper quantifies the performance of different ayiéompounds to retain moisture and reduce

volume changes caused by differential drying stagak

3.2.1 Level of Effectiveness and Application Rate of Curing Compounds

Depending on the different types, application vadyand ambient conditions, curing compounds
show a range of potential water retention (Math880; Senbetta, 1988; Shariat & Pant, 1984; J.
Wang, Dhir, & Levitt, 1994). ASTM C156 (2011) isstimost commonly used test method to
investigate the performance of different curing poomds. However, this test method has been
suggested to be highly variable, and able to gileefresults for curing compounds that are

highly viscous (Taylor, 2013).

Since the surface texture of concrete can be Jarittie amount of curing material needed to
provide sufficient water retention can also beafale. Once the desired coverage has been
determined then there are many details about tpiicapion equipment and method that impact
the actual amount of material that is applied (\armbssche, 1999; Ye, Mukhopadhyay, &

Zollinger, 2009). Therefore, different curing comypds with different levels of effectiveness
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may be applied with different application rates abthin equivalent performance. It has been
suggested that curing compounds should be appliega layers to ensure uniform coverage
(ACI-308R, 2001). Unfortunately, there is littleaqditative data to suggest this recommendation

and justify the possible increases in cost anaéwogractitioners adopt this practice.

3.2.2 Use of Paste to Study the Differential Drying Shrinkage of Concrete

In this study curing compounds and their impactraisture loss and volume change of paste
were evaluated. The drying shrinkage of the cempasite is six to eight times greater than values
observed in concrete (Bisschop, 2002) and pastekshatbout 1.7 times more than mortar (Holt,
2002). This difference is because the aggregatesriarete do not significantly dry and shrink
compared to the hydrated paste (Hobbs, 1974; Rid&H6). This means that the aggregates
restrain the shrinkage and reduce the amount ofkshg material. This also means that the
performance of the paste should be a magnifiedoref the mortar or the concrete. Pastes will
show larger shrinkage that will result in greateasured displacements and therefore will be
easier to measure accurately. Furthermore, thétyjgahtrol of paste is simpler than that of
concrete, resulting in greater measurement repiégtaBecause of this, paste samples have been

used in this study as a means to gain insightthedoehavior of concrete.

3.2.3 Performance of Wet and Sealed Curing M ethods on Curling from Differential Drying
While this paper focuses on the performance ohgurompounds, some other curing methods
have been included as a method of comparison. Wigiteand sealed curing methods have been
shown to promote hydration and reduce the poresitythe ingress of external chemicals, this
decrease in porosity can also cause increasegimgdshrinkage (Hajibabaee, 2011; Perenchio,
1997). Moreover, Hajibabaee and Ley (2015, 2016)veld that an increase in the length of wet
or sealed curing can increase the maximum curlfrgaste and concrete and the time to reach the
peak deflection. This behavior has been discussetbre details by Hajibabaee et al. (2016)

using a one-dimensional drying diffusion and stk model as well as a nonlinear diffusion
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model. To simplify this behavior one can use a dimeensional drying shrinkage modé}
(Adamson & Gast, 1967; Baroghel-Bouny, 1997; Basbdgdouny, Mainguy, Lassabatere, &

Coussy, 1999; Bentz et al., 1998; Coussy, 1995s80lEymard, & Lassabatere, 1998;

Mackenzie, 1950)

=T 0 ) Eq. (3.1)
p. =———In h:—ycos(é’ ),
V a

m

WhereS is the desorption isothernlﬂ) is the bulk modulusfd, is the capillary pressurd is
the universal gas constarf, is the absolute temperatu% is the molar volume of water (

=1.82x10° LI), h is the internal relative humidity with values betm 0 and 1) is the
mo

surface tension of pore fluid is the liquid-solid contact angle, aitis the radius of cylindrical

pore. The maximum curling deflecti(ﬁnax of the beam is estimated by Euler-Bernoulli eqprati

3|2 L
0

where g (y, t) is the strain function at certain tifieand different heightd, is the length of the

beam, andL is the thickness of the concrete beam. The highgitlary pressure in the samples

with longer wet curing duration causes a largeimdyghrinkage gradient and consequently

higher curling deflection (Hajibabaee, Grasleyalgt2016). This suggests that curing compounds

may be the desired curing method for structuresh a3 concrete pavements, that are sensitive to

differential drying and subsequent curling. Howreligtle work has been done to quantitatively

compare the performance and cost of different gucmpounds.
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3.2.4 Objectives

This work aims to quantitatively compare the moistioss and volume change caused by
differential drying of samples with different typetscuring compounds used at different
coverage rates and with multiple layers. Next, thiantitative performance information is
combined with the cost of these materials so thaqual cost comparison can be made. In
addition, results from curing compounds are conghéwesealed, wet cured, and no cured
samples. This analyses and quantitative compare@ngseful for practitioners and have not

been evaluated in this way in previous publications

3.3EXPERIMENTAL METHODS

3.3. 1 Materials

The Portland cement used in this study meets thgrements of both a type | and Il, according
to ASTM C150 (2011) and AASHTO M85 (2012). The axahalysis and the estimated phases
are given in Table 3.1. The paste mixtures indéljgeriment had a water-to-cement ratio (w/c) of

0.42 and were prepared in a constant batch siz@ o0

Table Ill.1 Oxide analysis of the cement, blaimeefiess, and phase concentrations

Oxide mass fractions (%)
SiO; AlI;0s MgO FeOs CaO SQ@
20.23  4.77 1.90 3.23 64.15 252

Phase mass concentrations (%) Blaine
CsS GS GA C4AF 3713
63.56 10.05 7.18 9.83 éhy

Three different curing compounds were chosen teesgmt different chemical families that are
the most commonly used in North America. The surgrofthese compounds is given in Table
3.2. This table also provides the cost and thetiwlarganic compound (VOC) level for the

curing compounds investigated.
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Table 11l.2 Specifications of the curing compounded

Density  Solid VOC

Compounds ASTM Type (kg/m?)  content Chemistry (/L) Cost
C1 Type 2,ClassE  1019.7 32.8% poly-alphamethylstyrer  34¢ 3x
C2 Type 2,ClassE  1017.. 21.7% water-resir 186.t 2x
C3 Type 2,Class # 969.4 23.9Y% waterwax <10C 1x

TCost is relative to C

3.3.2 Sample Preparation

The paste mixtures were prepared according to A&BU5 (2011). Three paste beams with
dimensions of 100 cm x 6.1 cm x 1.3 cm were prapar@lastic molds from each mixture. An
overview of these specimens is shown in Figurehis test was developed by Berke and Li
(2004) and subsequently used by Hajibabaee and204yp) and Hajibabaee et al. (2016) to

investigate wet and sealed curing of different iars on cement paste.

1.3cm aluminum beam _[—caliper rubber band

cm curled paste beam

100 cm

Figure 1ll.1 Typical paste beam used in the tesind the measurement setup; all sides except

the finished surface are coated with wax.

To evaluate the effectiveness of different curinghpounds, specimens were kept moist by
suspending wet burlap near their surface for fimerh before being covered in curing compound.
This was done to ensure that the sample had eripitigh strength for handling and the bleed
water disappeared from the surface of the speclmeéare applying the curing compound, as

suggested by Mather (1990).

The samples were weighed before and after thecgigih of the curing compound and then

stored at 23C and 40% relative humidity until 24 hours afteximg). Next the samples were
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demolded, weighed, sealed with wax on all sideghmifinished surface. They were then
reweighed and stored on their sides on a plastietdb minimize the friction and to ensure that
the curling measurements were not impacted by gyravhe wax was used because it is
economical and easy to apply. The test has beerfmube highly consistent, repeatable,
economic, quantitative, and provides insight imthtmoisture loss (average coefficient of
variation (COV) = 5.5%) and also the subsequeredidn caused by volume change of the

paste (COV = 8%).

3.3.3 Measurement

As shown in previous works by Hajibabaee and L&1E} and Berke and Li (2004), these
samples provide rapid results to compare manyreifftecuring techniques in a short time. Since
the top surface of the sample was exposed to tliegdenvironment this created a moisture
gradient in the sample. This gradient caused d@ifféal shrinkage strains to occur and caused the
specimen to curl significantly. These large defdiomes made them easy to measure. The sample

was also easy to weigh because it was not too.large

To measure the curling, rubber bands were useditbthe ends of the specimen tightly against a
flat aluminium plate with the uncoated surfacehaf specimen facing the plate. The distance
between the aluminium plate and the specimen wasuned at regular locations along the length
with a caliper of 0.0127 mm accuracy. An overvievghown in Figure 3.1. The curling of the
beam was symmetric and the maximum was at the enfthe beam. The loss of moisture of
the sample was measured as weight loss over titheOwli g accuracy. Additional details can be

found in (Hajibabaee & Ley, 2015).

3.3.4 Curing Methods
A flat nozzle (Chapin 5797) was used, as per theufi@aturer, to apply the curing compounds.

For all of the products, a pump pressure of 27@p&scals was used to produce a spray angle of
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80 and a flow of 1.4 kg/min. The suggested applicatate by the manufacturer is 5.6/n or
0.2 kg/nt for the curing compounds used in this study. Valaigove and below this rate were

investigated to understand and quantify the imp&cbverage on the performance.

To maodify the application of the compounds, thréfedent nozzle heights were used with the
same cart velocity. A cart was constructed thatldthe nozzle at a controlled height. The cart
was moved across the sample at a constant velocipyacing marks on the track at a known
distance apart. A metronome was used to help th@parator move at the desired velocity. An
overview of the cart is shown in Figure3.2. Fosttgisting the velocity of the cart was kept
constant and the application rate was adjustedhgiging the height of the spray nozzle. To
check the uniformity of the coverage, tests wenmeedasing steel plates of known areas placed at
the same height as the specimen. These platesneaybed before and after applying curing
compounds. By using the area of the plate and #ighwof the curing compound the coverage

was calculated.

metronome —

_~bolts to be
adjusted at
desired nozzle
heights

—

.

C mold

moving
forward

Figure 111.2 The cart, nozzle, and tracks and haddsniformly spray the curing compound
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Curing compounds were applied in a single layetherfinished surface of the samples. Also a
double layer of curing compound C3 was appliedvo ¢qual layers whose sum equaled the
reported values. The second layer was applied &fgbt the first one at the same rate and in the
same direction. A combination of wet curing for atay followed by an average coverage 0.15
kg/n? of C3 was also investigated. Samples were als@mwstaled cured for one and three days.
For wet curing, samples were kept in saturatecapuidr one and three days of additional curing
after demolding and waxing. The burlap was wettezhyeday to ensure that it remained
saturated. After the curing was removed the spatmere subjected to a 40% relative humidity
and 23°C drying environment within an environmental chamb®ealed cured samples were
kept in sealed plastic bags for one and three @iln this chamber. This curing was similar to
the wet burlap, but no external moisture was addéke specimens during the curing process.
Also, three samples were sealed continuously impkastic bag to cease the external drying.
These samples represent an ideal case with thegoemimpounds and so show a useful

comparison.

3.3.5 Statistical Analysis M ethods

The results were statistically analyzed with anymis of variance (ANOVA) together with a
Duncan’s multiple range pairwise comparison. ANOKAN appropriate procedure for testing
the equality of several means. Duncan’s multipfeyeapairwise comparison is useful for pairwise
comparison of group means. This is useful to d¢istathe population means of two groups are
statistically different from one another (Dunca@5%; W. G. Hunter, Hunter, & George, 1978).
In the ANOVA, the dependent variable was the mdaheweight loss value or the maximum
curling values, and the independent variable wasthing method or application rate. The
statistical analysis was undertaken to evaluatsitiréficance of difference between averages of
weight losses or curling values for different cgrmethods. In addition, one-way ANOVA was
used to determine the significance of differendsvben results of different application rates for
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various curing types. A Duncan’s grouping was aledormed to determine statistically different

and similar means.

Also, a regression analysis was used to find regresnodels for the maximum curling versus
application rate and weight loss versus applicatide for each of the curing compounds and to
approximately interpolate the weight loss and maxmeurling of a given application rate
(manufacturer’'s recommended application ratehdiugd be noted that the regression with the
highest F-statistic, lowest p-value, and highefiisidd R-squared was taken as the most reliable

(Kutner, Nachtsheim, & Neter, 2004).

34RESULTS
The weight loss after 72 hours of drying versusdheerage for different curing compounds is

shown in Figure 3.3.
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Figure 111.3 Comparison between the weight lossarsfiples after 72 hours versus different

coverage of curing compounds. The solid lines stieatrendlines as described in Table Al.

While it is possible that these membranes may im@ved or abraded over time, this work is

focused on the effectiveness of curing over a ttegeperiod, because:

+ ASTM C309 restricts the loss of water in 72 hoorsadt more than 0.55 kgffor mortar
samples. Although this moisture loss limit was ued in this testing, the 72 hour time

period still proved to be a useful point to compidue performance of the materials.

* Previous research found thlater 75% of the weight loss happened within thet ffi2

hours of drying (Hajibabaee & Ley, 2015).

Figure 3.4 shows the maximum curling deflectiorsusrthe application rate of the different

curing compounds. Samples were measured each tibkthermaximum amount of curling was
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reached. This typically occurred within 10 daydterwards curling was measured every three
days for a few months. Also included in the grapa specimen that was wet cured for one day
and covered with a single layer of curing compoG3dlabeled as “C3 after 1-day wet”. The

manufacturer's recommended dosage is shown ashadléise.

12 i N , ‘
A ‘ manufacturer's !

! |
| recommended coverage |

10

max curling (mm)
(@)

X C3 after 1-day wet curing

| AC3

2 . % R C3 in double layer
| C2
| .+ Cl

0.05 0.1 0.15 0.2 0.25 0.3

application rate (kg/m?)
Figure 111.4 Comparison between the maximum curbiigamples cured with different coverage

of curing compounds. The solid lines show the tlieed as described in Table Al.

Figures 3.5 and 3.6 use bar charts to show thelesd values from the regression analysis for
the weight loss after 72 hours and the maximuniraudeflection for a collection of samples.
These calculated values are also normalized tohttigs and maximum curling of no cured
samples, respectively. The regression analysisvatlaall curing compounds to be compared at a

known value. The maximum curling deflection occdrag different times for different samples.
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Samples that are wet or sealed cured for one tegg tdays, and continuously sealed are also
included for comparison using their average welgbses and maximum curling deflections
measured from three samples for each curing mefhoetefore, the standard deviation values

for these average values are shown as well.

100 I
o
o
5
= 80
e 2.1x
< o I
;;5' 60 .
5 T
39 A
240 - 3.4

no curing .
1-day we
3-day we
1-day sealed
3-day seale
C3 after
1-day we
C3
C3in
double laye
Continuously
sealed

Figure 111.5 The weight loss of samples after 7Riisocuiniy compound methods have a
manufacturer's recommended application rate okg/&7. The Y-axis is normalized to weight
loss of no cured samples. The error bars represenstandard deviation from three different

samples.
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Figure I11.6 The maximum curling of samples aft@rhburs; curiring conound nizthods have a ‘e a
manufacturer’'s recommended application rate okg/&¢. The Y-axis is normalized to
maximum curling of no cured samples. The erros lbepresent one standard deviation from

three different samples.

Next, the regression models were used in Figuréo3show the performance of the different

curing methods at equivalent costs. Three diffeeguivalent costs were shown in the graph.
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Figure 11l.7 The maximum curling of samples cuwdgth different methods for costs X, 1.3X,

1.6X shown with markers small, medium, and bigpeesively.

A summary of the regression analysis for the weliggd and maximum curling has been included

in Table Al in the appendix. These regression nsoded used in Figures 3.3 and 3.4. A

summary of the statistical analysis are given ihl@d3.3, 3.4, and 3.5.
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Table 111.3 One-way ANOVA and Duncan’s multiple ganpairwise analyses for weight loss

C1 C2
Application rate Weight loss Duncan’s Application rate Weight loss Duncan’s
mean (kg/m) mean (kg/rd) grouping mean (kg/r) mean (kg/r) grouping
0.08 0.32 A 0.08 0.24 C
0.16 0.15 B 0.15 0.26 C
0.21 0.19 B 0.23 0.25 C
p-value (%) 2.03 p-value (%) 16.30
C3 C3D
Application rate Weight loss Duncan’s Application rate Weight loss Duncan’s
mean (kg/rm) mean (kg/rd) grouping mean (kg/m) mean (kg/rd) grouping
0.14 0.63 D 0.11 0.58 F
0.19 0.56 D&E 0.16 0.38 G
0.29 0.52 E 0.22 0.34 G
p-value (%) 453 p-value (%) 0.46

1 Duncan’s grouping labels (e.g. “A” and “B”) areedsto show groups of different statistically sigeaht means.
Results with the same letter are statistically EimiWhere two letters are reported then the noeaild belong to either
group. Each table shows a separate analysis arud ieeant to be comparable. This means that ardi#él in one
table is not comparable to the same label in and#inte.

Table 1.4 One-way ANOVA and Duncan’s multiple gmpairwise analyses for max curling

C1 Cc2
Application rate  Max curling mean Duncan’s Application rate  Max curling mean Duncan’s
mean (kg/m) (mm) grouping mean (kg/r) (mm) grouping
0.07 2.58 A 0.08 5.11 B
0.16 2.26 A 0.15 4.50 B
0.21 2.58 A 0.23 4.14 B
p-value (%) 92.55 p-value (%) 49.02
C3 C3D
Application rate  Max curling mean Duncan’s Application rate  Max curling mean Duncan’s
mean (kg/rfd) (mm) grouping mean (kg/r) (mm) grouping
0.14 11.66 C 0.11 8.71 F
0.19 9.23 D 0.16 8.36 F
0.29 7.41 E 0.22 6.88 F
p-value (%) 0.11 p-value (%) 8.22

1 Duncan’s grouping labels (e.g. “A” and “B”) areedssto show groups of different statistically sigrdaht means. Results
with the same letter are statistically similar. &#htwo letters are reported then the mean coltthbeo either group. Each
table shows a separate analysis and is hot meaet¢omparable. This means that an “A” label in e is not comparable
to the same label in another table.
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Table 111.5 One-way ANOVA and Duncan’s multiple ganpairwise analyses for curing type

. L Weight loss Max curling
Curing Application rate

Compound range (kg/rﬁ) Mean (kg/rﬁ) Duncan’s Mean (mm) Duncan’s
grouping grouping

Ci 0.16-0.21 0.17 A 2.42 A

Cc2 0.14-0.20 0.25 B 4.32 B

C3 0.15-0.20 0.59 C 7.47 C

C3D 0.16-0.24 0.36 D 10.20 D

p-value (%) <0.01 <0.01

1 Duncan’s grouping labels (e.g. “A” and “B”) areedsto show groups of different statistically sigraht
means. Results with the same letter are stafistsianilar. Where two letters are reported thiba mmean could
belong to either group. Each table shows a separatlysis and is not meant to be comparable.rmbans
that an “A” label in one table is not comparablé¢hite same label in another table.

