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A B S T R A C T

Conventional shrinkage and creep experiments do not effectively distinguish between the individual defor-
mation mechanisms. To overcome this problem, a comprehensive experimental study comprising a set of
simply supported plain concrete beams with varying dimensions and sealing configurations has been initiated.
The five-year data formed the foundation for improving the model based on the Microprestress-solidification
theory, which has been found to overestimate creep under fluctuating humidity conditions. The shrinkage
response to nonsymmetric drying suggests that the generally accepted Bažant-Najjar model predicts an incorrect
distribution of relative humidity. Furthermore, the findings support the nonlinear dependence of drying
shrinkage on relative humidity previously identified at the mesoscale.
1. Introduction

The time-dependent behavior of concrete is strongly affected by
the evolution of relative humidity, whose decrease induces shrinkage
and accelerates short-term creep [1,2]. Furthermore, relative humidity
strongly impacts the moisture transport properties of concrete whose
diffusivity in the fully dried state is only about 5% of the value at
free saturation with a steep transition around the relative humidity of
pores ℎ ≈ 0.75 [1,3,4]. In natural ambient conditions and even for
small laboratory specimens, the drying profile is inherently nonuni-
form and produces shrinkage strains internally restrained by the cross
section, leading to self-equilibrated stresses. On the drying surface,
these stresses are initially tensile and can easily reach the tensile
strength of the material, thus initiating cracking. The magnitude of
the generated tensile stresses depends primarily on the drying rate
and the magnitude of the shrinkage, which decreases with increas-
ing maturity. As the internal relative humidity equilibrates with the
ambient conditions, the distribution of shrinkage eigenstrain becomes
almost uniform over the cross section and stress-free. However, due
to inelastic processes that relieve shrinkage-induced stresses (mainly
creep and partially irrecoverable microcracking), at the final stage of
drying, tensile and compressive stresses are expected to develop in the
core and on the drying surface, respectively [1,5–7], yet there is no
direct experimental evidence. Together with the age dependence of the
shrinkage coefficient [8–10] and material stiffness [2,7,11,12], these
strains are responsible for the size-effect on drying shrinkage [13,14].

The creep and shrinkage databases [15,16] are built on experiments
whose scope and setup, e.g., [17–22], are tailored for the development
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of code-like prediction models that use the so-called average cross-
sectional approach. The primary objective of such experiments is to
determine the time-dependent behavior as a function of the given
concrete strength, composition of the concrete mixture, the ambient
conditions, and finally, in the case of creep experiment, the age at
loading.

For instance, the extended Northwestern University database, cur-
rently curated at CTU in Prague [15], incorporates a total of 1737
concrete mixes, 1466 creep datasets, and 3540 shrinkage data sets.
However, despite the comprehensive nature of this dataset, only a
relatively small number of these data sets (19) include both drying
shrinkage and the complementary basic and drying creep experiments
on matching specimens. Furthermore, only half of those datasets meet
the additional experimental completeness and duration criteria, which
are critical for analyzing the interaction between drying shrinkage and
drying creep.

Creep and shrinkage databases can provide a sound basis for the
development and calibration of models that use so-called average cross-
sectional approach typically used in engineering practice. Yet, for the
advancement or validation of more sophisticated models that operate
on so-called material-point approach, such as those discussed in [23–
27], more information not only on the underlying physical mechanisms
is required. A typical practice is that such complex models are cali-
brated on the basis of not fully compatible experimental data coming
from various sources.

Furthermore, previous research by the authors indicates that the
conventional experimental setup, where the specimen is symmetrically
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data mining, AI training, and similar technologies. 
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Fig. 1. 5-year evolution of midspan deflection and blind FEM prediction [5] assuming constant ambient humidity (ℎenv = 0.46, solid lines) and cyclic humidity reflecting annual
ariations in relative humidity (Fig. 3, dashed lines).
m
e

O
b

d

v
w
b
a

c

exposed to drying without precise knowledge of moisture loss or inter-
nal relative humidity distribution, leads to ambiguous determination of
material parameters of the constitutive models.

