
experience clearly demonstrates that excessive moisture warping
uplift develops in slabs on grade if conditions of poor drainage and
saturated soils are prevalent (3, 4).

Therefore, besides differential drying from slab top surface,
two other moisture transport processes may be involved in creating
a large moisture gradient along slab depth and cause additional slab
warping. One is self-desiccation associated with cement hydration,
and the other is water absorption at the slab bottom. During cement
hydration, capillary pore water is consumed for chemical reactions
to proceed; this results in a reduction in capillary pore humidity,
known as self-desiccation (5). Self-desiccation activates internal
pore stresses and associated autogenous deformation characterized
by a uniform reduction in bulk volume of concrete. As long as the
concrete surfaces are sealed during hydration, autogenous shrinkage is
uniform, and thus no warping develops. Disconnection of the capillary
pore network is another fundamental factor associated with cement
hydration (6). For a slab resting on a saturated base due to ineffective
drainage, water is therefore detained at the slab bottom. Thus, water
absorption occurs and causes a steep moisture gradient in the lower
region of a slab as a result of discontinuity in the pore network.
Water absorption is a process of water front that moves through the
concrete from capillary suction pressure within pore spaces of the
concrete (7 ). It was found that capillary absorption decelerates as
cement hydration increases (8).

The aim of this paper is to investigate the role of moisture transport
properties on slab uplift, traditionally related to temperature effects
(built-in curl and daily curl) and to provide a methodology for quan-
tifying the effects of moisture warping. Findings from this work
can significantly improve design methods for slabs on grade and
construction procedures.

MOISTURE TRANSPORT IN SLABS ON GROUND

Self-Desiccation

Self-desiccation exists in cementitious materials as long as cement
hydration proceeds. Self-desiccation causes uniform reduction of
internal relative humidity (RH), and the extent depends on the initial
water–cement (w/c) ratio and degree of hydration of the cementitious
materials. In this study, the internal RH developments of cement
pastes with Blaine fineness of 4,290 cm2/g and w/c ratios of 0.35,
0.4, and 0.45 were simulated using Hymostruc for sealed-curing
conditions. Hymostruc is a microstructural-based model that can
predict internal humidity reduction for different cement compositions
and has been proved as a reliable predictor for internal pore humidity
of cementitious materials (9).

Characterization of Moisture Transport
and Its Effect on Deformations 
in Jointed Plain Concrete Pavement

Ya Wei and Will Hansen
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Many aspects of concrete durability and performance are influenced by
moisture conditions in concrete. Although the importance of moisture
effect on concrete pavement has been widely recognized, moisture defor-
mations and stresses were usually ignored in pavement analysis because
of a lack of comprehensive understanding of moisture transport prop-
erties and difficulties in characterizing their magnitudes. Three mois-
ture transport processes and their effects on internal relative humidity
distributions along slab depth, thought to be the major factors affecting
concrete pavement deformations and stresses, are discussed. The processes
are drying shrinkage and associated nonuniform humidity distribution
within the top few inches of a slab, self-desiccation caused by hydration
and associated uniform humidity distribution within the entire slab
cross section, and water absorption caused by capillary suction and
associated nonuniform humidity distribution within the bottom portion
of the slab. Experiments and simulations showed that the total humidity
loss was a result of self-desiccation and external drying; excessive warp-
ing in jointed concrete pavement was caused by simultaneous top sur-
face drying and bottom surface water absorption. Pore discontinuity
caused capillary suction at the bottom surface to produce a steep
moisture gradient and associated moisture warping. A new method-
ology was proposed for characterizing moisture-related deformations
in slab on ground on the basis of a relationship of shrinkage versus rel-
ative pore humidity for concrete. This relationship was obtained from
autogenous shrinkage results, which related free shrinkage deformations
of a concrete to its internal humidity volumetric aggregate concentration.
The proposed methodology provides for a simple postprocessing of
moisture-related deformations in slabs on grade.

It is generally recognized that curling (i.e., temperature gradient effect)
and warping (i.e., moisture gradient effect) properties of slabs on
grade combined can have a detrimental effect on pavement perfor-
mance (1, 2). Whereas curling effects are fairly well understood, a
fundamental understanding of moisture warping in the context of
wetting at the bottom surface of a slab is lacking. The cause of mois-
ture warping is traditionally attributed to differential drying when
slab top surface is exposed to external drying. However, practical
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Self-desiccation proceeds with increasing degree of cement
hydration. As shown in Figure 1, internal humidity drops rapidly
within the first few days, with the greatest reduction in lower w/c
ratio = 0.35 cement paste. The lower the internal humidity, the less
will be the free capillary water held in hydrating cement paste. Thus,
at low internal humidity, the amount of anhydrous cement particles
that are exposed to water and space available for hydration products
are significantly reduced. This will limit further cement hydration
and thus further reduce internal humidity. It is well established that
self-desiccation ceases when internal humidity is reduced to a range
of 70% to 75% (5, 10, 11).