3.5DISCUSSION

3.5.1 Application Rate

Figures 3.3 and 3.4 show that, in general, asdkerage rate increased for a curing compound
the weight loss of the samples decreased afteougtof drying and so did the magnitude of the
ultimate amount of curling of the sample. This ioygment in performance is expected as an
increase in the thickness of the applied curingpmmumd should more effectively seal the
specimen and reduce water loss. With reduced wagsithere will be reduced moisture gradients
within the sample and therefore less curling. Have€2 showed almost no change in weight
loss after 72 hours over all of the coverages itiyated. Based on one-way ANOVA, the
difference between weight losses with an increasgpplication rate is significant with 95%
confidence level for all curing types except C2orkbver there is no significant difference
between maximum deflections with an increase irieguon rate for all curing types except C3.
Duncan’s grouping results based on the significarickfference between averages of weight

losses and maximum curling values are in agreemigmtANOVA results. This suggests that to

36



get the best results with the lower performingmyicompounds, such as C3, the application rate

must be increased.

3.5.2 Curing Compound Type

The weight loss and maximum curling was comparégédsn 0.141 and 0.235 kgno

statistically determine difference in curing compdperformance. Based on ANOVA and
Duncan’s multiple range pairwise comparison redoltgoverage rates between 0.14-0.24 Kg/m
there is a probability of less than 0.01% thataherage weight loss and maximum curling value
for different curing types are the same. This rsahat the curing type effect on weight losses

and maximum curling values is significant.

As seen in Figures 3.3-6, the water-wax based guwampound (C3) showed increased moisture
loss and curling followed by the water-resin basadng compound (C2) and the poly-
alphamethylstyrene based compound (C1) performretdit at similar coverage rates. The
curing compounds with the highest VOC levels penfed the best in the testing and the lower
VOC levels performed the worst. This finding maipeevious work (Taylor, 2013; Whiting &

Snyder, 2003).

The improved performance by the solvent based guw@mpounds C1 is likely due to three
different effects. First, the sealing materiallie solvent solution is more miscible and so easier
to place in suspension. Second, the solvent bag@tyacompounds should provide more
uniform coverage due to the improvements in wettirgyided by solvents when compared to
water based curing compounds. Dhir et al. (1989¢ lzdso suggested that solvent-based curing
compounds have less vapor permeability than wateedb curing compounds which may also be

important.
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3.5.3 Double Layer Application of Curing Compound

As shown in both Figures 3.3-6, a double applicatibcuring compound C3 showed better
performance than a single application for equalamof curing compound that is statistically
significant based on ANOVA and Duncan’s pairwisenparison over the application rates
investigated. When compared at the manufactugggesiied coverage the double layer showed a
33% reduction in the weight loss and a 20% redndtiche amount of maximum curling. As the

application rate of the curing compound increabed the difference in curling also decreased.

Shariat and Pant (1984) suggested that a singde &fycuring compound causes either non
uniform coverage or imperfections in the formed rbeame. It is possible that the double
application allowed imperfections in the first dagtto be covered by the second without
increasing the amount of material used. This issngprising as paints and coatings are suggested
to be applied with multiple coats in order to geiform coverage. This seems to also apply to
curing compounds. This improvement in curling reaucmay not be as beneficial with curing
compounds of superior performance such as C1.xongle, curing compound C1 did not show
improvements in performance with increased coveaageso there may be less imperfection

with this curing compound.

3.5.4 The Use of Curing Compounds after Wet Curing

Some specifications have started requiring combauethg methods to try and provide a
synergistic effect between the two methods. Onencomtechnique is to first wet cure concrete
and then provide a curing compound to reduce sulesganoisture loss. By using curing
compound C3 after 1-day of wet curing it was pdedib reduce the moisture loss and maximum
curling compared to a sample that was wet cured-fitey and then allowed to dry. Figures 3.5
and 3.6 show that samples with only a day of wehguhad 210% more weight loss at 72 hours
and 130% higher maximum curling compared to thelined curing method. This means that

the external water provided during the wet curiragwetained within the sample and was
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available to promote hydration in the surface eft¢bncrete. For certain concrete structures the
combined method of using wet curing and the submgtcapplications of curing compounds has
potential to help maintain a high moisture contarihe concrete for extended periods and should

be investigated further.

3.5.5 Comparison of Different Curing M ethods

Figure 3.5 shows that samples that were not curegceived wet or sealed curing for one and
three days show significant water loss on remotfegcuring. Samples with no additional curing
showed the maximum weight loss of the samples tigated, most likely due to a higher
permeability on their exposed surface (Gowriplaalgt1990; Ramezanianpour & Malhotra,
1995). The wet cured samples also had a consideaaibunt of weight loss after 72 hours of
drying due to the loss of the extra water added the=curing period. However, as shown in
Figure 3.5, this value after 72 hours of dryingtii less than the sample that was not cured. This
decrease in moisture loss in both wet and sealedgcoompared to no cured samples is likely
due to the decrease in surface permeability caogdide prolonged curing. This has been
discussed previously by Hajibabaee and Ley (204bpbf the samples with curing compounds
showed less weight loss compared to other metfidids.can be attributed to the formation of a
film created by the curing compound on the surfasfdie concrete or blocking the pores. Both

of these phenomenon will reduce evaporation.

When comparing the performance of sealed and wetl@amples in Figure 3.5, the magnitude
of the weight loss between different curing peritdsigh but the deformations caused by drying
shown in Figure 3.6 are not. This might be bec#lusextra water provided during wet curing
fills the larger pores and can be lost more eagiligout causing subsequent shrinkage and
consequently the curling. Figure 3.6 also showsititaeasing the duration of wet or sealed
curing increased the maximum curling, as shown thiehdashed red box. This has been

attributed to the extended curing causing a deergethe pore sizes (Hajibabaee & Ley, 2015),
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increase in saturation of the microstructure avargmoisture content (Hajibabaee, Grasley, et
al., 2016; Hajibabaee & Ley, 2016), and then aasgbsnt increase in the ultimate pressures upon
drying according to Eq. (3.1). This differentiatistkage in the specimen leads to increased
curling according to Eqg. (3.2). Samples that usethg compounds had the lowest amount of
curling of the specimens investigated, as showfignre 3.6. This is likely due to the curing
compound reducing the moisture loss in the sanifdittle moisture was lost in the sample, this
means that there was little external drying comgpp@meuncured or wet cured samples after

exposure to drying. Therefore, according to EdL)(3he relative humidityn does not change

significantly, i.e. remains high, and the capillargssurefd. does not considerably increase the

one-dimensional drying shrinkagg . Therefore, there was little differential dryingriskage

and so little curling. In an ideal curing methodicls as a sample that is continuously sealed as
shown in Figures 3.5-6, the external drying is edaand so the external moisture loss and
curling from differential drying does not occurhi$ observation explains the superior

performance of curing compound C1, as this mathealthe biggest reductions in drying.

As shown in Figure 3.5-6, C3 had 340% more weigss land 380% more curling than C1 at the
recommended application rate of 0.2 kg/m2. Curiogmound C2 showed 150% more weight
loss and 170% more curling than C1 at this sange Tdtis suggests that C1 may be used at a

lower application rate and achieve similar perfanogwhile also reducing costs.

3.5.6 Cost Comparison

Using the chosen regression models Figure 3.7 stiwuwmaximum curling of curing compounds
for coverage rates of equal costs. For comparibencost of curing compound C3 at the
manufacturer's recommended dosage has been usedtyasThis was chosen as C3 was the least
expensive and the lowest performing product. Datatp are also shown for costs that are 30%

and 60% more. This was done to allow one to comiar@erformance of the curing compounds
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at equivalent costs or to find the costs at egaivgberformance between curing methods. The
double layer application was assumed to cost 1/& th@n a single layer. This cost increase was
for the increase in labor for the second layer. dda shows that certain curing compounds
perform better than others at comparable cos#ésdt shows that increasing the coverage of C3,
the water-wax based curing compound, in one ofdyers has some increase in performance,

but not as much as when a better performing curimgpound is used.

By quantifying the interplay between curling andiig compound application rate, it may help
users justify the use of higher cost curing comgsumhere high quality curing is needed. The
data also shows that lower application rates ofifay be able to be used to save costs while still

providing a similar or improved performance ovdrestcuring compound types.

This work shows that a double application of thermucompound is able to improve curling
performance without increasing the amount of makeri cost, at least according to the
assumptions in this paper. This would be a simplg t@ decrease moisture loss and curling

without significantly increasing material costs.

3.5.7 Practical Implications
In the 23 °C and 40% RH drying conditions invedtgathe ability of the curing compounds to
reduce moisture loss was shown. This performanbeneficial to reduce the moisture gradient

and subsequent volume change of the concrete.

It was also shown that not all curing compoundsegpgvalent. The research showed that the
poly-alphamethylstyrene based curing compound dem/the best moisture retention of the
curing compounds investigated. However, this makéiroughly 300% more expensive than the
wax based compounds and 150% more expensive tharothpound with resin base. However,

this work showed that poly-alphamethylstyrene cardd to show superior performance at lower
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application rates or the same level of cost. Thay ime a way to reduce the cost of the curing

compound and still achieve outstanding performance.

A double layer application of curing compounds sbdwn increased effectiveness of water
retention without increasing the amount of matersdd. This is a useful finding and supports the
recommendation that a double layer of curing comgahould become common practice much

like it is with paint and other coatings.

It should be noted that all the specimens invewtjavere paste beams that were prepared in the
laboratory and so the curing compound was appled smooth surface. Field concrete may have
a rough surface with tines, broom finish, or cagregs. This increase in surface texture makes
the required amount of curing compound more chgitento predict. Imprecise equipment and
wind can also cause non uniform coverage. Becdubesge issues, greater coverage rates and a
larger number of applications may be needed toigeosatisfactory performance and should be
investigated for other applications. However, igipected that the trends from this work would

still hold.

The use of wet curing followed by the usage of @ngucompound did not show the rapid drying
that is typically observed with wet cured specimafter the curing is removed. This means that
the curing compound helped keep this additionaéwiat the concrete and promote hydration.
This in turn would create a dense and low permigalpibre structure that should improve the

durability and strength of the surface of the ceter

3.6 CONCLUSIONS

This work examined the impact of different curirgrpounds at different application rates on
paste samples that were stored in 82and 40% relative humidity environment. All sangple
were only allowed to dry through the cured surfacevaluate the ability of the curing method

and paste to retain moisture and resist volumegeh&om differential drying. Different curing
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compound types at different application rates vievestigated and compared to samples that
were wet, sealed, and not cured. Investigatione &kso done with double layers of curing
compounds and combinations of wet curing followgdlruring compound. A statistical analysis
was used to evaluate the significance of the meddiifferences between results for application

rate and curing type. A number of useful conclusioan be made:

» At the manufacturer recommended application ragelype 2-Class-B poly-
alphamethylstyrene curing compound (C1), had thstleeight loss and dimension
changes, followed by the Type 2-Class B water-resiing compound (C2), and then the

water-wax based curing compound (C3).

e This same order of performance was found whenudheg compounds were applied at a

comparable cost.

» Asthe coverage rate increased for the water-wagdauring compound then so did the
performance. However, the water-resin and polyaipdthylstyrene curing compounds
did not show statistically significant improvemémiperformance with increased

coverage rates.

» The double application of the water-wax based guciompound with the same coverage
rate of a single application was shown to be siedilby different and able to reduce
weight loss by over 30% and curling by 20% wherdustethe manufacturer’s application

rate.

* While curing compounds are in place they limit mais loss to a greater degree than the
paste after wet curing has been removed. This teduien moisture loss reduces the
differential drying shrinkage because of a reduneisture gradient and therefore

reduces the curling.
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» Although not as effective at moisture retentiomgdastic sheet, curing compounds can

stay in place for longer periods of time and camimo retain moisture.

» A combination of wet curing then a subsequent apptn of curing compound reduces

moisture loss when compared to the samples thathave the wet curing.

The work shows that curing compounds can be usadesnbers that are sensitive to drying,

such as slabs on grade and pavements, to reducentiisture loss and subsequent curling. This
work shows that curing compounds of different typed costs have statistically different
performance. The quantitative nature of this waak hllowed performance and cost comparisons
to be made that may help justify construction peastor increase expenditures on curing in
order to improve moisture retention or reduce ogtliAlthough this work was done with paste
specimens, the trends from these findings shouldifloo concrete samples. While curing is
widely agreed to be useful to concrete, more gtative work is needed to compare the

performance of concrete with different levels afface texture and application procedures.
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CHAPTER IV

IV. THE IMPACT OF WET CURING ON CURLING IN CONCRETE CARED BY
DRYING SHRINKAGE

4.1 ABSTRACT
This paper examines the impact of wet curing wiffecent durations on differential drying
shrinkage of concrete beams. The work shows thegvere drying conditions the magnitude of
curling increased with the duration of wet curifgoncrete specimens. Testing results are
presented along with an explanation for the meacmasiobserved. These findings provide
guidance for wet curing durations for concrete slddat must be resistant to volume change from

drying.

Keywor ds Capillary tension; Concrete pavement; Degree tfration; Drying shrinkage; Wet

curing

4.2 INTRODUCTION

It is common in concrete members with large surfaceolume areas, such as slabs on grade or
concrete pavements, to have vertical movement tifferential temperature, moisture, and
shrinkage over the depth of the member. This &rredl to as curling. The movement is a
problem if the edges or middle of a slab curl umhemd lose contact with the foundation. This
will cause increased stresses from gravity loadiscanise cracking, or impact ride quality. This

can be a significant problem, as this may leadéonature failures, costly repairs, or unsafe
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working conditions for industrial slabs on gradefter, Khazanovich, Snyder, Rao, & Hallin,

2001; Hiller & Roesler, 2002; Hveem & Tremper, 193dllinger & Barenberg, 1989).

The moisture distribution in a concrete slab isuas=d to be uniform before drying begins and it
starts changing as concrete loses moisture (Heagnb®97). Depending on the length of the
drying period, external relative humidity, temperat and the initial water content, the moisture
gradient can be quite complicated, resulting itrairs profile from drying. The analysis of this
strain profile is even more complicated if the temgture and moisture fluctuate simultaneously
and the slab experiences creep strains from itsvegfjht. Previous studies on concrete
pavements showed that a combination of both tertyrerand moisture have been documented
to cause curling (Hveem, 1951). Moreover, if a eetemember is only allowed to dry from one
side, then this will in turn lead to a differentsddrinkage strain in the member and will cause the
edges of the slab to lose contact with the foundafy'tterberg, 1987a, 1987b, 1987c). This
behavior has been observed in the field as moistameers placed under concrete slabs were
shown to cause problematic curling when drying osxli(ACI-302.1R, 2004; Anderson &

Roper, 1977; Nicholson, 1981; Turenne, 1978).

A number of properties of the concrete mixture aostruction practice can impact the long-
term drying shrinkage of concrete. After placingote, it is common to protect the concrete
from moisture and temperature loss by curing ihwiet coverings. These coverings supply
moisture to the surface of the concrete to prorootginued hydration. Rapid moisture loss from
the surface of a slab can cause plastic shrinkagkiog, reduce strength, increase permeability
and lead to harmful impacts on the long-term ditstzind abrasion resistance. Therefore,
prolonged wet curing is thought by many to provatdy improvements in concrete performance,
and it has been recommended for fresh concrete-882I1R, 2004; Aitcin, 1999; Kosmatka et
al., 2011). However, not all work has shown thaeeded wet curing is beneficial. For example,

Perenchio (1997) observed an increase in dryiniglksdme when concrete was wet cured for up to
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seven days. The authors have also shown that eedemelt curing of thin paste specimens can

lead to increased curling when allowed to dry dndyn their surface (Hajibabaee & Ley, 2015).

The drying shrinkage of the cement paste is tylyicak to eight times greater than the amount
observed in concrete (Bisschop, 2002). The shrikam be decreased by reducing the paste

content and increasing the aggregate content (Taa2diyazawa, & Kasai, 1995). Therefore, the
shrinkage of the concretg, is highly affected by the shrinkage of the cenpastec,, and the
aggregate volumetric fractiog, which is typically between 60% and 80%. Pick&&56) has

suggested
& =€£,(1-9)", Eq. (4.1)

in which a constanh with values of 1.2 to 1.7 is used to fit the data.

One of the driving forces for shrinkage of an elatrie the capillary forces during drying within
the pore network (Scott, Lane, & Weyers, 1997).ibgycauses the loss of moisture in the pores

and the formation of menisci on the walls. The fation of the menisci and generation of the
capillary tensionp, can be related, according to the Young-Laplaceou (Adamson and
Gast 1967; Radlinska et al. 2008)

_2y _2ycos@)
r a

P. = Eq. (4.2)

where y is the surface tension of pore fluid,is the radius of the curvature of the menisdis,

is the liquid-solid contact angle, ardis the radius of cylindrical pore. When the pdrecure
is finer, the radius of the pore and the radiususfature of meniscus will be smaller. The solid
surfaces or pore walls will be pulled together hig hegative pressure, causing the volume

change or shrinkage.
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Shrinkage of the paste, can be defined as a function of capillary tensmn liquid water
saturation§ , bulk modulus of porous body with empty pori€s, and bulk modulus of solid

phase comprising the skeleton of the porous biédyBentz et al., 1998; Mackenzie, 1950)

s, 1 1
=2 p(—-2), Eq. (4.3
£, 3p°(Kp Ks) g. (4.3)
s=4-10 Eq. (4.4)
Y

where ¢ is the volumetric content of liquid watep, is the total porosityw is the water content

mass, 0, is the apparent density of the material, g;ds the density of liquid water.

Due to the generation of hydration products anda@ated self-desiccation of the pore structure
of the cement matrix, autogenous shrinkage ocd@inis.component is more important for
concrete mixtures with w/c less than 0.40 (Taz&l889). The autogenous shrinkage in concrete
increases by reducing the w/c and increasing threenefineness since the capillary tension
mechanism will cause higher tension in the poreemat the finer structures (Bentz et al., 2001;
Jensen & Hansen, 1996). These effects may inctkasexternal drying previously described.

This may lead to greater internal stresses aneéased levels of cracking.