1.1. CTU creep experiment

In 2019, a comprehensive experimental campaign was initiated in
CTU in Prague to address the scarcity of reliable experimental data
measured on ordinary strength concrete that covers the most common
ime-dependent phenomena in concrete — drying, shrinkage, creep,

and microcracking — and their interaction [5]. Unlike conventional
experiments on time-dependent behavior of concrete, the objective of
the present experiment is to create an extensive and consistent data
set for the development and calibration of advanced material models
that operate on the material-point approach, whose behavior is closely
related to underlying physical mechanisms, such as moisture transport
or concrete hydration.

To achieve that, a more diverse experimental setup is required. In
the present study, conventional strength, stiffness, creep, shrinkage,
and moisture loss measurements are complemented by the monitoring
of partially sealed unreinforced concrete beams loaded by self-weight
and subjected to drying. The span and depth of the beams, which
represent the core part of the experimental program, range from 1.75 m
o 3.0 m and from 0.05 m to 0.20 m, respectively. The dimensions and
etup were designed such that the maximum bending stress due to per-

manent loading was ≈ 1.0 MPa. For the sake of maximum consistency,
ll specimens were prepared from a single batch of ready-mix concrete.

In conventional creep and shrinkage experiments, only the axial
deformation is measured; if the specimen is drying, shrinkage, creep
and microcracking interact, but only the overall response is known.
Changing the sealing configuration and/or size of the concrete beams
allows to generate a much wider variety of responses in which the
ndividual mechanisms interact. This should allow us to identify them
ore clearly. At the same time, the structural behavior is transpar-

nt and allows for a relatively simple instrumentation and efficient
omputational modeling.

Localized cracking in unreinforced concrete beams can possibly
cause misinterpretation of the measured data and lead to seemingly
higher compliance. To prevent this, vertical deflection is measured at
several different locations along the beams’ length. As shown later
in Section 2.3, in the present experiment, the measured deflections
orrespond to the same value of curvature, which indicates that there
s no localized crack in the specimen.

Undoubtedly, the data-set can be furthermore enriched by incor-
porating reinforced [28] or prestressed [29] concrete beams. How-
ever, these features would bring other unknowns associated with the
mechanical properties of the bond or stress relaxation in steel.
2 
A comprehensive description of the complete experimental setup
and comparison of the first-year data with the blind prediction is pre-
sented in [5]. A brief overview of the experiment is given in Section 2.1.

1.2. Motivation and objectives

The blind prediction presented in the previous paper [5] which sum-
arized the results within the first year of the experiment, exhibited an

xtremely good agreement with the measurements.
The prediction was done in open-source finite element solver

OFEM [30,31] using a single-coupled hygromechanical scheme com-
ining moisture transport described by the Bažant and Najjar model for

diffusion [3] with the modified MPS model [32,33] for concrete creep
and shrinkage extended with fixed-crack model [34] and regularized
using the crack-band approach [35]. In the simulation, the ambient
conditions (relative humidity ℎenv and temperature) were set to their
one-year average, which allowed the length of the time step to increase
and to obtain a smooth and clear structural response.

In the prediction, only a shrinkage parameter was set manually, and
all remaining material parameters used recommended values (fib [36],
B3 model [37]), direct experimental measurements (tensile strength
and fracture energy) or previous experience (drying creep).

Fig. 1 shows the prediction in solid lines, while the experimental
ata are shown using points. Conclusions of the previous paper [5]

were drawn based on the measurements done within the first year,
indicated by a vertical green line. Consistently with the vast majority
of the graphs in this paper, Fig. 1 uses a divided horizontal axis into
two halves, the first logarithmic and the second linear, with a transition
time of 100 days. This setup allows us to (i) clearly present the behavior
soon after the onset of drying and in the first three months, and (ii)
isualize the response with respect to cycles in ambient conditions
hose period is constant. A single logarithmic scale was not adopted
ecause the data would be too packed for longer durations of drying
nd too noisy due to cyclic conditions.