In concrete pavement, self-desiccation results in a uniformly
distributed humidity profile along pavement depth, as illustrated
in Figure 2 for a 254-mm (10-in.) -thick slab. As self-desiccation
proceeds with increasing degree of hydration, humidity profiles
push to lower values over time. This will macroscopically result in
joint contraction, which if restrained causes tensile stress. Figures 1
and 2 suggest that joint contraction movement is pronounced during
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early ages as internal RH drops rapidly during this time period, and
the lower the w/c ratios, the greater joint movement would be.

External Drying

External drying occurs when moisture is lost from the concrete surface
to the environment. This type of drying is a diffusion-controlled
process in which moisture moves from regions where it is plentiful
to regions where it is scarce, governed by nonlinear diffusion equation
where moisture flux is proportional to moisture gradient. In mass
concrete, external drying is an extremely slow process. It will take
approximately 1 year for the outer 225-mm (9-in.) concrete to reach
moisture equilibrium (12). Therefore, external drying affects only a
shallow portion of the pavement depth. Figure 3 shows the simulated
humidity profiles along a 254-mm (10-in.) -thick slab with the top
surface exposed to a 50% RH environment for 28 days after sealed
curing for 28 days. No moisture exchange through the slab bottom
was assumed in modeling. As illustrated in Figure 3, during the
sealed curing period (first 28 days), the RH profiles were uniformly
distributed along slab depth, and no moisture gradients were observed.
The uniformly distributed RH profiles pushed to the lower values
and reached 87% at the end of sealed curing period. However, with
exposure of the top surface to the environment, external drying
occurs as a result of the lower RH of environment than in the con-
crete interior. This results in a RH reduction within the top portion
of slab thickness. After 28 days of exposure to drying, only 5 to 10 cm
(2 to 4 in.) in depth from the top was affected, which agrees with the
findings by Janssen for the case of a long drying time period (13).
No matter if there is external drying or not, a uniform RH reduction
always exists as long as cement hydrates. Thus, the total moisture
loss is a result of both self-desiccation and external drying. As seen
in Figure 3, there is a uniform RH reduction from self-desiccation
during the external drying period from the 28th to 56th day.

Water Absorption

In addition to moisture loss from self-desiccation and external drying,
water ingress into the concrete through absorption is also more

FIGURE 1 Development of internal RH of ordinary
Portland cement paste resulting from self-desiccation
at w/c ratios of 0.35, 0.4, and 0.45.

FIGURE 2 Humidity profiles along slab depth in
concrete pavement with w/c of 0.45 under sealed
curing conditions.

FIGURE 3 Humidity profiles along slab depth in
concrete pavement with w/c of 0.45 and top surface
exposed to drying after 28 days of sealed curing.



representative of conditions encountered in the field. Capillary suction
within the pore space of the concrete is the major driving force for
water absorption. If one considers a concrete initially unsaturated,
once it is in contact with liquid water, water absorption is accom-
plished by an initial instantaneous surface suction, a subsequent
capillary suction, and a later water diffusion at smaller (gel) pore level.
Neithalath’s study indicates that approximately 70% of the overall
water absorption results from suction, and approximately 30% is
attributed to diffusion (14).

Modeling of capillary suction in unsaturated concrete is rather
complex, for the relevant transport properties vary and depend on
many factors. In this study, the effect of capillary suction on RH
development was modeled by using a surface factor that character-
izes the moisture flux through the wetting boundary and moisture
transport into the concrete. The surface factor selected in modeling
was calibrated by matching the predicted warping deformations to the
measured values of concrete beams tested, using a new experimental
program adopted in this study.

Figure 4 shows the simulated RH profiles along the depth of 
a 254-mm (10-in.) -thick slab. The slab was first sealed cured for
28 days, and then the top surface was exposed to drying at RH of
50%; the bottom surface was in contact with moisture (assuming
RH of 100% in modeling). It can be seen that the combined effect of
both drying at the top surface and wetting at the bottom surface
results in a greater differential RH gradient compared with the
case of drying at the top surface alone (see Figure 3). It was antic-
ipated that such a moisture gradient would cause significant warp-
ing in concrete pavement. This agrees with observations and
experiences that when a floor slab or highway pavement is exposed
to water at the bottom surface while the top surface dries and shrinks,
excessive warping deformation (5 ∼ 6.4 mm) can develop within
months after construction (15).