When concrete is exposed to external drying, ttagive humidity is a controlling parameter.
According to the Kelvin-Laplace equation, capilléension is also related to the internal relative

humidity (Adamson & Gast, 1967; Bentz, 2008)

__,olRT

RT
Inh=-—In Eqg. (4.5
S M v h g. (4.5)

\ m
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where R is the universal gas constaiht,is the absolute temperatufé],, is molar mass of
. s L . . :
water,V, is the molar volume of waterx1.82x 10 —l), andh is the internal relative
mo

humidity with values between 0 and 1. In this wdrk is assumed to be constant. It should be

noted that, for a constant temperature, decreagesative humidityh will lead to increases in

capillary tension. This will be discussed latethia paper.
It has been suggested in previous studies thatltingate value of drying shrinkage should be
multiplied by terms, likel— (L)3 (Bazant & Baweja, 2000) dr—1.18 h ¥ (Gardner

Y IETmS: 100 o 18400 ’

2000), to predict the drying shrinkage of the cetert a certain relative humidity . However,
through a macro-level model based on the theonpafinear poroelasticity (Baroghel-Bouny et
al., 1999; Coussy, 1995; Coussy et al., 1998),camepredict the one-dimensional drying
shrinkage of cement or concrete as a functionlafive humidity and a few physical properties.
This model uses capillary pressures to predicbfith drying and autogenous shrinkage for
conditions of 44% relative humidity and above (Barel-Bouny, 1997). Other models and

mechanisms may become more important below 44%wvelaumidity (Wittmann, 1973). This

means that one-dimensional drying shrinkage strgjnean be predicted by using the capillary

curve, the desorption isotherf , and the bulk modulu¥,

RT §

de, = —dh Eqg. (4.6
173KV h a. (46

Wl

Several phenomenon are known to have an impadteoourling of concrete elements such as
daily temperature and moisture gradients, buitemperature gradient, creep, and differential

drying shrinkage (Rao & Roesler, 2005). This wimtuses specifically on how different
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durations of wet curing can impact the drying skaige gradient and the consequent curling of
the element when it is dried from only one surfatbe mechanisms are then discussed and

practical recommendation is provided for practidmn

43 EXPERIMENTAL INVESTIGATIONS

4.3.1 Materials
The cement used in this test is type |, accordn§STM C150 (2011), and its chemical analysis

is shown in the Table 4.1.

Table IV.1 The oxide analysis of the cement anglitgse concentrations.

chemical test results (%)
Si0; Al:0s MgO  FeOs CaO SQ
20.77 457 2.37 2.62 62.27 3.18
NaO K0 TiO, P,0Os SrO BaO
0.19 0.32 0.34 0.14 0.22 0.07
phase concentrations (%)
CsS GS GA C.AF
52.13 20.22 7.68 7.97

Samples were made with dolomitic limestone aggeegatl natural river sand used commercially
in concrete. An ASTM C618 (2008) class C fly aslswabso used. The chemical analysis is

shown in Table 4.2.

Table V.2 The oxide analysis of the fly ash usethie testing.

chemical test results (%)
K:O BaO MgO SrO CaO SO N&O
0.58 0.72 5.55 0.39 23.12 1.27 1.78
SiO; Al,O3 MnO2 P05 FeOs TiO2
38.71 18.82 0.02 1.46 5.88 1.3
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4.3.2 Mixture Proportions and Procedures

In the mixtures investigated a water to cementr@icm) of 0.42 was used. All of the
aggregate, both coarse and fine, were broughthetéemperature controlled mixing facility at
least a day before and their batch weights wenectad for the moisture content. The aggregates
were charged into the mixer along with approximatefo-thirds of the mixing water. The
combination was mixed for three minutes. Next daynped fine aggregate was removed from
the walls of the mixer. Then the cement and flywak loaded into the mixer, followed by the
remaining mixing water. The mixer was turned ontfoee minutes. Once this mixing period was
complete, the mixture was left to “rest” for théldaving two minutes while the buildup of
material along the walls was removed. Next the mixas allowed to run for three minutes. The
slump (ASTM-C143/C143M, 2010), unit weight (ASTM-88/C138M, 2010), and the air
content (ASTM-C231/C231M, 2010) were measured. mheure proportion used for a cubic

meter is presented in Table 4.3.

Table IV.3 The mixture proportions used in this exment per cubic meter.

cemen fly ast course aggrege fine aggregat wate
(kg/im?)  (kg/n) (kg/m) (kg/m) (kg/nr)
267 66.7 1094." 736.1 136.¢

4.3.3 Sample Preparation, Casting and Curing

The specimens used for this work are a simplifiesion of much larger beam tests by Hansen et
al. (2007), Springenschmid et al. (2001), and Hdjdee (2011). By studying these smaller
elements it was possible to investigate a greaterber of samples and variables more
economically. Also, it allowed the mass changeaartzasured in addition to the strain and

relative humidity. This is not possible with thedar beam tests previously investigated.
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For this work all drying is assumed to originatenirthe top surface of the slab. To ensure this, a
waterproof membrane is used on all faces of thepkaexcept for the finished surface. An

overview of these beams is shown in Figure 4.1.

|——-|—diameter=1 .8 cm
() sed Sm{acé N
depth=1.8 ch = i (typical) B TR

|
|
| 1
| 1]
(=

RH sensor—< R ﬁ’
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13 omel- \ 5
1.9 cm O O/fradius‘=l cm E;
o (typical) ' l

tsem]| e

I moisture
barrier on all /
sides except

E
[+
Us]
«~ the top

2.5cm
2.5¢cm

Figure IV.1 An overview of the sample investigatedthis testing

For this testing, all specimens were cast and dtioran environmental chamber at 23 °C and
40% relative humidity. In this experiment the spsen was 7.6x10.2x26 cm. The moisture
barrier was used as a form liner during castings Tiraterial had a plastic waterproof membrane
on one side and fibers on the other. The fibergweented so that they bonded to the wet

concrete and provided a tight fit of the water [ilager on the outside of the beam.

This specimen was carefully demolded 24 hours afisting, and the interfaces between the
membrane and the concrete were sealed by wax.rBgesiwere prepared with no-curing and 7
and 14 days of wet curing with wet burlap and atadaarp. While drying, the beams were

flipped on their side and placed on wooden dowesihimize the impact of the self-weight on

the curling measurements.
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4.3.4 Test Procedure and M easur ement

4.3.4.1 Deflection and strain measurements

The strain of the beam was measured at 3 diffelepiths, as shown in Figure 4.1. Surface
mounted stainless steel gage points were gludtetbéams. This was done by first burning
through the membrane in a localized area and thanggone of these gage points. Each gage
point had a machined cone in the surface thatifitizva hand held mechanical strain gage. The

accuracy of this gage was 4 microstrain.

4.3.4.2 Relative humidity

The relative humidity of the beams was measurdd3atm, 3.2 cm, and 5.8 cm from the finished
surface starting four days after the terminationwfng. This was done by using the DS1923
Hygrochron Temperature/Humidity Logger iButtonseTensors were placed into the side of the
concrete in 1.8 cm deep holes with 1.8 cm diantetgrwere cast into the sample. These sensors
were programmed to take relative humidity measurgsnevery hour. The gages were inserted
after four days of curing to prevent failure dughe high amount of moisture in the concrete.

After demolding, the holes were sealed with watmfpape.

The relative humidity sensors were calibrated atiogrto ASTM E104 (2012) with four

different salt saturated solutions. The relativentdity calibration range was between 57.6% and
97.3%. This was chosen in order to cover the ranfjeamidity expected inside the concrete
during the testing. A specific calibration was gaited for each sensor before testing and applied

to all subsequent measurements.

4.3.5 Beam Deflection
While the measurements of differential shrinkagetaaipful, the focus of this work is on
determining the impact of this phenomenon on thiénguof concrete members. By using

regression analysis witB.96< R’ < 1, the strain functiore(y, t) is fitted to measured
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shrinkage values at certain tirheand different heightg . Then the maximum deflectiod, ,, of

the concrete beam is estimated by Euler-Bernogllagon
3|2 L
o (t)=—=|&(y,t)ydy, Eq. (4.7
(1) 2L3£ (y.t) ydy, a. (4.7)

assuming spatial variations in the mechanical pt@seare negligible. In Eq. (4.7),is the

length of the idealized concrete beam that is 2@nothL is the thickness of the concrete beam
which is 10.2 cm. This thickness matches the sizbeotested specimens. This helps minimize
artifacts caused by size effects in the analySither effects such as base friction or support were

not accounted for in this analysis.

44RESULTS
Figure 4.2 shows the percentage of mass chande dieiams after casting for different curing

techniques.

I No curing
0.2+ LT e 7-day wet
R | - --- 14-day wet

mass change (%6)

0.6 - days after casting
Figure IV.2 The percentage of mass change aftéingashe first 7 and 14 days show the mass

gain in wet cured specimens.

Figures 4.3a-b show the strain and relative humiglibfiles over the depth of different

specimens for no-curing, 7, and 14 days of wethgurThe mass change, strain, and relative
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humidity values are the average amounts from tte=thamples used for each method. The
profiles in Figure 4.3 are shown for 5, 10, 25, &Addays after exposure to drying to make it

easier to observe the trends in the data.

relative humidity %
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Figure IV.3 (a) The relative humidity and (b) theas profiles for 5, 10, 25, and 50 days of

drying.

While Figure 4.3 contains data at a few days, falhe collected data is shown in Figure 4.4. The
strain versus the relative humidity at depths 3 8.2 cm, and 5.8 cm is shown in Figure 4.4.
The data from 10 and 25 days after exposure arerstith empty and filled markers

respectively. The R-squared values in the graplicaieear regression between relative

humidity and strain.
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Figure 1V.4 The strain versus relative humiditydapths: (a) 1.3 cm, (b) 3.2 cm, and (c) 5.8 cm.
The empty and filled markers show 10 and 25 day#yhg respectively. R-squared values are

for linear regression.
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The comparison between the degrees of saturatioarefl versus uncured samples is shown in

Figure 4.5. Again, R-squared values are calculatesthow the linear relation between timen

and drying shrinkage, .

H=InA
0 0.2 0.4 0.6 0.8 1
e S
T 5 s Anocuring R2=0.99
g i . O 7-day wet R2=0.99
g -100 + ® 14-day wet R*=0.99
2 i '
S 150 \oE.
o B ® g
2D - g;=—3789H-19
£ 200 +
7 250 © “ %t
&n N o,
.-é 2300 + £; =—466.9H -36.9 ‘Q.n g =—423H -22.1
350 -+

Figure IV.5 The shrinkage vénh  relation accordimdet). (4.7); R-squared values are for

linear regression.

The predicted deflection from the measured shriekaghown in Figure 4.6. The markers show
the calculated deflections up to 50 days by udiegteasured strain profiles in Eq. (4.7). The
dashed markers after this period show the pea#leftéctions, which are calculated by
extrapolation with second degree polynomial regoess The R-squared values show the

suitability of the model chosen.
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Figure IV.6 The calculated deflection of the comerdgeams using their measured shrinkage

4.5 DISCUSSIONS

4.5.1 Mass Change from Wet Curing and Subsequent Drying

As seen in Figure 4.2 the wet cured samples ineteismsmass from the additional water that was
supplied from wet curing. However, when these spens were dried they quickly lost the extra
mass gained from the wet curing. When comparingowetd samples with the uncured one, even
though the drying rates are similar, the wet csa@tiples have a higher saturation level at a
comparable amount of drying for the time periodestigated. This is caused by the additional

moisture added from the wet curing.

While wet curing causes a smaller total porogitgue to the generation of more hydration
products, the volumetric content of liquid watgrwill be larger due to the existence of more

water filled pores. According to Eq. (4.4) the dmpof saturation will be larger for the cured
samples. This higher saturation level of the cwaetdples will be quantitatively verified again

later in the paper. Therefore, according to E®)(4 higher saturation level will produce higher

shrinkage in the paste if capillary tensipn and the bulk modulus values are assumed to be
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similar between samples. While there are othetargiems that could be contributing to these

observations, this seems to be an important one.

4.5.2 Relative Humidity and Strain Profiles

As shown in Figure 4.3a, the relative humidity waser at the surface for all of the samples
investigated. This is expected as the boundaryitiond of the samples only allow moisture loss
from the surface. This differential in moisturedsdo differential shrinkage over the depth of the
sample and causes subsequent curling. This satine phenomenon that happens with concrete

pavements and floors in the field.

For a given amount of drying the no curing samjleé the lowest relative humidity, followed by
the 7 and 14 day wet curing. This is expected tmgdwy using extended wet curing, the samples
should have improved levels of hydration and dessdgoermeability and hence lose less
moisture at comparable times. At 5 and 10 daysyngd the relative humidity at a depth of 3.2
cm and 5.8 cm of all samples were similar whilegh&as a greater difference on the surface.
This suggests that the water loss was occurrisgdin the surface and did not have a major
impact on the relative humidity over the depthhaf samples. Greater differences in the relative
humidity profiles over the depth were observedrafteand 50 days and between the relative
humidity profiles of the samples cured for differearations. The sample that was not cured
showed lower relative humidity at virtually all pks in the specimen for all of the compared

drying periods.

As shown in Figure 4.3b and Figure 4.4, despitartteznal relative humidity being consistently
lower for the no curing samples, these samples stidiae lowest shrinkage strain closest to the
surface. This means that despite the no curing lesngsing more moisture their shrinkage was
smaller than that of the wet cured samples. Fomtttecured samples there was little difference

in shrinkage strain for the first 10 days of dryibgt these differences became more pronounced

59



with increased drying. At 25 and 50 days of drying sample cured for 14 days showed
increased amounts of shrinkage at the surface dhdepth. The development of the strain
gradient is expected to continue as long as anlanba between the internal and external relative
humidity exists. Maintaining the liquid-vapor edoiium is a slow process due to the very fine
pore structure and will stop upon a balance betweemmbient and internal relative humidity
(Baroghel-Bouny et al., 1999). Therefore, the evation of the liquid water within the pores and
the movement of moisture from the bottom to togaxg of the beam are the slowest in 14-day
wet curing followed by 7-day wet curing and no ogtirespectively. This is likely due to the

slower drying rate of the wet cured samples cabgetieir finer pore network.

While Figure 4.3 shows measurements of samplesuatdiscrete drying periods, Figure 4.4
shows the combination of relative humidity and iskeige for a larger number of measurements.
Markers are included to show measurements at cableadrying times. This plot shows that for
comparable amounts of relative humidity there wamgaificant difference in the amount of

drying shrinkage that occurred with an increasiéwet curing of the samples. This was more
pronounced on the surface of the sample as wellthancreased amount of drying. These same
trends were observed in the previous work thatstigated cement paste elements (Hajibabaee &

Ley, 2015).

As observed in Figure 4.4 there is a linear retatietween the relative humidity and the
measured shrinkage with R-squared values betw®&&r0099. This is similar to observations by
Baroghel-Bouny et al. (1999). The work in this g@aperifies this and shows that this linearity
exists at three different depths. This suggestsitithin the relative humidity range investigated

that capillary tension is quite significant for ohy shrinkage as suggested by Eq. (4.6). This
linear relation between strai), and relative humidityn could be due to the linearity % in

Eqg. (4.6) (Coussy et al., 1998). This again suggistt capillary tension appears to be the
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dominant contributor to this phenomenon. It is jdegshat mechanisms like creep or differences
in material properties for different curing condits may also play an important role in these
strains. However, for these materials and stocagelitions it appears that the capillary tension

caused by the increased degree of saturation isndoin

It is expected that the permeability of the weteclispecimens is less than that of no cured
samples due to the decrease in connectivity anglizkes of the pores from the increased degree
of hydration caused by the curing (Gowriplan et H#90; Ramezanianpour & Malhotra, 1995).
This lower permeability caused a slower rate ofstuwe loss with drying. This is supported in
the data as the wet cured samples took longestotleir moisture for a comparable amount of
drying, which is verified with the higher relatibemidity of wet cured beams at comparable

times to the no cured specimens. Also, since theses are smaller this will lead to an increase
in the degree of saturatiof . As per Eq. (4.3) and Eq. (4.6) this leads toemgar degree of

shrinkage on drying of the sample assuming ther @hmmeters in the equations are equal for
different specimens. Consequently, when concsateet cured the decrease in porosity will
cause a larger amount of drying shrinkage if thepare emptied. Despite all of these changes
occurring in the paste, Eq. (4.1) shows that slagekin the concrete is related to shrinkage in the

paste (Pickett, 1956).

Figure 5 shows the relation betwelerh and &, at the top surface for the three different curing

conditions and so different degrees of saturaffpnAssuming bulk modulu,, is similar

between the samples, the integration of Eq. (af)ae written as

& =aSH+p, Eq. (4.8)
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where a =E is a constantH =Inh, and 3 is the fitting parameter. Therefore, the slope

0'm

a§ of uncured beam divided by that of cured one edp find a relationship between degrees

of saturations of different beams. As shown in Bithe cured specimens have higher degrees of

saturation at the top at any given relative humjdit at any fixed ages, as
Suncured: 09$— daywet= 08$4— day we or Suncured< $7— daywet< $4— dayw1. According to Eq (43)’

this increase in saturation means that the negptive fluid pressure is essentially acting on a
larger fraction of the solid skeleton, which resuit more shrinkage at the same capillary pore

pressure.

The findings from these experiments that the capiltension and degree of saturation is
important for one-dimensional drying of concrete iaragreement with proposed nonlinear
poroelastic model by Coussy (Coussy, 1995; Coussaly,€1998). Other mechanisms such as the
differences of surface energy of the solid phaseH®@hsen, 1987; Young, Mindess, & Darwin,
2002), disjoining pressure (Powers, 1968), and\pscoelastic responses (Grasley & Leung,
2011) have been suggested to be important andfagbdr investigation. The combined effects
of these mechanisms and their involvement in tbbajldrying process are not well known
(Baroghel-Bouny et al., 1999; Coussy et al., 1998]ditional effects of creep and differences in
material properties could also be important. WorkHe authors to further investigate the

combined effects of these mechanisms is underwadydhbe reported in future publications.

4.5.3 Strain Profilesand Curling

As seen in Figure 4.6, Eq. (4.7) suggests thdtasditferential shrinkage increases then so will
the deflection of the beam. The uncured specimedrshightly larger deflection in the beginning;
however, the increase in differential shrinkagavef cured beams caused the samples to have

larger deflections at later ages. The rate of défla from curling is slower in the cured samples
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because of reduced rates of moisture loss (HajéeBa_ey, 2015). However, with continued
drying the amount of curling of these samples apeeted to be higher. The data in Fig. 6 shows
that at 50 days of drying that the samples havestithe same amount of curling; however, at 95
days the 14 day wet cured samples have the mdsttief, followed by the 7 day wet cured, and
then the sample that is not cured. These calonlashow that this differential shrinkage

between the top and bottom of the specimen cantéeadrling in the field that is possibly
problematic. These observations match previous wittk paste beams (Hajibabaee & Ley,
2015) and large-scale concrete beams (Hajibab8@é#).2This supports findings by Nicholson
(1981) where curling from shrinkage gradient wasnshfor concrete slabs cast on an

impermeable base.