After the first year of drying (as marked by a light green vertical line
in Fig. 1), the ongoing measurements of the large drying beam started
to deviate from the trend given by the numerical prediction. Soon, it
became clear that the earlier adopted simplification of constant ambi-
ent humidity is no longer valid. In the first few months of drying, the
experimental response was governed primarily by a steep gradient in
relative humidity over the cross section and the effect of fluctuations in
ambient conditions was rather superficial. Yet, after approx. 6 months
of drying, the concrete surface layer had equilibrated with the relative
humidity of the ambient environment. As a consequence, the response
became more sensitive to daily fluctuations, and the annual variations
(Fig. 3) significantly impacted the global response.

After incorporating the annual cycles in relative humidity into the
omputational model, three major observations have been made:
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Table 1
Composition of concrete used in the study.

Ingredients Quantity [kg/m3]

Cement CEM II/B-S 32.5R, Radotín 379
Water 185
Aggregates (fine 822, coarse 969) 1791
Superplasticizer Sika BV4 1.9

Table 2
Concrete mechanical properties at the age of 27 days.

Property Unit Value

Compressive strength, 𝑓𝑐 MPa 36.8 ± 1.4
Young’s modulus, 𝐸 GPa 30.3 ± 0.3
Tensile strength, 𝑓𝑡 MPa 3.38 ± 0.45
Fracture energy, 𝐺𝑓 N/m 150 ± 21

(i) decrease in relative humidity causes drying creep but the addi-
tional creep due to humidity cycles is overestimated,

(ii) non-symmetric drying causes the evolution of deflection that
cannot be captured using the Bažant-Najjar model for moisture
diffusion [3],

(iii) dependence of shrinkage strain on relative humidity cannot be
simplified as linear.

The objective of the present research is to investigate the overall
time-dependent behavior of drying concrete specimens, accounting for
the response to annual humidity cycles, and addressing the aforemen-
tioned statements. In addition, the paper also presents a methodology
for efficiently combining the experimental measurements on the con-
crete beams, and assessing the accuracy of the measuring methods
involved.

2. Material and methodology

2.1. Experimental setup

All specimens in this study were produced from a single batch of
ready-mix concrete, the composition of which is detailed in Table 1. A
relatively high water-to-cement ratio of 𝑤∕𝑐 = 0.49 was chosen to en-
sure adequate workability without excessive admixtures and minimize
autogenous shrinkage. All specimens were moist-cured for one month,
followed by demolding and preparation of the final setup.

Detailed information on the composition, material properties, and
details of the experimental setup is available in [5]. Table 2 lists
the fundamental mechanical properties of the concrete measured at
27 days. The compressive strength and Young’s modulus were deter-
mined using cylindrical specimens of size ⌀150 × 300 mm, following
EN 12390-13 [38] and EN 12390-3 [39].

Exploring the time-dependent behavior of plain concrete beams
with varying sizes and sealing configurations (Fig. 2) was the central
focus of the experimental program. Three identical specimens were
produced for each configuration to evaluate variability, labeled A, B,
and C (from front to back). Table 3 provides a summary of these
configurations. All beams have a thickness of 0.1 m, and their lateral
sides (front, back, left, and right, as shown in Fig. 2) were sealed
with 1 layer of self-adhesive 0.030 mm thick aluminum foil, 1 layer of
polypropylene tape and two more layers of aluminum foil. The sealing
process took six days, after which the beams were loaded at a concrete
age of 𝑡′ = 34 days. Measurements of moisture loss on sealed cubes
prove that after 5 years the sealing setup is still functional. To minimize
a safety threat associated with a brittle failure of the beams, a 4 mm
or 5 mm diameter (according to specimen size) threaded steel bar is
embedded in the center of the cross section to minimize its restraining
effect.

The loading is imposed primarily due to the self-weight of the
concrete beams, except for the largest specimens designated as ‘200
3 
Fig. 2. Set of 7 × 3 beams under continuous loading, with spans ranging from 1.75 m
to 3.0 m.

Table 3
Setup of the drying beams with permanent loading, rows correspond to Fig. 2.