According to Figure 4, both bottom surface wetting and top surface
drying affect an area approximately 10 cm (4 in.) in depth from
surfaces, consistent with Beddoe and Springenschmid’s findings
that the majority of moisture transport is limited to a surface region
of less than about 8 cm (3.1 in.) (16). For the case of slab bottom
absorption, it is suspected in this study that water absorption through
capillary pores is hindered because of the disconnection of the
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capillary pore network from cement hydration. Moisture is therefore
detained in the lower region of the slab subject to bottom wetting. Once
capillary discontinuity has developed, any slab thicker than about
8 to 10 cm is subject to a nonlinear moisture gradient if one of the
free surfaces is exposed to moisture.

FROM INTERNAL RELATIVE HUMIDITY 
TO SHRINKAGE DEFORMATIONS

The variation of internal humidity promotes joint movement and
warping deformations in slabs on the ground. To improve the design
of concrete slabs, the material behavior under moisture-related
conditions has to be characterized more precisely. Equations have
been established to characterize the relationship between internal
humidity and shrinkage deformation (17, 18). However, most of these
relationships were based on drying shrinkage results of concrete
samples. It is well known that drying shrinkage is hindered by not
only external but also internal restraints. Ideally, local shrinkage is
directly related to its local pore humidity (19). Owing to the restraints,
however, this is not the case when concrete is subject to external
drying. Thus, difficulties exist in relating the shrinkage value of bulk
drying (macroscopically measured) of a concrete to its internal
humidity that varies everywhere. In this study, a new method is
presented for characterizing shrinkage deformation as a function
of pore humidity of concrete from autogenous shrinkage results.
Autogenous shrinkage is a material-level deformation, and thus
no size effect is involved owing to its uniform properties of RH
distribution.

One-dimensional autogenous shrinkage was first measured on
sealed paste samples, with a double-walled, water-cooled, stainless
steel apparatus. The detailed test procedure can be found in Wei
et al. (20). The same materials as the one for RH prediction were
used (Figure 1). Then, the measured autogenous shrinkage results
were plotted versus simulated RH for each paste mix. A unique cor-
relation between paste autogenous shrinkage development and pore
humidity reduction was observed, which is approximately independent
of the w/c ratio (0.35, 0.4, and 0.45), as illustrated in Figure 5. A

FIGURE 4 Humidity profiles along slab depth in
concrete pavement with top surface exposed to
drying and bottom surface in contact with moisture
after 28 days of sealed curing.

FIGURE 5 Relationship between paste shrinkage
deformation and internal RH based on autogenous 
shrinkage results.



linear regression equation (Equation 1) with R2 value of .89 was
obtained for quantifying autogenous shrinkage of a portland cement
paste �P within the pore humidity range of 100% to 80%:

This agrees with Jonasson et al. that a linear relation between
autogenous shrinkage and pore humidity exists (19).

It has been suggested that autogenous shrinkage is a special class of
drying shrinkage (12). Drying shrinkage spans a wider RH range and
is typically measured at 50% RH, while on the contrary autogenous
shrinkage is limited to a more narrow RH range (not less than 70%).
It is generally thought that drying shrinkage is most likely related to
changes in surface tension of the solid gel particles resulting from
absorption and desorption of water layers, and autogenous shrinkage
is primarily controlled by capillary tension in pore fluid. In spite of
the difference in driving forces, drying shrinkage and autogenous
shrinkage are both responses to pore RH changes. Therefore, it is
acceptable to extend the linear curve of shrinkage versus pore RH
obtained from the autogenous shrinkage result to the lower RH range
to account for the drying shrinkage effect as shown in Figure 5.
From Equation 1, it is calculated that shrinkage at 75% RH is 0.54
of the shrinkage at 50% RH. This is consistent with shrinkage results
of a 0.30 w/c concrete in which the autogenous to drying shrinkage
ratio of 0.5 has been reported (21).

The present findings suggest that an expression such as presented
in Equation 1 can be a unified model for shrinkage prediction in
general. Because both autogenous and drying shrinkage are paste
properties, the practicability of Equation 1 can be enhanced if it can be
applied to predict concrete shrinkage. This is done by incorporating
the Pickett model, which was originally developed for prediction of
drying shrinkage (22):

where

�C = shrinkage of concrete,
�P = shrinkage of paste,
VA = volume fraction of aggregates, and
n = correlation parameter controlled by aggregate restraining

effects.