4.5.4 Practical Implications

While this paper has shown that wet curing willrgase the shrinkage in concrete for a given
amount of drying, care should be taken to not nuikeghese results. Adequate curing is
important to minimize the early age cracking amdsstes while the concrete gains strength.
Also, the samples investigated were exposed taselrging on one side without rewetting and
no moisture loss on the other side. In some caseb, as a slab on grade not allowed to dry from
the bottom in a 40% relative humidity drying envineent, the results of this paper may apply.
However, in structures where slabs on grade aretted if the drying environment is not as
severe, or if the decrease in permeability fromviké curing is able to sufficiently reduce the rate
of drying, then this will reduce the amount of alvsel shrinkage and, therefore, curling. It
should also be mentioned that it is not clear vidoaindary conditions exist in the field for in-
place concrete. If some moisture loss is allowetherbottom of a slab then the shrinkage
gradient will not be as extreme and therefore tirféng will be decreased. However, these
measurements are helpful to understand and mogléig-term volume change of concrete

from drying. Understanding this phenomenon is beéangrmore important in the design of
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volume change sensitive structures such as pavensals on grade, and concrete dams. This
data can provide significant insight into the dasifthese structures and provide explanations on

observed behaviors.

4.6 CONCLUSIONS
This work investigated the impact of wet curingation on concrete samples that were dried in a
23 °C and 40% relative humidity environment. Thesples were only allowed to dry through

the exposed surface. The following observationeweade:

The samples that were wet cured had a higher defeguration when compared to the

uncured samples at any fixed age.

» The samples that were not cured showed the lowkdive humidity and shrinkage

strain for comparable drying periods.

» As the wet curing period increased, the resultiryind shrinkage strains increased.

» A predictive model based on capillary tension by§dy (1995) closely matched the
results from this work. This suggests that capiltension is a prominent mechanism in

the curling caused by differential one-dimensiarging.

» Alinear relationship was found between the interekative humidity and drying
shrinkage strains at a number of different depkhss supports findings by Baroghel-

Bouny et al. (1999).

» Samples that were cured longer showed a greatekabe gradient over their depth;

through calculations this was shown to suggesttgrearling deflections at later ages.

Due to the wet curing process, the surface of ataaxill have a finer pore-structure, which will

reduce the permeability and porosity. This redunctioporosity will lead to a higher degree of

64



saturation and smaller pore sizes, which in tuggests that greater capillary tension induced
strain on drying. Calculations were used to shuat this differential drying shrinkage could be

problematic.

In all of the tests presented, a one-dimensionahdrront was used through the use of
impermeable boundaries. Care should be taken bekbeading the use of these findings to slabs
with different boundary conditions, support, restraemperature, or drying conditions. These
findings are useful to understand the drying staggkin concrete under severe drying and

provide needed data to improve current modelingref
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CHAPTER V

V. MECHANISMS OF DIMENSIONAL INSTABILITY CAUSED BY
DIFFERENTIAL DRYING IN WET CURED CEMENT PASTE

5.1ABSTRACT
This paper examines the mechanisms of wet curidgsabsequent drying at 23 °C and 4B8%%
influencing the curling of cement paste, plate-lieams. Both experimental and model results
show that as the duration of the wet curing iséased, the member peak deflection also
increases from one sided drying. Experiments sudlgasthe extended wet curing causes a pore
structure refinement resulting in greater saturedind consequently greater shrinkage. A
simplified 1-D, drying diffusion and shrinkage mbdeable to adequately predict experimentally
measured peak curling deflections, and confirmsffext of saturation on curling. The results
provide important insight into the volume stabilitf/slabs and the potential negative impact of

wet curing on slab curling.

Keywords: curling; degree of saturation; drying diffusiamrinkage; wet curing

5.2INTRODUCTION

Wet curing with saturated wet coverings maintaimsstare and temperature, promotes
hydration, and has the potential to improve duiigbitrength, water-tightness, and abrasion
resistance of concrete (ACI-308R, 2001; Dhir etE91; Gowriplan et al., 1990; Kosmatka et

al., 2011; Montgomery et al., 1992).
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Concrete shrinkage occurs due to removal of poteryedesiccation). Desiccation of pore water
occurs because of both external moisture lossu@lifé drying) and internal chemical reactions
(self-desiccation). Regardless of the source ahdrynegative pore fluid pressures (i.e., suction)
occurs and menisci forms within pores (Bentz et1#®98; Coussy et al., 2004). As drying occurs
pores of decreasing size will begin to empty legdmincreased pore fluid pressure magnitude.
In general, shrinkage from desiccation is mainlysidered to be due to the following driving

forces:

o capillary pressure,

o disjoining pressure, and

o interface induced pressure.

By using the Kelvin-Laplace equation one can apipnaie the changes in pore fluid pressure
associated with capillary effects and disjoininggaure (Grasley, Lange, & D’Ambrosia, 2005;
Powers, 1968), while interfacial effects that anéaeable at loweRH are due to changes in
surface free energy. All three mechanisms are dtedluin an effective pore pressure that can be
applied with poromechanical constitutive functistosalculate the shrinkage of cement-based

materials (Coussy et al., 2004).

Prolonged wet curing is thought by many to strigtfgvide only improvements in concrete
performance, and it has been recommended for é@mstrete of importance. Suprenant (2002)
has suggested that longer curing has little effaaturling. However, not all work has shown that
extended wet curing is beneficial. For examplegRehio (Perenchio, 1997) observed an increase
in drying shrinkage when concrete was wet curedifoto seven days. Hedenblad (Hedenblad,
1997) observed that a shorter curing time will keisua faster drying rate, which may minimize
internal moisture gradients and subsequent cutkoghermore, results from previous

experiments by Hajibabaee and Ley (Hajibabaee & P8¢5, 2016) showed that increasing the
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length of wet curing caused the free curling deitecof paste and concrete beams to increase.

Based on this previous work it appears that cdirflicresults have been reported in the literature.

While it was shown in previous research (Hajibab&aeey, 2015, 2016) that wet curing
increases curling, this work aims to verify the heatisms by using additional experiments and a
1-D drying diffusion and shrinkage model implemagtcommon simplifications from the
literature. This model is hot meant to be fullygiotive, but rather to provide insight into the
mechanisms by which wet curing increases peakngudeflections. In particular, it is
hypothesized that wet curing affects the desorptotherm gradient through surface pore
refinement, which accentuates curling; the modatilezed to evaluate this hypothesis. A
thorough understanding of the mechanisms by whiehowring increases curling of slabs will
provide a basis for judging under what circumstaneet curing (which is widely considered to

be strictly beneficial) could result in greaterlig and risk of subsequent cracking.

5.3METHODOLOGY

The magnitude and rate of shrinkage for concretiejndent on the amount of shrinkage in the
paste, amount and type of aggregate used, thenspegieometry, and environmental conditions
(Browne, 1967; T. C. Hansen & Mattock, 1966; McDionf Roper, 1993; Pickett, 1946). To
simplify the experiments reported herein, pasteispens were used with a volume to surface
ratio of 12.7 mm in order to obtain rapid resuldher studies that use concrete and a number of
different sample sizes have been used to valitiateffect of wet curing on curling of concrete
(Hajibabaee, 2011; Hajibabaee & Ley, 2016), andreethus confident the results of this work

may be utilized to better understand curling inckkses of cementitious materials.

5.3.1 Desor ption I sotherm M easurements
The Portland cement used in this study meets thgrements of both a type | and Il cement,

according to ASTM C150 (2011) and AASHTO M85 (20IR)e oxide analysis and the
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estimated phases are given in Table 5.1. The pasteures in this experiment had a w/c 0.42,

and were prepared according to ASTM C305 (2011).

Table V.1 Cement oxide analysis, blaine finenesd,ghase concentrations

Oxide mass fractions (%)
Si0; Al,0: MgO FeOs CaO SQ@
20.23 477 1.90 3.23 6415 252

Phase mass concentrations (%) Blaine
CsS GS GA CJ.AF (cn?/g)
63.56 10.05 7.18 9.83 3713

Paste cylinders with 12.7 mm (0.5 in) thickness 2@ mm (0.5 in) diameter, shown in Figure
5.1, were manufactured and wet cured on the expmgéace for 0, 1, 3, 7, and 14 days with
saturated wet burlap that was sealed in plastierAfuring and then demolding, samples were
marked at one third from the top and the bottonfeses. Each sample was then polished with a
rotating diamond lapping plate to abrade away postiof the sample and isolate the top, middle,
or bottom of the sample. The progressive poliskiag done as cutting the samples would cause
the material to shatter. The approach implemented &llowed the samples to be cured and then
individual sections of the sample (i.e., depthsfithe cured surface) to be examined in order to
guantify gradients in the desorption isotherm Hratassociated with the pore size distribution.
Three samples were used for each curing duratiemetore, nine pieces (three for each depth)

were made for each wet curing duration.

69



[ [ on
: sample 1 T
i e W \-\_/
S o
“ ‘ \\\\_—_//
127 mm || I| demolded -~ - -
| sample 2 | then< middle
‘ marked - T
' - / N
/plastic = .
© mold S
[ [
I | O
| sample 3 |

Figure V.1 Typical paste cylinders used to meatealegree of saturation

The sectioned samples were stored in sealed cendaabove saturated salt slurries at 23 °C
according to ASTM E104 (2012). The storage relativmidities (generated by the salt solutions)
were 86%, 72%, 50%, and 40%. T®él sensors were used for each container to monitbr an
verify theRH. The samples were placed in the container and itieess was measured daily until
there was less than 1% change in mass loss ovehau2 period, at which time it was presumed
that the state of moisture in the pore networksshuficiently equilibrated with their

environment. The samples were then dried in an,oveighed, and then submerged in water and
weighed again. All measurements were recorded thaftemass change was less than 1% in a 24

hour period with a scale of 0.0001g precision.

5.3.2 Curling of Paste Beams from Differential Drying
The materials, mixture proportion, and curing mdthased in this experiment were the same as
the desorption isotherm experiments. Three pastmbeavith dimensions of 100 cm x 6.1 cm x

1.3 cm, as shown in Figure 5.2, were consolidatgaastic molds from each mixture. This plate-
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like paste beam geometry had been first develogdRebke and Li (Berke & Li, 2004) and later
used by Hajibabaee and Ley (Hajibabaee & Ley, 261 8)vestigate the impact of wet and
sealed curing on paste beams. After casting, attispens were cured with wet burlap on the

finished surface for 24 hours at 23 and then demolded.

rubber band aluminum beam }—caliper viiber band

i
T T T T T T 1!3tml T T T T @ T T T T T T T T T T T T T T

[
6.1 cm beam dimensions: 100 x6.1x 1.3 cm

curled paste beam
All sides except the finished surface are coated with wax.

Figure V.2 Typical paste beam used in the testimjthe curling measurement configuration

After demolding, the specimens were weighed and fealed with wax on all sides but the
finished surface (the face with dimensions of 100>c6.1 cm) and weighed again. The finished
surface of the beams was wet cured for 0, 1, 8; I4 days in saturated wet burlap sealed in
plastic and maintained at 2@. These are the same curing durations as wereiugeel
desorption isotherm experiment. After the specified curing period, the burlap was removed
from the sample. The sample was then stored in°€281d 40% relative humidity
environmental chamber. As the member lost moidtora the unsealed surface it caused a
moisture gradient in the sample that then led ffewdintial shrinkage that caused curling of the

member.

To measure the curling, rubber bands were useditbthe ends of the specimen to a flat
aluminum beam with the drying surface of the spedifacing the beam, as seen in Figure 5.2.
The distance between the aluminum beam and thénsgeevas measured at regular locations
along the length with a caliper of 0.0127 mm accwrdhe curling of the beams was symmetric

with a maximum at the middle of the beam. The tfsmoisture of the sample was measured
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through the mass loss over time with 0.1 g accursloye details about this experiment can be

found in Hajibabaee and Ley (Hajibabaee & Ley, 3015

5.3.3 Modeled Diffusion, Shrinkage, and Peak Curling Deflection

In order to predict the shrinkage gradient andltiegupeak curling of the cement paste beams it
is necessary to quantify the spatially and timeedelent effective pore pressure. This pore
pressure is a function of both the local inteiRBEland the local degree of liquid saturati@nAs
Smay be expressed as functionally dependeiiRldria a constitutive function (i.e., the
desorption isotherm), we need only define that iondfor each material and then determine the
spatial and time dependence of the inteRtdl In order to achieve the latter, the 1-D drying of
the plate-like paste beams was modeled via dryiiifigstbn wherebyRH was utilized as the
driving gradient; this is a common simplificatianthe drying of cement paste and other porous
materials (Bazant & Najjar, 1971, 1972; BolandeB&rton, 2004; Bramhall, 1995; Gao, Zhang,
& Luosun, 2014; Holmes & West, 2013; A. J. Huntig393; Kim & Lee, 1999; Mu & Forth,
2009; Thorpe, 1981; West & Holmes, 2005; Xi, Bazafalina, & Jennings, 1994; Zhang, Gao,
& Han, 2011). Thus, we first approximated thatdingng process of cement paste may be

approximately expressed according to the goveraqmation

ORH(x 1) _ 9(D;(x,t)0RH(x 1)/9 %
at ox ’

Eqg. (5.1)

wheret is time,x is the spatial position coordinate through therdryhickness. Based on

available experimental data and the goals of thiep Eq. (5.1) was linearly approximated as

ORH(x 1) _

*RH( x )
e D, (t) ———~.

Eq. (5.2
FE® g. (5.2)

It should be noted that Eq. (5.2) is not only a&éirized approximation, but neglects osmotic

effects (Grasley & Rajagopal, 2012), source temng.( self-desiccation), and energy associated
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with interface development during drying (Grasl@gjagopal, & Leung, 2011). Although this
equation is a simplification, it is still usefulrfevaluating hypothesized mechanisms influencing

the peak measured curling deflections. To soleegthverning equation, we prescribed the initial

condition asRHi”itia' as described in the appendix. The boundary camditivere prescribed as

ORH(-L/2,) _ g
ox Eq. (5.3)
RH( uz ! t) = Rl_Lound’

where the beam thicknessligwith the drying surfacg coordinateL/ 2 and the sealed bottom

surface—L/Z), andRH,,,,4 is the ambienRH surrounding the specimen. An approximate

boun

solution to Eqg. (5.2) and Eq. (5.3) was determiineithe Laplace Transform domain.

The constitutive function foS( RH) was prescribed &4¢K. K. Hansen, 1986)

— -1 iRy -
s=(1 IBIn[RHi]) Eq. (5.4)

wherea and S are fit coefficients and
d=1-Ax/L Eq. (5.5)

is a depth factor that allows the constitutive tioncto have a spatial dependence due to a
gradient in the pore size distribution associatétl wuring conditions. The expression in

Eq. (5.4) was chosen as it was verified as abéetorately fit the measured experimental

1 In addition to the extra parametkto account for variation with depth, Eg. (5.4pisimplified form of
that given in the original, cited reference whére $orption isotherm is given as

S(RH, ¥ = Exp{—ax In(l— In( RH j/ﬁﬂ
RHinilial
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desorption data. Note that, according to Eq. (3v&)have approximated a linear variation in the

sorption isotherm with depth wherk is a constant fit coefficient. In order to detemmihe fit
coefficients for each material tested, desorptiata dvere fitted from slices along the center of
the sample first (sinc& = 0 and thusd =1 at this location) to determing and £ for the
given material. Next, desorption data from slicdeh from the top and bottom of the samples
were fitted in order to determing.

In order to determine th®, (t) for the materials tested, we utilized the relagttp between the

spatially averaged liquid saturatio(13>) and the mass los®M(t) ), expressed by

om(t) = (1-(S(9)) @9 Vo, Eq. (5.6)

where @ is the pore volume fractiolv, is the mass-loss specimen volume, gmgdis the density
of liquid water. We note here théS(f)) may be written as a function ¢RH(t)) via Eq. (5.4);

to determine( RH> , the solution to Eq. (5.2) and Eq. (5.3) (in tlaplace transform domain)

was integrated according to

<m($> :% LJ/.Z m X $ ds RH:“”" +£(RHbound_RHinitial)TanhliL_\/g:l

L5 )

Eq. (5.7)

where RH is the Laplace transforméH and Tanh is the hyperbolic tangent function. The

transformed spatially averag&, <Iﬁ(s)>, given by Eq. (5.7) is not analytically invertible

for the drying problem of interest. However, inisted thatTanh@z) - 1 ass - o such that
Eq. (5.7) may be approximated as
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__\ _RH_, D
<RH(S)> =—|Smtkal+%(RHbound - RHinit'aI) Eq. (5.8)

for smallt. Eqg. (5.8) inverts to
2,/D 't
<RH (t)> = RHnitiaI +L—\/|7—;/_( Rl—l!ound - RHnitial) Eqg. (5.9)

which provides a very close approximation to thmarically inverted exact solution to Eq. (5.7)

over the range of drying times of interest. Substig Eq. (5.9) into Eq. (5.6) yields the function

by which the mass loss data were fitted to detezrij(t) for each material. Note that in the

solution of Eq. (5.2) and Eq. (5.3), the time-dejeercy of D, was neglected in the Laplace
transformation; this approximation was deemed aedxdg since the mass loss data was fit at
each time step. Thu$), (t) was essentially approximated as constant only eaeh time step,

which were on the order of one day. Furthermoregairying initiates, hydration rate (and thus

pore structure evolution) slows substantially, vidhiceans any change in the spatially averaged

D, with time after drying initiation is likely minima

With the constitutive parametef3, (t) and S(RH, ¥ determined for each material, the

effective pressure is able to be calculated utitjiZRH( X t); however, the exact solution for

I@(x 9 determined in the Laplace transform domain isamatlytically invertible to the time

domain. The exact solution contains the t{ﬂm Exp[ Z_\/g/\/ﬁl}) , which reduces to

Exp[ ZLJE/\/BI} whensS s large (i.e., at smal This simplification allows inversion of

RH(x 9 to the time domain to obtain the approximate smifut
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_ L _ L —-2x 3L+ 2x
RH(x )= RH, .. [1+ Erf{\/D—itDﬂR%oum RHmmm)[ErfL DJ* Erf {—4\/D—it D

Eg. (5.10)
where Efrf is the error function.