Label Height [mm] Span [mm] Length [mm] Drying

100 Top 100 2 500 2 700 Top
100 Sealed 100 2 500 2 700 Sealed
100 Bottom 100 2 500 2 700 Bottom
100 Both 100 2 500 2 700 Top + bottom
50 Top 50 1 750 1 950 Top
200 Top 200 3 000 3 200 Top
150 Top 150 3 000 3 200 Top

Fig. 3. Evolution of ambient relative humidity (blue, primary vertical axis) and
temperature (red, secondary vertical axis) and their approximation with sine functions
with a 1-year period. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Top’, which were additionally loaded with 2 × 30 kg weights placed
0.6 m from the supports. The geometry and loading conditions were de-
signed to achieve a similar magnitude of initial compressive and tensile
normal stresses resulting from bending (𝜎𝑥 = 1.035–1.078 MPa) and a
quasi-elastic deflection ranging from 0.34 to 0.47 mm. In most cases,
however, most of the deflection is attributed to the non-symmetric
distribution of drying shrinkage.

The experiment is located in the large laboratory hall. As shown
in Fig. 3, the ambient conditions are subject to annual but also daily
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fluctuations (lower temperature dropping below 15 ◦C during weekends
in winter and approaching 30 ◦C in summer). On average, the relative
humidity was 46% and the temperature 19.7 ◦C. The least-square fit of
the ambient conditions with a sine function and a period of 365 days
determined the amplitude for humidity as 5.7% and for temperature
4.3 ◦C.

2.2. Vertical deflection of large concrete beams

Three different measuring techniques determined the evolution of
the vertical displacement of the beams:

(i) Up to 𝑡−𝑡′ = 1250 days, five digital indicators (Mitutoyo 575-121
with a range of 25.4 mm and an accuracy of 0.02 mm) mounted
on an aluminum extrusion profile [5] were used exclusively on
the front specimens (A); see Fig. 4, left. The positions corre-
sponded to the midspan of the beams at distances of 0.875 m,
1 m, 1.25 m, and 1.5 m from the left support, as well as at
1.625 m, which mirrors the sensor at 0.875 m for beams with
𝐿 = 2.5 m. Measurements were initially taken at intervals of 1
week, later extended to 2 weeks.

(ii) Digital image correlation (DIC) provided the evolution of vertical
displacement at mid- and quarterspans [40] until 𝑡−𝑡′ = 732 days
on all specimens (A, B, C). The sampling rate was variable and
decreased from 2 min to daily readings. DIC measurements were
carried using an in-house PyVEx software, thoroughly described
in our previous paper [40]. The software leverages a lightweight,
open source approach based on the discrete Fourier transform
(DFT) to efficiently evaluate displacements at discrete locations,
particularly for large image sequences. Using DFT-based image
registration with subpixel accuracy, PyVEx achieves faster and
less user-intensive displacement measurements compared to tra-
ditional methods, focusing on specific points of interest rather
than full-field analysis. Despite variable illumination conditions
caused by natural lighting through the window, the correla-
tion function normalizes pixel intensities within the region of
interest, ensuring that lighting variations did not compromise
the displacement measurements. However, slight fluctuations in
temperature subtly affected the geometry of the objective lens,
introducing unwanted scatter in the displacement data. This
scatter was negligible for measurements with relatively signif-
icant vertical displacements, but adversely affected the accuracy
of longitudinal measurements.

(iii) Automatic displacement sensors (MMR10-12, effective stroke
12.7 mm, total resistance 10 kΩ) were post-mounted at mid-
spans of all beams and with a 30-min interval monitor vertical
deflection of all beams (A, B, C) after 𝑡 − 𝑡′ = 430 days.

The list above indicates a large quantity of experimental data obtained
at different locations, at different times, and on various specimens. It
is desirable to efficiently combine the measured data to (i) assess the
accuracy of the individual measuring techniques, (ii) estimate the vari-
ability in response of different loading setups and material behavior,
nd finally, (iii) provide a reference for the computational modeling.

The experimental methods did not allow us to measure the instanta-
neous deflection due to self-weight accurately. The initial offset was set
to a theoretical deflection (according to beam theory) corresponding to
the measured material stiffness, 𝐸 = 30.3 GPa.