Equation 2 indicates that in concrete, the response of the paste to
moisture loss is modified by the presence of aggregate (12). The
shrinkage restraint factor n was found to be 1.68 based on autogenous
shrinkage results of concrete and paste with w/c ratios of 0.35, 0.4,
and 0.45, which is within the normal range of n values found for
drying shrinkage typically varying from 1.2 to 1.9 (22, 23).

In general, with Equations 1 and 2 combined, a concrete shrinkage
equation looks like this:

From Equation 3, concrete shrinkage can be calculated if paste RH and
aggregate content are known. Paste RH can be measured or predicted.
Because Equation 3 was obtained from the case of uniform moisture
gradient, and thus represents true materials-level shrinkage, it is
suitable for quantifying moisture-related deformations in general as
detailed in the next section for warping deformations in jointed plain
concrete pavement (JPCP).

�C A

n
V= −( )[ ] −( ) × −6150 1 1 10 36RH ( )

� �C P A

n
V= −( )1 2( )

�P = −( ) × −6150 1 10 16RH ( )
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CHARACTERIZATION OF WARPING

Methodology of Warping Calculation

External drying and water absorption both can cause moisture and
shrinkage gradients. The typical deformations under the two moisture
conditions in a JPCP are illustrated in Figure 6. One case is drying
at the top surface alone (Figure 6a), and the other case is simultaneous
top surface drying and bottom surface wetting (Figure 6b) from
detained water at slab bottom caused by ineffective drainage. Both
cases cause a differential shrinkage gradient, with the top portion
shrinking more than the bottom portion does. This consequently
results in uplift of a slab corner and joint movement. However, the
case of simultaneous top drying and bottom wetting causes much
greater differential shrinkage gradient than the case of top surface
drying alone, caused by the added effect from water absorption at
the bottom surface.

Differential shrinkage will result in warping deformation in JPCP.
The magnitude of warping can be quantified with an equivalent
temperature gradient ΔTe which causes the same magnitude of slab
uplift as the moisture gradient does. This will allow using the finite
element program for postprocessing of moisture-related deformations
and stresses. In this study, ΔTe was determined as follows. First,
a slab with thickness of h is considered; the median plane lies in
the xy plane, with z denoting the distance from this plane and z-axis
pointing downward. Then, the strain moment is calculated based on
the assumption of plane stress and those sections that are plane and per-
pendicular to the middle surface remain so after curling deformation.
Assumed is that material properties (such as modulus) remain the
same for both moisture deformation and thermal deformation. Thus,
the moment caused by nonlinear RH (MRH) gradient looks like this:

where

E = modulus of elasticity of concrete;
v = Poisson’s ratio of concrete;

�C(z) = local free shrinkage deformation of concrete at distance z
from the median plane, which is a function of RH and
volumetric aggregate concentration as expressed in
Equation 3; and

RH(z) = local relative humidity at distance z from the median
plane.

To obtain the equivalent temperature gradient ΔTe, moment MRH

in Equation 4 is then assumed equal to moment MT in Equation 5:

where α is the coefficient of thermal expansion of concrete. Thus,
ΔTe is found to be a function of internal RH, aggregate content, slab
thickness, and coefficient of thermal expansion of concrete:
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For moisture conditions shown in Figure 3 (external drying alone)
and Figure 4 (combined drying and wetting), the calculated ΔTe

using Equation 6 are −7.2°C and −15.2°C, respectively, assuming
α = 10 × 10−6/°C and aggregate content by volume = 75%. It is seen
that the added effect from bottom water absorption significantly
increases the equivalent temperature gradient and consequently
warping deformations.
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Experimental Test

Beam warping tests were conducted to evaluate warping deformation
under typical moisture conditions. This test setup was modified on
the basis of work at Munich Technical University (24) which allows
for exposing the beam to simultaneous drying from the top and
water absorption at the bottom. As shown in Figure 7, beam length

Warping 
Joint movement

~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~ ~
Moist

Bottom

RH
50% 100%Slab

Top

Bottom

RH
 50% 100%Slab

Top

Differential 
shrinkage 

Uniform 
shrinkage 

Differential
shrinkage

Uniform 
shrinkage

Humidity distribution Free shrinkage 

Humidity distribution
Free shrinkage 

(a)

(b)