Based on the above analysBH(x t) and S( % ) were determined for each material and then

the capillary pressure was calculated through

diss

n 2
r]Ws)]’ Eq. (5.11)

-RT

R(xt=

W
|

[In(% +In(1+

diss

in which P. is the capillary pressure,™ is the concentration of dissolved species in tire p

fluid, n" is the molar concentration of pure wateY, is the molar volume of wateR is the
universal gas constant, aids the temperature. Then, the additional pressggced by

interfaces was calculated by

1

U(S(x 9)=] R(9) dS Eq. (5.12)

S

in which S’ is the dummy saturation variable of integration(€sy et al., 2004). The effective

pressure in the pore network was calculated according to

E(x,)=SP+ U Eq. (5.13)

2The second logarithmic term is valid at the dillitgit and thus approximately accounts for the «ffafc
changing dissolved species concentration durinngryhe term is reasonably accurate above about

S(RH =0.5.
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Finally, free strain and deflection of the beamevealculated. The infinitesimal axial straif,
of cementitious materials accounting for both dapiland interface induced pressures is

approximated by (Grasley & Leung, 2011)

(0= %%S,)(B(l— ), (t-t )—K—l)dt , Eq. (5.14)

0 s

wherev is the Poisson's ratio of the porous body (assumee time independentk is the
bulk modulus of the solid phase (also assumed torizeindependent), and | is the uniaxial

viscoelastic compliance of the porous body. is calculated through the inverse Laplace

transform ofJ b where

= 1

J -, Eq. (5.15
P TIE(S g. (5.15)

in which J. p IS the Laplace transformed uniaxial viscoelastimpliance of the porous bodyis

the transform variable, anﬁp(s) is the Laplace transform cEp(t), which is the viscoelastic

Young's modulus (i.e., the uniaxial relaxation mig) of the porous body. Assumptions for

E,(t) are shown in the appendix. It should be notetitttasame function foE (t) was

utilized for each specimen when in fact such a tise function should vary between

materials, as a function of age, and even as difumof spatial position within each material.

The 10% relaxation presumed in the function E},r(t) was based on the observation by Grasley

et al. (Grasley & Leung, 2011) that elastic modglsaverage tended to under predict shrinkage

by around 10%.
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The cement paste beams were approximated as Eetaplli beams, with spatial variations in
the mechanical properties neglected. Thus, thé shiankage strain given in Eq. (5.14) was

utilized to calculate the midpoint deflection oéthaste beams according to

2 L2

Jmax(t)=I I £(x, t)xdx Eg. (5.16)

3
-L/2

Wherel is the length of the beam. The preceding expressas derived by the induced thermal
moment and beam kinematics (Hetnarski & Eslami920dth deflection boundary conditions

3(x=0,t)=3(x=1,t)=0.

The model used in this study helps more easilyedisthe mechanisms behind the observed
behavior from a prolonged wet curing. This modelldde made more precise if it is modified to
incorporate aging of the mechanical properties;dediccation and changing pore structure, and
nonlinearity. While the importance of consideriranlinearity of the diffusivity is examined in
subsequent sections, it is not within the scophisefstudy to develop a highly accurate predictive
model incorporating every possible variable. Theppge of this work is mainly to investigate the
mechanism of the general impact of the wet curamgyth on the curling performance of the paste
beams, especially the peak of this deflection. tmpments in the model should primarily impact
the strain prediction after the peak deflectionerBfiore, comparisons will be restricted to the
strains until the peak deflection. More informatmmmethods to incorporate aging into

shrinkage prediction can be found in Grasley anghgeg(Grasley & Leung, 2011).

5.3.3.1 Nonlinear diffusion model
The results of the simplified, linearized approxienanalytical model was compared to
predictions acquired via a fully nonlinear diffusimodel. In the nonlinear diffusion model, the

diffusivity was expressed as (Bazant & Najjar, 1972
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1-a,

1+ 100-RH (x,1)
100-H,

D,(RH) = D, | @, + , Eq. (5.17)

whereD,,, a,, H, andn are empirical constants. This diffusivity termsassed in Eq. (5.1),
which was then solved numerically subject to thertatary conditions given in Eq. (5.3). To
assess the influence of the degree of nonlineanitthe predicted deflections, various parametric

values were used far,, H, andna,, H, andn, and an inverse algorithm was utilized to fit

the nonlinear solution (via adjustirg,,) to the measured mass loss data for the samplleswi

curing, 3, and 14 day wet curing. As with the @pgmate, linearized solution, the nonlinear

solution made use of expressions Eq. (5.4) - EG) @nd Eq. (5.11) - Eq. (5.16).

5.4RESULTSAND DISCUSSION

Figure 5.3 shows the desorption isotherm of théepadinders for the top 4 mm for different wet
curing lengths. The change in degrees of satur&tiotihe entire depth is shown in the saturation
profiles in Figure 5.4.
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Figure V.3 Measured desorption isotherm for thedopm of the specimens
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Figure V.4 Measured degree of saturation profitedifierent RH and for different wet curing

lengths

The degree of saturation increases with the follgwiepth from drying surface of the specimen,

increased wet curing length, aRéH of the specimen storage. Therefore:

0 The top section of the sample without any moisinguin 40%RH has the least degree of

saturation measured,

0 The bottom of the sample with 14 days of additiomad curing at 86%RH has the

highest degree of saturation measured.
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These results are likely due to a finer pore stmgctaused by wet curing the samples, which
promotes hydration and ultimately causes a highgrak of saturation (at a givei) via
refinement of the pore networkhe gradient in the sorption isotherm is presumdhly to a
gradient in pore size distribution induced by emeahhydration from the surface moisture

associated with wet-curing.

Figure 5.5 shows the mass loss versus drying timthé paste beams after exposure to 40%
relative humidity and 23 °C. Open markers have lzsleled to the graph to highlight the point of

maximum curling, which will be shown later.
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Figure V.5 Measured mass loss of the paste beasrstiaé exposure to drying conditions

Mass loss of the samples in the experiment shoatshl sample with no curing lost more
moisture than other samples after exposure. Inicigése wet curing refined the pore structure
and caused the specimens to lose moisture at ea@date. This observation is in agreement
with the results found from the degree of saturdtiesorption isotherm testing, which also

indicated pore refinement caused by extended watigu
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Figure 5.6 shows the effective pore pressure ofitgt; 3-day wet cured, and 14-day wet cured
specimens, calculated by Eq. (5.13), over the defithe member L at different drying times. It
should be noted that through depth position is atimad by L; at -0.5L the sample is sealed,

while the drying surface is at 0.5L.
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Figure V.6 Simulated effective pore pressure dediht depths and drying times. Position 0.5L

corresponds to the drying surface and -0.5L comedp to the sealed surface.

For each curing period and exposure time to dryimg drying surface has the greatest calculated
effective pore pressure. Furthermore, of imporancexpected curling, the gradient of effective
pore pressures is greater for longer durationsetfowring. The magnitude of the gradient in
effective pore pressure influences the gradieshimkage and thus the curling deflection
magnitude. The steeper gradient (and overall higfiective pore pressure at all depths) in the
wet cured beams is attributed to the higher degfsaturation (particularly on the drying

surface) in these specimens (Coussy et al., 2004).

Figure 5.7 shows the comparison between the diftecof the paste beams versus the
deflections calculated by the simplified, lineardab Due to the parabolic shape of deflection

and a uniform drying, the maximum curling value éanused to characterize the test results. All
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of the curves have a similar shape with differeakimum curling value and time periods. The

observed deflection is caused by rapid surfacendrthat causes moisture and shrinkage

gradients over the depth of the sample. Becaut@soflifferential shrinkage, the sample curls

upwards. As shown in Figure 5.5 this point of maximdeflection comes far from where the

sample has completely dried. As the sample corgituery the gradient magnitude decreases,

stress relaxation occurs, and the deflection nacésslecreases.
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Figure V.7 The comparison between the deflectidrihepaste beams from the experiment

versus the simulated data

Figure 5.7 also shows the impact of curing lengthhe curling performance of paste beams;

longer wet curing caused an increase in defle@imhextended the drying time as well. Due to a

finer pore structure of the wet cured specimenie@ease in diffusivity makes it more difficult

for a specimen to lose moisture from drying. Thisvhy specimens that were cured longer lost
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moisture at slower rates and required more tinredaoh their maximum curling deflection. The

modeled deflections show good agreement with thesomed data from the initial drying up until

the point of maximum deflection. The post-peaka&fbn had a lower quality fit. This is likely

caused primarily by the lack of consideration ahggself-desiccation, nonlinearity of the drying

diffusion, and gradients in mechanical propertiethe model. The focus of this modeling was

not accurate prediction of the entire deflectiorvelat all ages, but an investigation of the

mechanisms influencing peak deflection. The modwy} bre refined in the future to more

accurately predict the entire deflection history.

Figure 5.8 shows the comparison between the maxideftaction of the paste beams that were

calculated by the model and measured in the paste lexperiments.
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Figure V.8 A comparison between the maximum deflecof the paste beams from the

experiments versus the simulated data

Increasing the wet curing length has increasednzm@mum deflection in both the model and the

experiment. The predicted result of the simplifierddel is close to that of the experiment.

84



Figure 5.9 shows the deflection of uncured, 3, Bhdlay wet cured specimens that were
calculated by the linear model, nonlinear modeti anr linearized approximate analytical model

in comparison with the measured deflection.
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Figure V.9 A comparison between the deflectiorhef paste beams from experiments versus

different models

In general, both the approximate linearized sotuéind the nonlinear solutions indicate that the
beam deflections gradually increase, reach a @eakthen decrease as drying progresses. The
models also show that with increased wet curing piiak is delayed and increases in magnitude.
The overall deflection predictions by the approxieninearized models are comparable to the
results from the full, nonlinear solution. This icates that drying diffusion may not be highly
nonlinear for the tested samples. This findinglddne attributed to factors lacking in the model
such as source/sink terms or, more likely, smafase microcracks caused by the rapid exposure
to a severe drying condition (Hwang & Young, 19&rface microcracking would tend to

offset any reductions in the diffusion coefficiasisociated with lower internal RH values. It also

should be mentioned that the nonlinear simulationk approximately 60x more computational
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time to complete then the linearized, approximatel@hsuggested in this paper. Therefore, the
linearized approximate model was chosen to preéléteflections and discuss the driving forces

behind the 1D drying shrinkage problem in the paper

5.4.1 Mechanisms
When the relative humidity is above about 70% tleemanism related to the capillary pressure
and the formation of the menisci becomes importuth capillary pressure may be expressed

according to the Young-Laplace relationship (Adam&dGast, 1967) as

p=_ 2y cos@ )’

: Eqg. (5.18)
r

where y is surface tension of pore fluid) is the liquid-solid contact angle, anis the

circumferential mean radius of the curvature ofrti@niscus. The negative pressure induces a
hydrostatic compression in the surrounding solidsgls, which causes their volume to reduce,

yielding bulk shrinkage.

When the degree of saturatiBiis less than 0.6, the mechanism related to tleefatte induced
pressure or the solid surface free energy becomgsrtant as well. A simplified, linearly elastic
version of Eq. (5.14) (Bentz et al., 1998) can hedplain the impact db on the linear shrinkage.

Such a model is expressed as

s_ 1
=730

3 ) S), Eq. (5.19)

whereg  is the linear shrinkage in the paste dt is the bulk modulus of porous body with

gas filled pores. As seen in Figure 5.3 for the desorptiothexm, at a given relative humidity,

3 More precisely, the pores should be filled withighly compressible fluid.
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when the capillary pore pressuiRe is the same between the wet cured and no cureihspes,

the increase in the duration of wet curing hasdased the degree of saturatidue to the

refined pore structure. Eq. (5.19) simply shows thiz increase& increases the shrinkage in the

paste assuming all other parameters in the equagorK , and K, remain unchanged. This

increase in saturation means that the negativefluidepressure is essentially acting on a larger
fraction of the solid skeleton, which results inrmshrinkage at the same capillary pore pressure.
However, all of these driving forces need to betainto account via an effective pore pressure

&, which was shown in Eq. (5.13) (Coussy et al., 200

5.5PRACTICAL SIGNIFICANCE

This work has suggested both experimentally an@vigechanistic model that prolonged wet
curing may cause increased magnitude of shrinkiagie gradients and therefore curling. This
work focused on 1-D drying that is often preval@ntoncrete slabs cast on a substrate that does
not allow drying. These structures are commonlyise slab on grade and pavements. The
increased strains and deformations caused by thisnged wet curing may cause increased
amount of cracking of these structures. This cragknay impact the strength, stiffness, and long
term durability of these structures. Thus, the Eienef decreased permeability and increased
strength that is typically promoted by wet curitgsld be balanced with the risk of increased
cracking associated with greater curling magnitide developed model can help provide

insight into this issue and allow more informedidiens to be made.

5.6 CONCLUSIONS

This work has shown that there is a potential iaseen the amount of curling of members that
are wet cured and then subject to 1-D drying ssciabs on grade and pavements. This
increased curling may cause loss of local supparheven riding surfaces. In turn, this may lead

to premature cracking from edge loading or serliiéaissues. This means that in certain
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situations the disadvantages of wet curing may beeraritical than the anticipated advantages.

These findings question the common mantra thatweng is strictly beneficial for concrete.

Results from 1-D drying experiments and simulatioh8.42 w/c paste beams stored in 4R%4
showed different degrees of saturation, dryingugiffity, and subsequent deformation from

drying. Based on this work the following conclusomere drawn:

* Increasing the wet curing length of cement pasteeases the degree of saturation at

either a given duration of time after exposurertord) or at a given equilibriurRH.

» This increased level of saturation will lead torgased strains when dried to a givid

This effect is particularly prevalent on the wetedisurface.

* Increased duration of wet curing was shown to reduass transport (drying) rate.

e The results above in combination will lead to langmisture gradients and greater
curling in wet cured paste samples versus samipddste simply sealed or allowed to

dry from casting.

The experiments showed good agreement with a lyinglshrinkage model based on those
developed previously by Grasley et al. (Grasley,(®@rasley & Leung, 2011) when measured
desorption isotherms and drying diffusion coeffitgewere used as inputs in the model. It should
be pointed out that the model in this study wasimended to be a predictive tool, but simply to
test the hypothesis presented by the authors riegafte mechanism dictating increases in peak
curling of wet cured pastes. The model confirmshyyeothesis that changes in the desorption
isotherm (as alluded to in the aforementioned bplbints) is sufficient to explain the effect of

wet curing on peak curling deflections. Furtheirmeiment of the model shows promise to be used
in more detailed prediction of the shrinkage ssaaused by different curing methods,
conditions, material properties, and drying, anddgtermine whether the hypothesized

88



mechanism for increased curling is not only suffitibut also necessary to explain measured

behavior.
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CHAPTER VI

VI. MODELING 1D DRYING SHRINKAGE OF CONCRETE

6.1 INTRODUCTION

In chapters 2 to 4 the impact of wet curing wa®stigated on curling deflection and shrinkage
of paste and concrete elements with different cuniethods. Next, a mechanistic model was
introduced to further investigate the mechanismas ¢aused the increase in curling deflection of
paste elements with extended wet curing. Alsoathility of this analytical model to capture the
mechanistic sources of wet curing on peak deflastivas evaluated by comparing its predictions
to those acquired via a fully nonlinear diffusiondel. While both the approximate linearized
solution and the nonlinear solutions showed thagdw wet curing delayed the peak deflection
and increased its magnitude, the overall defleqti@dictions by the approximate linearized

model were in greater agreement with the measwatadtdan with the full, nonlinear solution.

In this chapter the previously presented approxémabdel will be further adjusted to investigate
the ability of the model to predict the shrinkageancrete elements and to compare to

experimental results presented in chapter 4.

This investigation through model adjustments armkerental concrete shrinkage, helps to
verify the accuracy or limitations of the model ahfilirther refinement of the model is required

to explain measured behaviors.
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6.2 METHODOLOGY

In this chapter the same modeling work as chapteuSed to find the peak deflections of paste
beams. Also, shrinkage results of concrete beaons ¢hapter 4 will be used to verify the
simulated shrinkage results of concrete. The mosket the measured relative humidRH] at
different depths of concrete beams. Further infoionaabout the model and details of the
experiment are shown in chapters 4 and 5. New arpats are also done on paste prisms and
concrete cylinders to find the degree of saturatith depth and the instantaneous Young's
modulus of the porous body of concrete to imprdvedimulated results. These will be described

in this chapter.

6.2.1 Input Parameters

As shown in the previous chapter for the paste madesumptions such as the pore volume

fraction ¢ = 0.3, instantaneous Poisson's ratio of the porous bgdy0.2, viscoelastic

Young's modulus of the porous bod, (t) = 0.1E0e‘“‘ + 0.9 with instantaneous Young's

modulus of the porous bod,=17.5 GPa, viscoelastic relaxation time for the viscoelastic

Young's modulug =10 days, and concentration of dissolved species in the fiard

diss

n

mol . .
=191 _ were used for all curing methods. However, thaxation factor 0.1 (or 10%

relaxation), relaxation time& , and also the instantaneous Young's modulus gidhsus body
E, can change with the change in the curing lengthgaivith the change in the porosigy. The
implication of adjusting model parameters to fifldetion data is one of the advantages of

mechanistic models, as the parameters have resigathyneaning. This means the model user

has a feel for the adjustments being made to trenpters.

Also, different cements with different oxide comjpiosis can release different amount of alkali

ion after hydration and therefore the concentratibdissolved species in the pore fluid can also
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be different from the assumed number. Further tny&iion needs to be done to analyze the
behavior of this parameter on shrinkage and thewaingf curing on it. This can be done by
laboratory testing to accurately measure the cdration of ions at early ages, which is out of

the scope of this research.

For the concrete model, the actual shrinkage aoinef the concrete samples at 40+4% RH was
used to find the best fit for the simulated shrijgkand to adjust the input parameters as
discussed above. These parameters were also udée foiddle and the bottom of concrete
beams to calculate the drying shrinkage at 40+4&ntlerRH. For the Young's modulus of the
porous body, the 28 day compressive strength aidsts was first measured according to
ASTM C39 (2016) and then the modulus was calculatetbrding to ACI C318 (2014) for

normal-weight concrete with Eq. (5.20)

E, = 4700/ ! Eq. (5.20)

where E, is the instantaneous Young's modulus of the pdpody andf' is the 28 day

compressive strength (MPa) to use in the modelréfbie, the cylinders were cured in the fog
room for 0, 7, and 14 days after casting. Then thexe demolded and stored in the drying room

at 23 °C and 50+4%H until they were 28 days old for the compressiversjth test.

6.2.2 Degree of Saturation M easur ements

As shown before, one of the factors that affeatsstirinkage is the degree of saturation.
Previously sections from paste cores were usecetsuare this parameter at different storage
humidities. The final results were used as fundiohdegree of Saturation oveHto use in
modeling work. In this chapter, the same approachideen used to find degree of saturation
curves for thicker samples instead of those fowgfdre for the thin paste samples to improve the

simulation. Paste was chosen to measure the defisaéuration due to experimental challenges

92



with using concrete. It was assumed that the impbaggregate on degree of saturation is not
very significant, since all mass loss occurs irtgasurther research can be done in future to
verify this assumption considering the impact a&ifacial Transition Zones of aggregates on

degree of saturation profiles.