2.3. Data processing methodology

In all the investigated loading scenarios presented in Table 3, the
total vertical deflection of the beam 𝑤 can be, assuming linear material
response over the beams’ length, written as a contribution due to
permanent loading 𝑤𝑓 and shrinkage 𝑤sh
𝑤(𝑥, 𝑡) = 𝑤𝑓 (𝑥, 𝑡) +𝑤sh(𝑥, 𝑡) (1)

4 
Presumption of uniform properties over the length of the beam allows
to assume constant curvature due to shrinkage 𝜅sh; therefore, the
resulting deflection can be expressed in terms of the distance from the
support, 𝑥, and the span 𝐿 as

𝑤sh(𝑥, 𝑡) = 𝜅sh(𝑡)
𝑥 (𝐿 − 𝑥)

2
(2)

Neglecting the contribution of 0.1 m free ends behind the supports, the
eflection due to constant distributed loading with intensity 𝑓 is given
y

𝑤𝑓 (𝑥, 𝑡) = 𝐽 (𝑡, 𝑡′) 𝑓
24𝐼

[

𝑥4 − 2𝐿𝑥3 + 𝐿3𝑥
]

(3)

where 𝐼 is the moment of inertia, and 𝐽 (𝑡, 𝑡′) is the total compliance
function in bending (treated as uniform over the beam’s length), which
lumps together not only non-uniform material compliance over the
cross section height (caused by dependence on humidity which is
nonuniform), but also contribution due to microcracking.

Normalized plots of the two functions 𝑤sh(𝑥)(2) and 𝑤𝑓 (𝑥)(3) are
shown in Fig. 5. The maximum difference between these two functions
t the measurement locations marked by the color circles does not

exceed 5%.
Except for the beams with no drying (100 Sealed) or symmetric

drying (100 Both), the deflection 𝑤sh becomes dominant after a certain
ime over the deflection due to transverse loading, 𝑤𝑓 . Similarity of
he functions 𝑤sh and 𝑤𝑓 in the region of interest and the prevailing
nfluence of deflection due to non-symmetric shrinkage motivates us
o relate the total displacement to the time-evolving average curvature
𝜅(𝑡) simplified as constant over the beams’ length.

𝑤(𝑥, 𝑡) ≈ 𝜅(𝑡)
𝑥 (𝐿 − 𝑥)

2
(4)

The validity of this approach is illustrated on beam 150 Top A
whose deflections measured at five different locations (Fig. 4, left) are
transformed to average curvature using (4) and shown in Fig. 4, right.
The data series exhibit negligible scatter, which not only justifies the
present approach and supports the accuracy of the measurements, but
also proves uniform material behavior in the central region of the beam.

ny suspicious deviation from the average curvature might indicate
train localization (i.e., tensile crack) and needs to be examined to
revent misinterpretation of the measured data and also to prevent
ossible collapse of the beam.

Data processing methodology was similar to all measuring tech-
niques and is summarized below.

(i) At all measurement locations, the curvature is evaluated from
the vertical deflection using (4).

(ii) The mean value of the curvature and its standard deviation is
calculated for each specimen. To do that, the individual val-
ues of curvature from (i) are supplemented with the weights
corresponding to a normalized theoretical deflection assuming
constant curvature.

(iii) The values from (ii) are resampled to 100 times of interest (TOI),
whose spacing forms a geometric progression starting from 𝛥𝑡 =
0.01 day and the ratio 1.2 until 𝛥𝑡 = 30 days which is then kept
fixed.

• Digital indicators: linear interpolation is used due to the
limited number of measurements.

• DIC and automatic displacement sensors: averaging over
the time interval is employed to eliminate the noise.

(iv) For every set of beams with the same geometry and sealing
configuration, the mean value of the curvature and its standard
deviation is calculated using the TOI data from (iii).

• DIC: to reflect the variations of the individual beams,
weights calculated from their standard deviations are used.
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Fig. 4. Measurement of vertical deflection on beam 150 Top (A) with a set of five digital indicators (left) and the corresponding average curvature (right).
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Fig. 5. Normalized deflection due to non-symmetric shrinkage 𝑤sh(2) and due to
constant distributed loading 𝑤f (3). Circular marks correspond to the positions of the
measurements on the beam with 𝐿 = 3 m. In the region of interest, the maximum error
dashed line) does not exceed 5%.

The mean values in the resulting data set characterize the general
ehavior of the beams, the standard deviation helps to assess the accu-

racy of different measurement techniques and to evaluate the influence
of material variability on the measured response.