FIGURE 6 Typical moisture deformations in concrete pavement: (a) deformations when top
surface is subject to drying and (b) deformations when top surface is subject to drying and
bottom surface is subject to water absorption; shrinkage is negative and expansion is positive.
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FIGURE 7 Uplift test of concrete beam under different drying conditions.



was 2.3 m (7.5 ft), which is half of the JPCP slab length. The beam
cross section is 200 mm (8 in.) high and 150 mm (6 in.) wide. One end
of the beam is fixed, and the other end is free to lift up. A dial gauge
was installed at the free end to record the magnitude of moisture
warping over time. To facilitate a through-thickness moisture gra-
dient, the other sides of beam were sealed using a waterproof paint.
The entire setup was placed in an environmental chamber with RH
of 50% and constant temperature at 23°C. Two beams were mea-
sured for each moisture condition. The test was initiated after 7 days
of sealed curing.

Results of the beam warping test are shown in Figure 8. Beam
uplift increases with exposure time. The uplift from combined exter-
nal drying at the top surface and water absorption at the bottom sur-
face far exceeds the uplift from external drying at the top surface
alone. The experimental results suggest that water absorption at the
bottom and capillary pore network disconnection might be the rea-
sons for excessive warping found in JPCP. Water appearing at the
bottom is probably a result of ineffective drainage.

Field Observations

A JPCP project constructed in 1996 is located on I-96, CS 47065,
Livingston, Michigan. Each direction has three 3.66-m (12-ft) lanes
with a 3-m (10-ft) portland cement concrete shoulder. Joint spacing
is 4.6 m (15 ft). The slab thickness is 267 mm (10.5 in.). The concrete
is a mix with blast-furnace slag coarse aggregate. The base is 10.2 cm
(4 in.) in thickness and placed on a 7.6-cm (3-in.) -thick dense-graded
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aggregate separator course over a sand subbase. The subgrade soil
consists of a well-mixed glacial till of sand to clay (25).

Surface elevation measurements along the outer edge lane mark-
ing of westbound lanes were taken on warm sunny days during June
and July 2005. Slabs were found to be in a permanent upward
concave condition for a series of visibly uncracked slabs, as seen
from Figure 9. The uplift range was 2 ∼ 8 mm (0.08 ∼ 0.20 in.). Slab
rocking and joint slamming were pronounced when truck axles
crossed the joints. An example of best curve fitting for slab uplift
through finite element analysis [ISLAB (26)] is shown in Figure 9,
with backcalculated total equivalent temperature gradient (27) val-
ues ΔTtotal listed. The modeling parameters in ISLAB are as follows:
slab is 254 mm (10 in.) in thickness and 4.57 m (15 ft) in length;
Young’s modulus is 27.6 MPa (4 × 10−6 psi); coefficient of thermal
expansion of concrete is 10 × 10−6/°C (5.6 × 10−6/°F); and the modulus
of subgrade reaction k is 68 kPa/mm (250 pci).

As shown in Figure 9, ΔTtotal ranges from −28°C to −42°C, account-
ing for the combined effect of built-in curl, daily temperature curl
and moisture warping. For Michigan environmental conditions, daily
temperature gradient typically ranges from −6 °C ∼ 8 °C; built-in
curl is −11 °C ∼ 2 °C (25). Thus, the majority of ΔTtotal is probably
from moisture warping in which water absorption at the bottom may
dominate. This was further verified by cone penetrometer testing and
visual inspection of outlet drains, in which water along the pavement
edge was not draining as expected, suggesting that the slab bottom
was in contact with water.

CONCLUSIONS

External drying, self-desiccation, and water absorption are the major
transport processes affecting concrete pavement moisture history,
hence its warping deformations. Results and analysis presented 
in this paper suggest that the total moisture loss is a result of both
self-desiccation and external drying. Self-desiccation and pore-
discontinuity render slabs on grade prone to excessive moisture
warping uplift at the joints if the slab bottom is in contact with water
for extended periods.

A methodology is proposed for calculating moisture-related
deformations based on a relationship established from autogenous
shrinkage results. In this relationship, concrete shrinkage deformation
is found to be a function of internal pore humidity of cement paste
and volumetric aggregate concentration. An equivalent temperature
gradient ΔTe is proposed to characterize moisture effect and to
facilitate postprocessing of moisture-related deformation and stresses.
The proposed method enables estimating joint movement and warp-
ing deformation if moisture state and concrete mix of a slab on grade
are known.

FIGURE 8 Measured beam warping under different
moisture conditions.

FIGURE 9 Surface elevation profiles for WB I-96 JPCP, CS 47065, with
corresponding total equivalent temperature gradient values listed (21).
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