For the degree of saturation test, samples hasktime mix proportion as shown in chapter 4
except that no aggregate was used in the samplexéiment used in this test was type |,
according to ASTM C150 (2011), and its chemicalysis is shown in the Table 6.1. An ASTM
C618 (2008) class C fly ash was also used. Thmicia analysis is shown in Table 6.2. In the
mixtures investigated a water to binder ratio (wob).41 and 25% class C fly ash by the weight

of cement were used.

Table VI.1 The oxide analysis of the cement angligse concentrations.

chemical test results (%)
Si0; Al:0s MgO  FeOs CaO SQ
20.77 457 2.37 2.62 62.27 3.18
Na,O K>0O TIOz P,Os SrO BaO
0.19 0.32 0.34 0.14 0.22 0.07
phase concentrations (%)
GCsS GS GA C.AF
52.13 20.22 7.68 7.97

Table VI.2 The oxide analysis of the fly ash usethie testing.

chemical test results (%)
K:O BaO MgO SrO CaO SO NaO
0.58 0.72 5.55 0.39 23.12  1.27 1.78
SiO, Al,O3 MnO, P.Os FeOs TiO2
38.71 18.82 0.02 1.46 5.88 1.35

The paste mixtures were prepared according to A&BU5 (2011) and 2 samples were made for

each curing length including 0, 7, and 14 day weing. Two paste beams with dimensions of
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7.62x10.16x40.64 cir(3x4x16 irf) were consolidated in steel molds from each mextéfter
casting, 4 samples of wet curing methods were dtordrying room for 6 h at 23 °C and 50%
RH until the bleeding water disappeared and then ksmpere moved to a fog room with the
same 23 °C temperature and wet burlaps were ptiteosamples for 7 d and 14 d under a plastic
tarp. Two samples were left in the drying room wittihe mold for the no-curing method until the

next day.

These paste beams had the same thickness as tlietedreams, and were wet cured on the
exposed surface. After curing and then demoldimg peams were marked at three different
depths on their side, 1.27 cm (0.5 in), 5.08 crim}2and 8.89 cm (3.5 in). Then cores of 1 cm
(0.4 in) thick with 1 cm (0.5 in) diameter were éakimmediately from the marked area on the
sample’s side. Cores were quickly polished witbtating diamond lapping plate to remove
debris from coring. The cores were stored in éese@ontainer above KCI saturated salt slurries
at 23 °C for the storageH of 85+1% according to ASTM E104 (2012), and inidgychambers
with RH of 70+0.5%, 50+4%, and 30+0.5% at 23 °C. Threesovere taken from each depth for
each curing and each stordgid and their mass was measured daily until therelegssthan 1%
change in mass loss over a 24 hour period, at whiahit was presumed that the state of
moisture in the pore networks had sufficiently éigtated with their environment. Finally, the
samples were vacuum saturated in water for a dayaighed, and then dried in an oven, and
weighed again. All measurements were recorded #hitemass change was less than 1% in a 24

hour period with a scale of 0.0001 g precision.

6.2.3 Calculating the Drying Diffusion Coefficient of Concrete
Although the bulk mass loss of thin paste beamsusasd to calculate drying diffusio, in the
previous chapter, the measured internal relativaidiity RH of concrete beams at each depth can

also determineD, of the concrete beams. As shown in chapt&H8pf concrete beams at three
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different depths was measured by calibrated RHmendT his data was not available for the
experiment done on paste because the beams wetértodhe measureldH data can be used to
find the drying diffusion coefficient at each depthdescribed below. As shown in chapter 5, the

following RH equation

_ L ~ L-2x 3L+ 2x
RH(% ) = RH,ya [1+ Erfl: JD_itDJr( RHyoung RHnm)[Erf {—4 \/D—J +Erf {—4 /ot D

Eqg. (5.21)

was used to estimate the inter@H( X t) at different drying time and different spatial position
coordinatex through the drying thickness and the diffusion of paste was found from the

measured bulk mass loss through dve(t) equation:
om(t) = (1~ S(9)) ¢( 9 Vo, Eq. (5.22)

where (<S>) is the spatially averaged liquid saturatignijs the pore volume fractiolv, is the

mass-loss specimen volume, ang is the density of liquid water. However, using ek mass

loss of concrete to find diffusion is not very ate, since the concrete beams were 8x thicker
than paste beams and the diffusion is not perfedhgtant over the depth. SirRel was already

measured for the concrete samples at differentiposioordinatex at different drying time,

then the actugkH was used to calculat®, directly from Eq. (5.21).

By assuming theéD. is constant for each depth over the erRikehistory of that depth, a

Mathematicafunction calledrindFit was used to find the numerical value of paramé&lethat

makes theRH( X t) expression give the best fit to actB data as a function of timnteThe

initial RH and boundary conditioRH are 96.64% and 40% as shown before. Also, as areatti
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before, the sensors were not put in the samplesodihe very higiRH in concrete at early ages
which could cause erroneous measurements and |gossibosion to the sensors. Therefdrél
of the first 4 days after casting has been intetteal using a fitted curve to the actual data for

each depth for the uncured specimen.

The assumption oD, being constant was previously used for paste béantiseir entire depth.

This simplification was shown in the previous clesb give good shrinkage predictions
comparable to the results from the full, nonlingalution. This could be caused by microcracking
at 40%RH boundary condition on the surface of paste be&atscan easily affect their entire 0.5
in depth and therefore offset any reductions indiffeision associated with lower interriaH
values. This assumption has been used again foreterto verify the accuracy of the
approximate linearized model assuming that theusiifin is constant around any given depth with

a measure®H, which are 1.3, 3.2, and 5.8 cm from the finiskedace as mentioned before.

6.2.4 Drying Shrinkage
After finding the RH( x 1) fit and S(x ) through the measured degree of saturation data as

described in the previous chapter, capillary pressadditional pressure induced by interfaces,
and effective pore pressure are calculated by usings5.11) - Eq. (5.13) in chapter 5. Finally,

free strain of the concrete beams were calculatedrding to Eq. (5.14) of the previous chapter.

6.3 RESULTSAND DISCUSSION

6.3.1 Paste Beams Curling
The results from simulating the maximum curlingléetion of paste beams stored at 4B¥are

shown in Figure 6.1 with adjustments to the medtariroperties to fit the experimental results:
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Figure V1.1 The measured max curling shown withkaes and error bars versus the simulated

one shown with lines

The post-deflection prediction of uncured sampdesvierpredicted which is possibly due to the
unmeasured and uncontrolled mass loss of uncuregisa in the mold within the first 24 hours,
that results in misleading drying diffusion coeiffict. This can also be due to the use of the same
concentration of dissolved species for uncured Isdarthe model as the wet cured specimens,
which results in an inaccurate initRH. For thicker paste beams more work needs to be tip
verify the linearized approximation of drying diffion, which is out of the scope of this research.
In general, the underprediction of the previougtyudated results for paste beams, as seen in
chapter 5, were fixed using the shown values inf€ig.2. These graphs show the trends of
mechanical properties of paste affected by thenguduration which were found through the

model and verified through the actual deflectidrtee following assumptions as shown in Figure
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6.2 were used to fit not only the peak of deflattimt also the post-deflections, which was

previously underpredicted in chapter 5:
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Figure V1.2 Adjusted input parameters for the mexted properties of paste at 40% RH
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For the 3 d wet curing 28% porosity was chosen (§\@mBuenfeld, 2009). The porosity of the
paste samples is decreased by increasing the darigth, as shown in Figure 6.2a, which is due
to the generation of more hydration products aed¢finement of pore structure. This increased
the instantaneous Young's modulus as shown in &igu2b (Grasley & Leung, 2011). The

reduction in Poisson’s ratio as shown in Figure éshegligible. The 10% relaxation presumed

in the function forEp(t) in chapter 5, which was assumed to be the sanadlfouring lengths,

was based on the observation by Grasley et al1j20&t elastic models on average tended to
underpredict shrinkage by around 10%. Howeves, shiown here in Figure 6.2d that increasing
the curing duration increased the relaxation ups% for 14 d wet curing of the thin paste
beams, which is due to the larger stresses in tanged paste samples. Consequently this

increased the relaxation time of the paste sangdeshown in Figure 6.2e.

6.3.2 Degree of Saturation
The results of the degree of saturation experinsesttown in Figures 6.3 and 6.4 for different
storageRH values and different depths for 0, 7, and 14 dalyaured specimens, labeled as 0-

dwec,7-dwc, and 14-dwc.
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Figure V1.3 Degree of saturation after 14 d of esyre in differenRH values for different depths

and curing lengths
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Figure V1.4 Degree of saturation profiles afterdbd/s of exposure in differeRH for different

depths and curing lengths

The increase in degree of saturation with the dépth drying surface of the specimen is not
significant for uncured specimen, but it becomegdawith the increase in curing duration. Also,
increasing the wet curing length aR#l of the specimen storage has increased the defjree o
saturation. Therefore, the top section of the samjithout any moist curing in 30®H has the
least degree of saturation measured, while thetmotf the sample with 14 days of wet curing at

85%RH has the highest degree of saturation measuredeThsults are likely due to a finer pore
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structure caused by wet curing the samples, whismptes hydration and ultimately causes a
higher degree of saturation (at a giv) via refinement of the pore network. The gradiant
the sorption isotherm is presumably due to a gradiiepore size distribution induced by

enhanced hydration from the surface moisture aaativith wet curing.

6.3.3 Drying Diffusion Coefficient

TheRH fits through the use of Eq. (5.21) are shown fd; @ d, and 14 d wet curing at different
depths in Figure 6.5. The solid line shows the &itian versus the dots that are the measured
data from sensors. As mentioned before, the aBdalf the first 4 days for uncured beams has
been interpolated due to the lack of measured daize the sensors were put in the samples

about 4 days after construction:
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Figure VI.5RH of concrete beams at different depths and cugngths versus the simulatRé

One should use caution to discuss the goodne$e affproximate®H versus measured data,

since:

0 TheRH of beams at the early age was very high and semsay have had problems
measuring this,
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o TheRH of the drying chamber sometimes varied within 4% this may have impacted

the accuracy of the measurement,

0 The expression used in Eq. (5.21) is also an e8timand cannot provide exdeH

values.

If we assume these fits f&H are acceptable and that errors of sensors in meg®H are not
large, then calculated drying diffusion coefficiefr different depths of samples with different

curing lengths can be shown in Figure 6.6:

drying diffusion coefficient (m2/d) at 40% RH

0 0.00003 0.00006 0.00009 0.00012 0.00015

uncured

7-day wet curing

depth (cm)
(V)

14-daywet curing

Figure V1.6 Profiles of the drying diffusion coefient from simulation

Figure 6.6 shows that there is a difference betvadegimg diffusion coefficients at the top (depth

= 1.3 cm) versus bottom (depth = 5.8 cm). If tHéudion were perfectly linear, then one would

expect no variation irD, with depth. Therefore, there is a nonlinearitgliffusion, this causes a

maximum difference of a factor of 4 difference be¢w theD. at low versus higiRH regions in
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the samples. Although this shows that fBewithin the considered depth (about 60% of beam’s
full depth) is close to linear, further experimentequired to measure tRH at lower depths.

This would be helpful to measure the bottom sidthefsample in order to calculal® . This

may help estimate the magnitude of the nonlineafitlp, .

6.3.4 Simulating Shrinkage for Concrete

The simulated shrinkage at different depths ofcthrecrete beams is presented in Figure 6.7 for
different curing lengths. The markers show the @atneasurements according to experimental
setup mentioned in chapter 4. The simulated reavdtshown by solid lines for each depth using
the same color as the markers.
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As seen in the simulation for the uncured specirtt@re is a small overprediction in shrinkage at
the top at early ages which is due to the undeigtied of RH as shown previously in Figure 6.5
for no-curing. The shrinkage calculation in thisthwal is highly related to the accuracy of
prediction ofRH in the sample, since the underpredictioRkhcauses an overprediction in the
calculated pressures and therefore free strainrdiogpto Eq. (5.11) - Eq. (5.14) in chapter 5. In
general, the shrinkage prediction at the top igdgooall curing methods as it is within the error
bar range. On the other hand, the model has uretbcped the shrinkage at the middle and
bottom of the uncured samples. This underpredidtionore significant for wet cured specimens.
Although theRH at the middle and bottom has been underpredittedHe topRH, the shrinkage
was not overpredicted like the top one, which cdaddikely because of using similar input
parameters to those found for the top or the neality of diffusion as shown in Figure 6.6. The

input parameters used for concrete beams are simoiigure 6.8:
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Figure V1.8 Adjusted input parameters for mechdricaperties of concrete at 4084

As mentioned before, to find the best input paransdior the mechanical properties of the
concrete beams only the shrinkage near the suofabe beam was used to fit the measured
shrinkage and assuming the middle and bottom ofdherete beams have the same properties.
In these figures, as shown for the paste at Rb¥the change in Poisson’s ratio is minor. The
instantaneous Young's modulus has been measuradratoned before using ASTM C39
(2016). The relaxation time has increased slighlityig with 16% relaxation for all curing

lengths.
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It should be pointed out that the approximate smhufior this study was found to be a good
shrinkage predictor for the paste beams at 40%teidshrinkage history as shown in Figure

6.1. This could be caused by microcracks at Id¢that can reduce the nonlinaerity of
diffusion and increase the diffusion. Also, the heatcal properties of thin paste beams are
possibly similar at different depths of the pastarns. Therefore, while shrinkage at upper layers
of concrete beams, which might have been affecyeslilface microcracks at 40R#, can be
calculated by the approximate linearized solutgdminkage prediction at lower layers may

require a nonlinear solution along with more actixalues for the mechanical properties.

6.3.5 Shrinkage M echanismsin Concrete

As discussed in chapter 4, the degree of saturatioancrete samples near surface should be
higher for wet cured samples comparing to the wasurface. This is shown through the model
in Figure 6.9 for the measur&H and degree of saturation. Different line typesastioe results

at different depths (with solid lines for top, déas middle, and dash for the bottom) and different

markers are for different curing lengths:
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Figure V1.9 Relation betwedRH and degree of saturation for different curing tesgt different
depths

This graph shows the degree of saturation at argngtH is larger for samples with a longer wet

curing length. In other words, it shows that at giwen degree of saturation tRéd is lower in

wet cured samples. According to Eq. (5.11) and(&42) in the previous chapter a loviRd and

a larger degree of saturation can cause more tepséssures. This is shown in Figure 6.10.

Different line types show the results at differdapths (with solid line for top, dots for middle,

and dash for the bottom) and different markerdardifferent curing lengths:
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Figure VI.10 The capillary pressure and the intfenduced pressure

As shown in Figure 6.10 the capillary pressurethednterface induced pressure are both greater
in samples with longer duration of wet curing ay given degree of saturation. These pressures
are the main driving forces for the tension ocaouyiin the fine pores of drying paste or concrete
and consequently causing a volume change due shtirking pores. Since the drying solid
surface and liquid films in the pores exert them#m@acting stresses, the combination of these two
pressures as defined by Eq. (5.13), known as aféepbre pressure, as well as the rate of

effective pore pressure are shown in Figure 6.11.:
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Figure VI.11 The effective pore pressure and its far different curing lengths at different

depths

The rate of effective pore pressu 62 t)) as shown in Eq. (5.14) is larger in samples with
longer curing which consequently caused more shgalas shown in Figure 6.8.

6.4 PRACTICAL IMPLICATION

The relation between drying shrinkage and degresatifration has been investigated in the last 3
chapters. Since the curling of slabs is due tdfardntial drying shrinkage, then drying shrinkage
models can predict the curling by plugging degresaturation profiles into the model more
accurately. Also, accurate mechanical propertieontrete can enable the model to predict
shrinkage and deflection more accurately. Sincetimerete pavement near drying surface,
especially at environments with lower humiditiespiore prone to micrcracking, predictions by
the introduced simplified linearized model (spexifly around the curing affected zones, i.e. the
upper layers) will be less affected by the nonliitg®f diffusion. Therefore, the approximate

model provides a useful tool to predict the curliigoncrete slabs.
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6.5 CONCLUSION
In this chapter the previous approximate modelctiwas verified for fitting the peak
deflections of thin paste beams at 4B¥, was adjusted further for simulating the concrete

shrinkage. It was concluded that:

» Adjusting the model with mechanical properties wfedd and uncured paste can help
predict the curling response of concrete beamesragel curing increases the relaxation

and decreases the porosity.

« Assuming similar values of mechanical propertiap\jt parameters of the model) for
both uncured and cured specimens causes undetjedit post deflection for cured

samples.

» The presented linearized model is very accuratdrfpenvironemnts and thin samples.

» Regarding the thicker samples, the model is vemgitiee to not only the mechanical

properties but alsBH of concrete elements, as shown for a 4” deep sampl

» Predictions are more reliable in lower humidityioe, which can be related to either a
more accurat®H measurements or surface microcracks which redwcedhlinearity of

diffusion.

e The drying diffusion is not perfectly linear ovéetentire depth. This nonlinearity was
shown by using the approximate model to be a faaftabout 4 within 60% of the

concrete depth.

» Shrinkage at lower depths of 4” concrete beamsumdgrpredicted by the model.
Considering the underprediction for the post déitecof cured thin paste beams due to
the use of mechanical properties of uncured thétepbeams, the underprediction of

shrinkage at lower depths of thick concrete beanedther due to the use of similar
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mechanical properties to those at the top or tgk honlinearity of diffusion at lower

depths.

Therefore, while there are very good shrinkageiptieths by applying the approximate model,
further work needs to be done to improve it fordation in concrete, thicker elements, and other
storage humidities. Also, further investigation mére bottom of specimens (with more precise

and durable sensors) is needed to accurately neeBstiand diffusion, and shrinkage.
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CHAPTER VII

VII. THE IMPACT OF DIFFERENT RELATIVE HUMIDITIES ON DRYNG
SHRINKAGE

7.1INTRODUCTION

It was shown in the previous chapters that in 46Rtive humidity RH) drying conditions the
magnitude of curling increased with the durationwvet curing. This observations were supported
by findings from the computer modeling for 4Rkl as well. The mechanism for this behavior
was attributed to the increased curing leadingde@ease in the pore sizes. On drying, the
capillary suction in these smaller pores causegased shrinkage which in turn leads to
increased curling. Also, different curing compoumasge investigated at a number of different
coverage rates in chapter 3. Using statisticalyaealthis work showed that the poly-
alphamethylstyrene (PAMS) performed the best oftiving compounds. Next the resin based
and finally the water based performed the woratidP@ance with different coverage rates was

also investigated (Hajibabaee, Khanzadeh Moradllioey, 2016).

The work in this chapter examines the curling afeat and concrete samples caused by
differential drying in laboratory conditions thakaclose to the average RH in Oklahoma (~70%).
Next modeling work is completed to simulate thardtage results at 70% RH. An analytical
approximate solution will be used as well to sinteifdne curling of paste beams at 70% boundary

condition.