2.4. Material models and modeling

The evolution of annual humidity cycles is approximated by a sine
function as shown in Fig. 3 in the solid blue line and specified in
Table 4. More detailed variations in humidity and incorporation of
he heat transport problem would have resulted not only in strict

requirements on the maximum time step length to provide numerical
stability, but would also have incorporated more expressions and mate-
ial parameters establishing cross-coupling between heat and moisture
roblems.

The temperature is prescribed explicitly and uniformly throughout
he domain using a sine function shown in Fig. 3 in solid red line and
pecified in Table 4. This measure is implemented primarily to ensure

numerical stability even with longer time steps and is justified by much
higher thermal conductivity compared to moisture permeability. This
approach allows us to reflect different drying rates during summer
and winter periods. The experimental data presented in this paper are
temperature compensated, and so thermal dilation is not modeled.

All coupled finite element simulations were conducted using a
taggered approach, where the humidity transport analysis was per-

formed before the mechanical analysis (one-way coupling only). These
5 
Fig. 6. Comparison of moisture profiles at indicated durations of drying (in days)
according to the model by Bažant and Najjar (solid red lines) and by Künzel (blue
ashed lines).

simulations used the open source finite element solver OOFEM [30,31].
The nonmonotonous and highly nonlinear derivative of the diffusiv-

ty function proposed in the model by Bažant and Najjar [3] caused a
structural response that had, even under constant ambient conditions,
wo maxima [5] (solid lines in Fig. 1) which are not observed in

experiments. For this reason, a different and more general approach
proposed by Künzel [4] is adopted instead. Fig. 6 presents an example
n which the distributions of relative humidity for several durations of
rying (indicated by arrows and a label in days) and computed with
he models by Bažant and Najjar, and Künzel. In this figure, the left and
ight edges correspond to the sealed and exposed surfaces, respectively,
n a 100 mm thick specimen. Strong differences arise approximately
fter the first 7 days of drying, when the moisture profiles according to
ažant and Najjar tend to become highly nonlinear due to the strong

jump in moisture diffusivity around the relative humidity in pores ℎ ≈
ℎ𝑐 = 0.8 (diffusivity below this threshold is 20× smaller than above this
limit). This threshold value of relative humidity consequently divides
the profile into two parts: an extremely steep part close to the drying
surface and a flat and slowly decreasing plateau in the remaining part of
the cross section. Although the outer part close to the surface is drying
only very slowly between 30 and 90 days, the relative humidity of
pores in the central part drops significantly, which is associated with a
local minimum of the deflection in Fig. 1. Once the relative humidity ℎ
drops slightly below the threshold value of ℎ𝑐 , the moisture diffusivity
becomes almost constant, and so the solution becomes almost linear
again.
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Table 4
Material parameters and evolution of ambient conditions for the transport sub-
roblem.

Parameter Unit Value

Moisture transport (Künzel)
𝐴 kg m−2 day−0.5 0.6
𝑤𝑓 kg m−3 110
𝑞 – 4
𝜇 – 100

Sorption isotherm (van Genuchten) 𝑏 – 6.126
𝑚 – 0.331

Boundary condition 𝑓 kg m−2 day−1 0.2
ℎenv = 0.46 + 0.057 sin (2𝜋(𝑡 − 34.8)∕365)
𝑇env = 292.8 + 4.3 sin (2𝜋(𝑡 + 28.0)∕365) K

The model by Künzel was developed and validated for transport
tasks similar to the current experiment and its formulation is summa-
rized below. With the assumption of constant temperature and zero
moisture sink, justified by a high water-to-cement ratio 𝑤∕𝑐 = 0.49,
he moisture balance equation reads
d𝑤
dℎ

⋅
dℎ
d𝑡

= 𝛁 ⋅
[(

𝑘𝜂(𝑇 )𝐷𝑤
d𝑤
dℎ

+ 𝛿𝑝(𝑇 )𝑝𝑠𝑎𝑡
)

𝛁ℎ
]

(5)

where 𝑤 [kg m−3] is the moisture content, ℎ [–] is the relative humidity
n pores, 𝑘𝜂(𝑇 ) is a relative temperature-dependent coefficient, 𝐷𝑤
m2day−1] is the capillary transport coefficient, 𝛿 [kg m−1 day−1 Pa−1]
s the water vapor diffusion coefficient of the building material, 𝑝𝑠𝑎𝑡
Pa] is the saturation vapor pressure, and 𝛁⋅ and 𝛁 are the divergence
nd gradient operators, respectively.

At higher values of relative humidity, capillary transport is domi-
nant, and the expression for the transport coefficient reads

𝐷𝑤 = 3.8
(

𝐴
𝑤𝑓

)2
10

𝑞
(

𝑤
𝑤𝑓

−1
)

(6)

where 𝐴 [kg m−2 day−0.5] is the water absorption coefficient, 𝑞 is a
arameter defining nonlinearity of the exponential function, and 𝑤𝑓

[kg m−3] is the moisture content at free saturation. The temperature de-
pendence of the capillary coefficient is established via a multiplicative
dimensionless term

𝑘𝜂 =
( 64
𝑇 − 229

)−1.532
(7)

where 𝑇 is the temperature in Kelvin.
The water vapor permeability of the building material becomes

dominant over capillary transport at lower levels of relative humidity
and is defined as

𝛿𝑝 =
2 ⋅ 86400 ⋅ 𝑇 0.81

101325 ⋅ 𝜇
× 10−7 (8)

where 𝜇 [–] is the water vapor diffusion resistance.
The water vapor saturation pressure in (5) is approximated as

𝑝𝑠𝑎𝑡(𝑇 ) = 611 exp
(

17.08(𝑇 − 273.15)
𝑇 − 39.

)

(9)

The sorption isotherm is idealized as non-aging and temperature-
ndependent. A flexible expression proposed by van Genuchten [41]

𝑤(ℎ) = 𝑤𝑓
[

1 + (−𝑏 lnℎ)
1

1−𝑚
]−𝑚

(10)

is used to relate the moisture content 𝑤 with the relative humidity ℎ
using two dimensionless fitting parameters 𝑚 and 𝑏 and the saturation
moisture content 𝑤𝑓 , estimated from the moisture balance of the
concrete cylinders in the initial state and in equilibrium with ambient
onditions. The least squares fit of the experimental data in Fig. 7

determined 𝑏 = 6.126 and 𝑚 = 0.331. The initial value of relative
humidity of pores was assumed to be 95%. A mixed boundary condition
for the flux 𝐽 [kg m−2 day−1]
𝐽 = 𝑓 (ℎenv − ℎ) (11)

6 
Fig. 7. Fit of Experimental data with van Genuchten expression for sorption isotherm.

was assigned to the exposed surfaces where ℎenv is the ambient relative
humidity and 𝑓 is the surface factor [kg m−2 day−1].

As in the previous blind prediction study [5], the time-dependent
ehavior of concrete in structural analysis is based on the modified
icroprestress-Solidification theory. A comparison between the numer-

cal results and the experimental data presented in Section 3 indicates
that certain modifications related to shrinkage and drying creep under
cyclic humidity conditions are necessary.

The model integrates a linear viscoelastic aging material described
y the MPS theory [42], which has been modified to capture the

size effect on drying creep accurately [32,33], along with a softening
meared cracking model in tension. Tensile softening begins when the

maximum principal stress reaches the tensile strength; subsequently,
the orientation of the crack plane remains fixed [34]. Regularization is
erformed using the crack band approach [35].

The viscoelastic and cracking models are connected in series, ensur-
ing that the total deformation is the sum of both contributions while
he stresses remain equal. The model is formulated incrementally, with
he new stress vector at time step 𝑖 + 1 computed from the previous
quilibrated stress vector 𝜎𝑖 and the product of the viscoelastic stiffness
atrix 𝐃̄𝑣𝑒 and the increment of the stress-related strain vector 𝛥𝜀𝜎 :

𝜎𝑖+1 = 𝜎𝑖 + 𝐃̄𝑣𝑒𝛥𝜀𝜎 = 𝜎𝑖 + 𝐃̄𝑣𝑒
(

𝛥𝜀𝑡𝑜𝑡 − 𝛥𝜀′′ − 𝛥𝜀sh − 𝛥𝜀𝑇 − 𝛥𝜀𝑐 𝑟
)

(12)

In this equation, 𝛥𝜀𝑡𝑜𝑡 is the total strain increment, 𝛥𝜀′′ represents the
reep strain increment, 𝛥𝜀sh is the shrinkage strain increment, 𝛥𝜀𝑇 is the
hermal dilation increment, and 𝛥𝜀𝑐 𝑟 is the cracking strain increment.