It should be pointed out that the research in peviand current chapters used laboratory
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specimens that were cast and stored in 40 and #%3 Rerefore, an alternative test is also done
to evaluate the performance of these same corspetamens in the field. One challenge with

this work is the variation in temperature, moistuned wind over time since these samples were
stored in the field. This means that all of theagables had to be measured while simultaneously
measuring the response of the samples. Howevese #gosure conditions led to a more

realistic environmental condition for field conaetn order to learn more about the impact of
different curing methods on the curling of concrgg@ements in the field, 62 different sensors
were installed on a continuous reinforced congoateement used on Highway [-44 & Lewis in
Tulsa, Oklahoma in August of 2013. Therefore, tHawtings provide guidance for wet curing

durations for slabs that must be resistant to velghmange in different drying conditions.

7.2METHODOLOGY

7.2.1 Materials and Mixture Proportions

The Portland cement used for paste beams meetsghgements of both a type | and Il cement,
according to ASTM C150 (2011) and AASHTO M85 (2QIPhe cement used for concrete
samples is type |, according to ASTM C150 (201 &mn§Bles were made with dolomitic limestone
aggregate and natural river sand used commeramatlgncrete. For both paste and concrete
beams the mixutures had a water to binder ratabofit 0.42. More details can be found in

chapters 2-4.

7.2.2 Sample Preperation, Test Procedure, and M easur ements

7.2.2.1 Paste beams for laboratory condition

As described in details in chapter 2, the pastdurés were prepared according to ASTM C305
(2011). Three paste beams with dimensions of 3944%R5 irf were consolidated in plastic
molds from each mixture. Samples were kept in agddrburlap for 1, 3, 7, and 14 days of
additional curing after demolding and waxing. Thelép was wetted every day to ensure that it

remained saturated. After the curing was removedgiecimens were subjected to a 70£%0
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and 23C drying environment within an environmental chami@her samples received no

curing after demolding.

To measure the curling, rubber bands were useditbthe ends of the specimen to a flat
aluminum plate with the uncoated surface of theispen facing the plate. The distance between
the aluminum plate and the specimen is measunegjalar locations along the length with a
caliper. The loss of moisture of the sample wassmesl through the weight loss over time. After
finishing the measurements, the specimen is reilbméhe chamber room until the next

measurement. More details can be found in chapter 2

7.2.2.2 Concrete beams for laboratory and fieldditons

In this experiment the specimen was 3x4x10.254waterproof membrane was used on all
faces of the sample except for the top. The madbarrier was used as a form liner during
casting. Concrete specimens were demolded 24 hfterscasting and the interface between the
membrane and the concrete were sealed by wax.urfees strain of the beam was measured at
3 different depths. TheH of beams was measured at 0.525", 1.275", and 21831 the

finished surface starting four days after the taeation of curing. The sensors were placed in 0.7"
deep holes with 0.7” diameter that were cast intoside of the concrete. TRé sensors were
calibrated according to ASTM E104 (2012) with falifferent salt saturated solutions. TREI

calibration range was between 57.6% and 97.3%.

For the laboratory condition, all specimens weis ead stored in an environmental chamber at
23°C and about 70+4%H. Specimens were prepared with no-curing and 71drahys of wet
curing with wet burlap and a plastic tarp. Whilgidg the beams were flipped on their side and
placed on wooden dowels to minimize the impactetffweight on curling measurements. More

details can be found in the chapter 4.
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For the field condition, specimens were prepargtl wo-curing, 1, 3, and 7 days of wet curing
with wet burlap and a plastic tarp, as well as mlper of different curing compound
combinations. All curing methods have been sumradrim Table 7.1. More details can be found

in chapter 3 regarding the curing compound appingiHajibabaee, Khanzadeh Moradllo, et al.,

2016).
Table VII.1 All curing methods used before the esqre
Name Curing methods
1-day wet Wet curing with wet burlap for 1 day
3-day wet Wet curing with wet burlap for 3 days
7-day wet Wet curing with wet burlap for 7 days
No curing Exposed to the site without any curing
Sealed Sealed with wax and wrapped in plastic befaposure to the site
Water-wax, S 100% Single layer water-wax basechgurbompound 0.04 Ibsfft
Water-wax, S 150% Single layer water-wax basechgurompound 0.06 Ibstft
Water-wax, D 100% Double layer water-wax basedngucdompound 0.04 Ibsft
Resin, S 100% Single layer resin based curing comgbo 0.04 Ibs/ft
PAMS, S 100% Single layer poly-alphamethylstyremeng compound 0.04 Ibsfft

*The double layer of curing compound was appliethio equal layers of 0.02 Ibs/ft2 for each oneddotal coverage
of 0.04 Ibs/ft.

A weather station has been used to measure thespe®t, rainfall, temperature, solar radiation,

andRH during the test. These measurements were talary five minutes.

7.2.3 Modeling Work

In this chapter the analytical approximate lineadsi, as defined in chapter 5, was chosen to
simulate the curling deflections of paste beams gave similar results to nonlinear numerical
solution. Since the results were very similar, #ra the nonlinear numerical solution was very

time consuming, only the results from approximatetson were shown here.

For concrete beams, the approximate model wasassadjusted in chapter 6. The measured
internalRH of the concrete beams at 3 different depths wed tesfind diffusion at each depth

according to the following expression, Eq. (7.1):
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RH(X’t) :(RHbound_ RHinitial) 1- EH{L/Z_ y:| +RH, Eq (71)

2\/D—|t initial
Then the mechanical properties of concrete beaitimedbp were used as the input parameters to
simulate and compare the shrinkage affected bgrdiftt curing lengths. More details on the

modeling work can be found in the previous chapters

7.2.4 Field Instrumentation

The following curing methods were investigatedtasamn in Figure 7.1: wet cure with wet burlap
for 5 days, water-wax and PAMS curing compound, migting provided to the surface of the
pavement every hour for 24 hours. Nine strain gagesseveiiRH sensors were used to measure

the strain andRH profiles of a typical slab.

- . ‘ I
: } !
| poly- ‘ '
water-wax : alphamethylstyrene | : isting
14 curing j AR 1yisty ‘ wetcure for5 | misting for 24
compound : SHNg } days ! hours
pou . compound ! !
i } '
1 | |
| 19 | 15 | 15' | 15

Figure VII.1 Curing materials and methods usednengavement

Figure 7.2 shows the arrangement of the strainggage rebar. Each gage can measure strain and
temperature simultaneously. These gages were clhesanise they were robust and have been
used for long term monitoring of concrete structuféhese strain gages were tied to a vertical
stand with feet at the bottom to help hold the hagdace. This stand was then tied to the

traverse reinforcing bars. Care was taken in thld fo ensure that each gage was at the reported
height from the concrete base shown in FigureHdvever, it was not possible to measure these

sensors after the fresh concrete was placed arsblideted and so it may be possible that small
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changes occurred that were not captured. It shedatdbe noted that the actual pavement
constructed was 13" instead of 12” at the pointaristruction. This slightly changes the strains

measured in the pavement but should be able tedre@me in the analysis of the data.
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strain gauge A

r\_\l

stand\

sensors are tied 10.75"
to the stand

i =
[/ 6“
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w ' T
to data %

1 1.25"
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Figure VII.2 A strain gage tied to the steel bars

logger

The RH gages were placed at two different spotgwaire the centerline between each two sets

of strain gages. RH is measured at different defiths.5”, 6”, and 11” as shown in Figure 7.3.
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Figure VII.3RH sensors glued to rods

The mentioned depths were drilled in the pavemgatdays after paving. Sensors were glued to
rods that were embedded into the drilled holess&hmeds had an O-ring at the end to seal
between the concrete and the rod to ensure tha¢#aings were only coming from the concrete
near the sensor. Grease and caulk was also ubetptseal the rod. A typical installation is

shown in Figure 7.3.

Strain gages were embedded in the pavement atdhfersnt spots. Nominally the gages were
attempted to be placed at the center, edge, argltiréer point of the pavement. Unfortunately
because of the rebar layout and pavement vibréttese locations had to be varied slightly. As
shown in Figure 7.4 for a typical slab, the gagesaworiented in the transverse direction of the
pavement in order to measure curling and shrinkéglee pavement. A gage was used at the top
and bottom of the pavement so that it could shoyvdifferential strain between these two

locations. This strain differential will be tied tiee amount of curvature or bending that occurs in
122



the pavement. The strain gage at the center gfatiement will help examine the strain profile
and the amount of uniform shrinkage that occutdénpavement. By combining these
measurements with the temperature measurementsuamdity, it should be possible to compare
the overall strain profiles in the pavement aneeine whether these can be attributed to

differentials in shrinkage, temperature, or huryidit

| (® Strain gages |
(R Relative humidity gages

< | Q@ @1—4“ | £ 14

' 75 ' 75 |

Figure VII.4 Top view of a typical slab to show tbeordination of all the gages

Both of the curing compounds were manually appiiethe surface of the pavement. The water-
wax based curing compound was sprayed manuallidgdntractor and the PAMS was sprayed
by the researchers. For wet curing, five days aféeing and before drilling, the curing was
terminated and the burlaps under tarp were stilstn®he last section of this field experiment
was cured by misting. This was done manually etery for the first 24 hours after placement

of the concrete.
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7.3 RESULTSAND DISCUSSION

7.3.1 Paste Beamsin the Laboratory Condition
The mass loss of the paste samples with diffenamii@ lengths in 709RH is shown in Figure

7.5 in comparison with that of samples in 4B44 from chapter 2.
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Figure VII.5 Comparison between the mass loss®ptste beams at differdRH over time

As shown above, the mass loss of the paste sampl@86RH is greater than the samples that
were exposed to 70RH. The maximum mass loss of the no curing at 41¥4s the most and
the least mass loss was observed in 14-day wetgcuni70%RH. Also, the difference between
mass losses of different curing lengths is les®#b compared to 40RH’s. Also the increase in
the curing length has decreased the mass loss amitenmass loss of the uncured sample is
lower than that of the 1-day wet cured sample @80 /which is a different observation from the
40% samples. Since it was not possible to meakermass loss in the first day for uncured
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samples that were still molded, then this diffeeelikely happened, while the wet cured samples
were covered with wet burlap after 6 hours frontiogsi.e. when bleeding water was completely

disappeared and paste was hardened, and this dagsestroneous mass loss for wet curing.

In a drier environment the drying rate is fastett aamples lose more moisture as it takes more
time for samples in 40%H to get to the state of moisture in the pore néetadinat has
sufficiently equilibrated with their environmenth@refore, this mass loss will continue until the
internalRH reaches equilibrium with the environment. Howebecause the moisture loss at the
top and bottom of the sample is different, thera differential in shrinkage and so the sample
curls. This curling deflection of the paste samggsosed to 70% versus 4Rbl's is shown in

Figure 7.6:

15
";_1’) &
= 10 -
3
g
5 no additional curing @ 70% RH no additional curing @ 40% RH
------------- 1-day wet curing @ 70% RH e 1-day wet curing @ 40% RH
------ 3-day wet curing @ 70% RH ------- 3-day wet curing @ 40% RH
- - 7-day wet curing @ 70% RH - - -~ 7-day wet curing @ 40% RH
----- 14-day wet curing @ 70% RH  ----- 14-day wet curing @ 40% RH
0 10 20 30 40 50 60

days exposed to drying

Figure VII.6 Comparison between the maximum curtifiggaste beams
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As shown in Figure 7.6, the samples in 7R#have less curling compared to samples in 40%
RH and there is a less difference between the maxidefiactions of different curing lengths in
the more humid environment compared to deflectinrthe more extreme drying condition. Also
the increase in the length of curing has incrediseanaximum curling. With increased drying,
the curl decreases as the material in the bottotimeo§ample begins to shrink and the differential

in shrinkage between the top and bottom is reduced.

Additional curing will sustain hydration and decsedhe porosity and permeability of cement
paste. Because the pore sizes are smaller forialatefith a greater degree of hydration, the
degree of saturation will be higher at a givd as discussed in the previous chapter. This
increase in saturation may be explained by theikdlaplace equation, which describes the
minimum pore size emptied at a giviehRl at equilibrium. This means that curing will caase
higher level of saturation and will increase thieetive pressure in the pore network and,

therefore, the shrinkage on drying (Coussy etalD4).

Also, the decrease in permeability with extendeathgumakes it more difficult for a specimen to
lose moisture from drying. This is why specimerat tire cured longer lost moisture at slower
rates, and required more time to reach their maxiramount of curling. Moreover, the
additional wet curing may increase the water candésamples, which will increase the length of
drying time needed for the samples to reach thakimum curling deflection. A high storagH
causes a decrease in the shrinkage gradient amelstiéing deflection. Also it delays the drying

time required to reach the peaks of deflectiorhasve above.

The results from simulating the curling of pastarhe at 70¥RH based on the abovementioned
mechanisms are shown in Figure 7.7. Since the bamras shown in Figure 7.6 were large, the

results are shown within the 95% confidence andiptien bands:
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Figure VII.7 Simulated curling results of paste isaat 70%RH versus measured data

The simulated curling results in all curing methads within the 95% confidence band. These
results show that the mechanisms discussed abo®fdrying shrinkage and curling of paste
beams in 409RH are also valid to explain the curling at highemiidities since the same model

has been used for above simulations.

7.3.2 Concrete Beamsin the Laboratory Condition

The mass change of the concrete beams in the 468%své0%RH is shown in Figure 7.8:
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mass change (g)
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Figure VI1.8 Comparison between the mass changesrafrete beams in 40% vs. 76's

The samples stored in 40841 have more mass loss and there is a greater nsssdifterence
between samples when compared to samples sto@d4fRRH. The wet cured samples increased
in mass from the additional water that was supliech wet curing. However, when these
specimens were dried they quickly lost the extrasygained from the wet curing. When
comparing the first 3 days of drying, the 7 andddg-wet cured samples had a greater rate of

mass loss than the sample that was not cured.

TheRH profiles within the samples for 5, 25, and 50 dafysr exposure are shown in Figure 7.9.
TheRH gradient is larger for samples that were exposelld more extreme drying condition.

Also, with extended drying tHeH decreased faster in the 4@R%l.

130



depth (in)

no cure @ 40% RH

7-day wet curing @ 40% RH A \
- 14-day wet curing @ 40% RH
no cure @ 70% RH
7-day wet curing @ 70% RH

14-day wet curing @ 70% RH

5 days after exposure

100

100

depth (in)

25 -

RH %

————

0.5 -

ok
|

depth (in)

=
Lh
|

[}
|

25 1

Figure VII.9 Comparison between the RH profilegd@%6 vs. 70%RH.

Using extended wet curing, the samples should mapeoved levels of hydration and decreased

permeability and hence lost less moisture at coafpartimes. The water loss occurred first on

the surface and did not have a major impact ofiRthever the depth of samples. The sample that

was not cured showed lowRH at virtually all places in the specimen for allthé compared
drying periods.

The shrinkage of the concrete beams at 0.525” dgémph is shown in Figure 7.10 for 40% versus

70%RH. The shrinkage of the samples in 4BH is greater and as the curing length was
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increased then so did the amount of shrinkagedit@irred. The rate of shrinkage is greater

during the initial drying for the 40%®H samples when compared to the 7R%

days exposed to drying

(0} 10 20 30 40 50 60
250 2 no cure @ 70% RH no cure @ 40% RH

““é\ ------------- 7-day wet curing @ 70%RH - 7-day wet curing @ 40% RH

-100 “:"‘" W T 14-day wet curing @ 70% RH = ------- 14-day wet curing @ 40% RH
= -150 1
2 -200 1
-250 -
-300
-350 -
-400 -

Figure VI1.10 Comparison between the shrinkageil@®fn 40% vs. 709RH.

The shrinkage profiles within the samples for 5,&% 50 days after exposure are shown in
Figure 7.11. The shrinkage gradient is larger éongles that were exposed to 46H. Also,

samples exposed to 40Bt1 showed greater amounts of shrinkage.
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Figure VII.11 Comparison between the shrinkageil@®fn 40% vs. 709RH
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Despite the internd®RH being lower for samples with no curing, these damphowed an equal

or lower shrinkage strain than the sample with euging. This increase in the internal strain
gradient is expected to produce a greater amouurbihg in the specimen. It is expected that the
permeability of the wet cured specimens is less that of no cured samples due to the decrease
in connectivity and the sizes of the pores fromiticeeased degree of hydration caused by the
curing. Also, since these pores are smaller thiidedd to an increase in the degree of saturation.
As seen before for paste beams, this increasdurasian will increase the effective pressure in
the pore network and the drying shrinkage (Coussy.£2004). Despite all of these changes
occurring in the paste, the shrinkage in the cdadeerelated to shrinkage in the paste (Pickett,

1956).

The results from simulating the drying shrinkageaficrete beams at 7081 based on the
abovementioned mechanisms are shown in Figure THE2mechanical properties used for the
input parameters of these simulations were foutet &fting the modeled shrinkage of the top of
the beams with their experimental results. Thipsi#d use different mechanical properties for
each curing. The simulated results are shown wiild ines versus the experimental results with

markers:
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Figure VII.12 Comparison between the shrinkage ftbenexperiment vs simulation in 7084

The simulated shrinkage at the top, middle, antbbobf the beams had very similar trends to
the experimental results as shown in Figure 7.a@ever the results for the lower depths didn’t
fit the measured shrinkage. As shown in the pres/chapter for 40%, for higher storage
humidities the simulation can have inaccurate ptéti as well. This could be related to the
assumption of linear diffusion for each depth,he inaccurate input parameters (using a similar
mechanical properties for the entire depth) thatrte be measured for an improved prediction.
Adjusting the model for the nonlinear diffusion witumerical solution is out of the scope of this

study.
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7.3.3 Field Investigation

Figure 7.13hows the monthly average temperature for theblgstirs in Oklahoma City. The

average values were calculated using the daily mix, and average temperature &tdidata

collected from weather website wunderground.
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Figure VII.13 The minimum, maximum, and averagefderature for each month

As can be seen the average temperature showedraase over the summer time. The test was
started in December 2012 when the weather was rcwitie considerable amounts of rainfall.
Figure 7.14 shows theH for the same duration in this study in OklahomiyCihe average
values were calculated using the daily aveiRbealata collected from weather website

wunderground. The running average was calculateeMery 30 days. The precipitation has been

shown as well.
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Figure VI1.14 Precipitation and the minimum, maximuand averagH

In general, the averad®H has not significantly changed over the lengthheftest. Figure 7.15
shows the mass change of the beams and the rawéaits over days exposed to drying. The
mass change values are the average from threeesnple positive values of mass change are

due to increase in weight after rainfall.
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Figure VII.15 The mass change of the concrete spats and rainfall events at the exposure site
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Figure 7.15 shows the weight change of specimdas efposure. There were some problems
with the samples sealed with wax. The wax doesappear to be totally effective and the sample
started to change in weight. After four weeks thimgle was placed in a plastic bag. This was
found to be a good solution to stabilize the welghs of the sample. The mass change of wet
cured specimens indicates that they all had simikss change. Furthermore, the samples with
curing compound also showed similar mass loss; tiexyéhere was a distinct difference
between the results of these two samples. Speciowead with curing compounds and the
specimen that was not cured showed more mass changgared to wet cured and sealed
specimens. The permeability of the wet cured specinis expected to be lower than the no
cured specimen and that of specimens cured withgaompounds. Due to a higtH in the

field it is expected that the pores at the surfaee only partially dried and so therefore show a
lower amount of shrinkage. On the other hand, pleeisnen that was not cured has a higher
permeability compared to the other specimens andempiently more weight gain after each

rainfall, as shown in Figure 7.15.

Specimens that were cured with curing compoundsrbbd more water than the wet cured
specimens. Specimens cured with water-wax baséugccmmpound and different application
rates have a very similar performance. Water-waetd@uring compound with different amounts
of coverage show statistically similar performaaoe absorbed more water than the other two
curing compounds. This may have happened becaissa Wwater-wax based coating and can be

less durable under rain compared to resin and PAd®8d materials.

Table 7.2 shows images of the surface of the curimgpound samples after 100 and 190 days.
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Table VII.2 The surface of cured samples with défe curing compounds after 100 and 190

days

After 100 days After 190 days
Poly-alphamethylstyrene based curing compound

o 3 e o

Resin based curing compound
ERSE b‘-ae‘v% &

o _3-

Water-wax based ¢

La Bl A N L T
P S SRt
EV e TN
= ¥ ;1’:'% B, e U S e S g
Water-wax based curing compound (150%)

g 2 =

3 Sy

e B . o SRR S T R
Water-wax based curing compound (100%)

=

As shown in Table 7.2, it has been observed a@i@rahd 190 days that resin and PAMS based
curing compounds still remained on the surface|eathie water-wax based curing compound has
been eroded partially or completely. Moreover,rdaeson that resin based curing compound look
like an eroded surface is due to its high sticlsrising application, which makes it more

difficult to be applied consistently. However, @shremained on the surface throughout the period

investigated.

Figure 7.16 shows the daily averdgi at the top of the specimens over days exposed/togd
in the field for different curing techniques. Thettom figure shows the rainfall amounts and the

dates that they occurred.
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Figure VII.16 The averageH at the depth 0.525” and the rainfall events

Figure 7.16hows theéRH at the top of specimens (depth 0.525"). The gémenad between the

beginning and the end of five-month exposure shaws little change ifRH within the concrete.

It should also be noted that tRé1 at the surface of the concrete follows the atmesplRH but

is a little higher. Because the concrete does p¢ar to be drying this suggests that the negative
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impacts of moisture gradients and their intensiigsuld be minimized. This means that
differential curling from drying shrinkage is notgected to be a major problem ifRéd close to
65% as was observed during this testing periodh Rig in the field together with precipitation
can maintain the moisture in the samples. Fortéssthis also seems to diminish the expected
differences between the effectiveness of diffecemning methods. However, even with the higher

RH the wet cured samples have the highest shrinkage.

Figure 7.17 shows the RH profiles over the deptthémiddle of three months December,

February, and April.
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Figure VII.17 AveragdrH profiles for different curing methods

Figure 7.1%hows theRH profiles of the specimens at the middle of Decen2idd 2, February
2013, and April 2013; the red line shows the pedfidir specimens without curing. As discussed
above, wet cured specimens have less internal lilyrommpared to specimens with curing
compounds. The lower permeability of the wet cigpecimens should be the main reason for
this difference. Curing compound specimens haverg lvigh internal humidity (above 90%) and

less moisture gradients compared to wet cured seEs due to more moisture gain after each

rainfall.

Figure 7.18hows the strain at 0.525” from the surface oweetoutside. It should be noted that

negative values show the shrinkage while the pesitalues are the amount of swelling or
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expansion in the beams. The strain values arevitrage amounts from the three samples used
for each method. Also, the graph shows the straim the moisture gradient, which is the total
measured strain excluding the strain due to tHereifitial temperature. A thermal expansion

coefficient 5.5x16 in/in °F has been used to make this correction.

200.00 1 ——— 1-day wet water-wax, S 100% ---- resin, S 100%
3-day wet e water-wax, S 150%  ----- PAMS, S 100%
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o
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-300.00 '

-400.00

-500.00 days exposed to drying

Figure VII.18 Strain at a depth of 0.525” of thencete after being exposed

Figure 7.18 shows strain changes at the top ofisees where the positive values show swelling
and negative values show shrinkage. The thernahdtias been removed from the total strain in
this figure. The strain fluctuates at differentipds of time because of the rainfall events as
shown below the graph. The specimens in generdltteawell due to an increase in moisture

after each rain.
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Figure 7.19 shows the strain profiles over the ldepevery six months for the strain values

modified with the thermal strain as mentioned above
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Figure VI1.19 Average strain profiles for differecuiring methods

Figure 7.19 shows the strain profiles every six themuring the test; the strain gradients of
specimens cured with curing compounds are notrgs ks the slopes of wet cured specimens,
which might be caused by a finer pore structutbesurface of the wet cured specimens that
makes them more impermeable to external water.|€ads to a less moisture gradient in curing

compound samples, as seen in Figure 7.17.

7.3.4 Full Scale Pavement I nvestigation

Using a running average for every 6 hours from pgwthe temperature profiles have been
calculated from the measured data. The runningageehas been used to reduce the fluctuations
of the data measured with the strain gages ovéirtiee Temperature profiles of the slab are
shown in Figures 7.20-22 respectively for locatiang, and 3 in Figure 7.4. These locations are
at 28", 56", and 84" from the edge of the slabpeagively. The profiles are for ages 0.1, 30, and

100 days after paving.
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Figure VI1.20 Temperature profiles for locationtl0al, 30, and 100 days after paving

148



Temperature (°F) at day 0.1

80 90 100 110 120
0 T f T f T } T |
L water-wax .
3  I— PAMS ;.’-'{- g
6 4 ---—--—-- 5-day wet curing 2
L 1]
- - - -~ 1-day misting e
9 4
12 -+
Temperature ('F) at day 30
80 90 100 110 120
0 T i T i T i T i
3+ \ ':
e - =
= \ |
S6 ‘ |
[=% ! !
2 K !
o+ ' !
I I
I i
12 1 ! H
Temperature (°F) at day 100
80 90 100 110 120
0 T i T i T i T i
3+ 0
£ oo
— ] H
S 6 + Mo
[=3 .
< o
I :'I
9 + 1] o3
I H]
| ':
12+

Figure VII.21 Temperature profiles for locationtal, 30, and 100 days after paving
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Figure VI1.22 Temperature profiles for locationt3al, 30, and 100 days after paving

The temperature gradient is the most at early dgesxamples, about 0.1 day after paving the
temperature gradient within the slabs cured eithitr the PAMS curing compound or the 5-day
wet curing is noticeable. However, the gradientpess negligible over the time for all curing

techniques. This low temperature gradient leadssmwarping deflections.
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Moreover, the temperature is always higher in 5adat/curing and PAMS and lower in water-
wax curing compound and 1-day misting. A highergerature may lead to expansion within the

slab, which will be shown later. After 100 daysstHifference has become less as well.

Finally, comparing the three graphs, it should bieed out that the temperature and its gradients
are the same in all sections 28", 56", and 84" fitheedge of the slab at all edges, which leads to
the same thermal stresses. Also, the slab expegemtemperature gradient due to the daily
temperature change and therefore a small strattiegria But since a running average has been

used, this daily temperature gradient has not shewn here.

Figures 7.23-25 show the strain profiles of thésleured with different techniques for the
marked locations 1, 2, and 3 of Figure 7.4. Thesatlons are at 28", 56", and 84" from the edge
of the slab, respectively. A running average farg\6 hours has been used. The profiles show
the strain gradients within the slab for 0.1, 3@ 400 days after paving. The positive values

show the swelling and negative values are for gage.
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Figure VI1.23 Strain profiles for location 1 at 030, and 100 days after paving
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Figure VI1.24 Strain profiles for location 2 at 030, and 100 days after paving
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Figure VI1.25 Strain profiles for location 3 at 030, and 100 days after paving

Based on Figures 7.23-25 it appears that thelign#fisantly more curling that is occurring at the
edge of the pavement than is happening in the middso, the magnitudes of shrinkage are not
more than -50 microstrain on average for locatasd 3, which is very small. This could be
caused by moisture or temperature gradients. Hery&ased on the measured temperature
profiles in the pavements this gradient is likedyised by moisture. This curling does not appear

to be caused by the type of curing. Instead itappto be caused by a large moisture gradient in
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the pavement. During construction the water talzle observed to be very near the surface in
this pavement. This means that the bottom of tvement is likely wet while the top dries. This
creates a large gradient in the pavement and teatie increased curling that is observed. This

curling may become a problem over time and shoeld/&tched closely.

As mentioned earlier in the instrumentation sectsmveraRH sensors at different depths of the
slab were used at the marked locations A and BguarE 7.4. These sensors broke due to the very
high RH over the depth of slab after about 30 days. Thigtbe due to either a very high water
level underneath the road or the penetration ofvider through the drilled holes. Therefore, the
RH values higher than 100% or the data after 30 degysot valid. As an example, the changes

in RH at location B are shown in Figure 7.26 for differdepths.
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Figure VII.26RH over the time for location B at different depths

TheRH at depth 1” as shown in Fig. 32 starts to decraasend 40 days from paving for 1-day
misting and 5-day wet curing. However, the sensbosv saturated conditions for the other
depths and curing methods. It seems that these sghsors have been destroyed. Because of
this it is difficult to draw conclusions from thifata. The observation that the slab has very high

moisture content is confirmed because of the matfaning of so many gages due to moisture.

7.4PRACTICAL IMPLICATION
The data from this study confirm that when thedfieRH of concrete is near 70% then the curling

strains caused by drying are minimal because therete does not significantly dry. However, if
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concrete is going to be used in dry conditions@%4RH), then wet curing can lead to greater
volume changes in the structure on drying. Sdefdoncrete is to be used in a moist
environment such as present in Oklahoma (~ 65-R&¥p the type of curing that is used on
concrete pavements will have very little impacttiogir curling deformations. It should be
pointed out that these curing methods may havengadt on a number of other important

concrete properties such as the strength, pernitgabitd abrasion resistance.

7.5CONCLUSIONS
Several useful conclusive remarks need to be megdifrom the comparison investigated in this

testing:

* Increasing the wet curing length increased theadegf saturation of the paste. This
increased level of saturation led to increasednstran subsequent drying, which caused

greater curling in wet cured paste and concretekamin both 40% and 70% RH's.

* In aless severe environment, such as 70% RH, #dgmituides were smaller.

» The average temperature in Oklahoma City has densiuctuations each year with the
highest peak around August of each year, whileatteeage RH has not changed over the

five years and remained on average to be about 65%.

» The wet cured samples in the field showed less rtzmsge than the samples with curing

compound and no curing.

» Surface of samples cured with PAMS based curingpcamd and resin based curing
compound have not significantly changed after lemm exposure, while surface of
samples cured with water-wax based curing compdiascbeen considerably eroded

after five months of exposure.
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Drying shrinkage would not be expected as a majasaon for strain changes in RH
conditions that are on average 65% as is the ca®&lahoma. In this environment a
gradual ambient temperature and moisture raisenzde the samples swell where the

high RH minimizes the intensity of the drying caih.

Different curing compounds performed very simildriythe above mentioned condition
and strain changes were statistically similar, Whiere caused by continuous

fluctuations in temperature and RH during the test.

The temperature gradient was almost constant ifuthecale pavement. However, the

strain gradient was not.

The strain at the edge of the pavement was mudtehihan the middle. This is likely
caused by a significant moisture gradient in theepgent that is caused by a very high

water table.

In general, the data from the pavement showed airfiidings to those found in the field

test, which was the curling being less affectedhgycuring type.
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CHAPTER VIII

VIII. CONCLUSION

In this project the impacts of different curing imeds on the drying shrinkage induced curling of
cement and concrete elements with different sizd#ffarent drying conditions have been

studied. The samples investigated were exposed/iiagdon one side without rewetting and no
moisture loss on the other sides. Understandirsgaiénomenon is becoming more important in
the design of volume change sensitive structurels as pavements, slabs on grade, and concrete
dams. However, care should be taken before extgrldause of these findings to the mentioned
structures that may have different boundary comaktj support, restraint, temperature, or drying

conditions.

In severe drying conditions, wet and sealed curangincrease the potential for surface drying
shrinkage and curling of slabs on grade or pavesngith the wet cured samples deflecting at a
faster rate. Due to the wet curing process, thiaseirof paste or concrete will have a finer pore-
structure, which will reduce the permeability ammgsity. This reduction in porosity will lead to
a higher degree of saturation and smaller pores sigkich in turn suggests greater capillary
tension induced strain on drying. So, for membaths high sensitivity to volume change long

term prolonged wet curing is not desirable in sexdrying conditions.

Moreover, samples with lower w/cm ratios has lesting deflections and a lower drying rate for

the same curing periods. Sometimes it is necessargit until concrete floors have dried before
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applying coverings in order to minimize mold or eresadhesives will properly function.
Therefore, using a low w/cm and a sealed curindhatkis suggested as wet curing extends the

time required for drying.

Also, in severe drying conditions, curing compouafidifferent types and costs have statistically
different performance. The poly-alphamethylstyré@AMS) based curing compound provides
better moisture retention than the wax based asid based compounds. This superior
performance at lower application rates or the siewel of cost can be a way to reduce the cost of
the curing compound. Moreover, a double layer apfitbn of curing compounds increases

effectiveness of water retention without increaghigamount of material used.

In addition, the use of wet curing followed by tsage of a curing compound has a slower
drying rate than wet cured specimens after thengus removed. Therefore, a combination of
these two curing methods can promote hydrationcesate a denser pore structure and improve
the durability and strength of the surface of thearete. It should be noted that field concrete
may have a rougher surface than tested paste beduioh, can increase the required amount of
curing compound. Therefore, more quantitative wenkeeded to compare the performance of

concrete with different levels of surface textunel application procedures.

This study has suggested both experimentally ama@ whechanistic 1-D drying shrinkage model,
developed previously by Grasley et al. (Grasley},(®@rasley & Leung, 2011), that prolonged
wet curing may cause increased magnitude of shgiktrain gradients and therefore curling,
when measured desorption isotherms and dryinggiliffucoefficients are used as inputs in the
model. It also should be mentioned that the noalisemulations took approximately 60x more

computational time to complete than the linearizgahroximate model.

Assuming similar values of mechanical propertiesfath uncured and cured specimens causes

underpredictions in modeling post deflections akdusamples. Also, predictions are more
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accurate in lower humidity regions of concrete bgamhich can be related to either a more
accurate relative humidityRH) measurements or surface microcracks that wouldtteoéfset
any reductions in the diffusion coefficient assteibwith lower internaRH values. Further
refinement of the model shows promise to be usedadre detailed prediction of the shrinkage

strains caused by different curing methods, boyndanditions, material properties, and drying.

On the other hand, in less severe drying conditibasurling strains caused by drying are
minimal because the paste and concrete do nofisgmiy dry. So, if the concrete pavements are
to be used in a moist environment such as presédkliahoma (~ 65-70%H), the type of

curing that is used on pavements will have vetlelitnpact on their curling deformations. It
should be pointed out that these curing methodshmaag an impact on a number of other

important concrete properties such as the strepgtimeability, and abrasion resistance.
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APPENDICES

In CHAPTER 3, a regression analysis for the welgbsé and maximum curling of different

curing compounds was used as shown in Table Al.

Table Al Regression analysis for the weight lossraaximum curling

Regression Weight los$ Maximum curling

parameters aAx + B AX® Ae* AIn(X)+ B AX+B AX® Ae**  AIn(X)+B

A -1.02 0.06 0.44 -0.14 -1.71 1.55 2.59 -0.39

B 0.37 -0.61 -5.03 -0.06 2.53 -0.19 -0.88 151

8 F-statistic 5.15 51.2 47.9 6.71 0.06 21.1 20.3 0.21

p-value 0.07 0.00 0.00 0.05 0.81 0.00 0.00 0.67

Adjusted R2 0.41 0.51 0.48 0.49 -0.18 -0.14 -0.18 -0.15

A 0.09 0.29 0.25 0.02 -6.18 3.13 5.63 -0.89

B 0.25 0.07 0.33 0.30 5.52 -0.19 -1.37 2.83

8 F-statistic 0.17 247 237 0.39 1.87 147 148 1.89

p-value 0.69 0.00 0.00 0.56 0.24 0.00 0.00 0.24

Adjusted R2 -0.16 -0.12 -0.16 -0.11 0.15 0.15 0.15 0.15

A -0.63 0.38 0.72 -0.14 -25.46 3.33 17.13 -5.64

B 0.70 -0.26 -1.16 0.34 14.71 -0.64 -2.95 0.32

8 F-statistic 8.44 1010 899 10.2 37 1120 779 54.7

p-value 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00

Adjusted R2 0.51 0.58 0.53 0.57 0.84 0.91 0.87 0.88

A -1.89 0.11 0.91 -0.31 10.48 4.56 10.87 -2.40

B 0.75 -0.74 -4.68 0.14 -15.43 -0.30 -1.94 3.49

% F-statistic 19.6 357 268 28.5 7.2 360 387 6.48

p-value 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.05

Adjusted R2 0.76 0.85 0.81 0.82 0.51 0.46 0.50 0.48

L Power regression has been used for C1, C2, C3Capd
2 Power regression for C1 and C3 and exponentiagssgpn for C2 and C3D have been used.
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In CHAPTER 5, the following estimations were usedhe model for the input parameters:

Density of water:;0 = 1000k—%
m
Universal gas constanR = 8.314L
mol.K

TemperatureT = 293K

Depth of the membert. =1.27 cm
Width of the memberb =6.09 cm
Length of the membet: =100 cm

i mol
Concentration of dissolved species in the porelfloj™** = 1.91 TO

. mol
Concentration of pure waten” =55 _

Molar volume of watery," = _t . 1.82x10° L
1000n" mol

Fixed boundaryRH =40%

Initial RH within the pore network prior to drying% =96.64%
n+n

Pore volume fractiong = 0.3

Bulk modulus of the solid phas&, =40GPa

Instantaneous Poisson's ratio of the porous bagy: 0.2

Viscoelastic Young's modulus of the porous body(t) = 0.1E,6"" + 0.9E,
Time:tin days

Instantaneous Young's modulus of the porous b@ﬁ 175GPa

Viscoelastic relaxation time for the viscoelasticurg's modulusr =10 days
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