Under hygrally sealed conditions and constant room temperature,
the model simplifies to the basic creep compliance function of the B3

odel [37], which is fully described by only four parameters, 𝑞1 to
𝑞4. Their values, summarized in Table 5, were estimated based on the
oncrete composition (including total cement content and slag) and the
ompressive strength at 1 month.

Drying in concrete leads to both stress-dependent and stress-indep-
endent deformations. According to the MPS theory, the evolution of
additional compliance due to drying is characterized by an irreversible
strain captured by an aging dashpot whose viscosity 𝜂𝑓 depends on
n internal humidity- and a temperature-dependent quantity called
icroprestress. Changes in relative humidity and temperature, whether

ncreasing or decreasing, generate microprestress, which gradually re-
axes under constant conditions. In [43] it was shown that micropre-

stress and a redundant material parameter can be eliminated from the
formulation and replaced with viscosity. To correct the size effect on
drying creep in the original MPS model, setting the exponent 𝑝 in the
governing equation for microprestress to 𝑝 = ∞ is effective [32,33].
Under constant temperature, the governing equation for the viscosity
𝜂𝑓 becomes

𝜂̇ + 𝑘
|

|

ℎ̇ |
| 𝜂𝑝̃ =

𝜓𝑆 (13)
𝑓 3 |
|
ℎ |
|

𝑓 𝑞4
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Table 5
Material parameters for the structural sub-problem.

Parameter Unit Value

𝜌 kN m−3 23

Solidification theory
𝑞1 MPa−1 20.91 × 10−6
𝑞2 MPa−1 140.8 × 10−6
𝑞3 MPa−1 2.32 × 10−6
𝑞4 MPa−1 6.85 × 10−6

Microprestress: equivalent times 𝛼𝐸 – 10.
𝛼𝑅 – 0.1
𝛼𝑆 – 0.1

Microprestress: drying creep 𝑝̃ – 1.
𝑘3 – 15.
𝑘ℎ,𝑐 – 0.3

Microprestress: drying shrinkage 𝑘sh – 2 × 10−3
𝑟sh – 0.5
ℎsh – 0.8

Tensile cracking 𝑓𝑡 MPa 3.4
𝐺𝑓 N/m 150.

Fig. 8. Schematic representation of the modeling workflow and FE models for concrete
beam ‘100 Top’.

where 𝑝̃ = 𝑝∕(𝑝 − 1) = 1, and 𝑘3 is a dimensionless parameter. In the
prediction based on the one-year data [5], 𝑘3 was set to 30.

The viscoelastic behavior under variable humidity also depends on
three parameters 𝛼𝐸 , 𝛼𝑅, and 𝛼𝑆 , which determine the evolution of
transformed times based on the history of relative humidity at each
material point. These parameters were assigned their default values
(Table 5).

According to the MPS model, the rate of drying shrinkage is directly
related to the rate of change of relative humidity by

𝜀̇sh = 𝑘shℎ̇ (14)

where 𝑘sh is the shrinkage parameter. Autogenous shrinkage, which
results in uniform shrinkage without causing deflection, was not con-
sidered here.

The smeared cracking extension was calibrated by fitting the exper-
imental results of conventional bending tests with and without notch,
the parameters of the softening law were identified as 𝑓𝑡 = 3.4 MPa and
𝐺𝑓 = 140 N/m [5].

The computational models corresponded to the symmetric half of
the beams with homogeneous material properties, as schematically
shown in Fig. 8. In the transport problem, due to the 1-D nature of
the problem, the mesh was composed only of 20 quadrilateral elements
with linear approximation of relative humidity and with increasing size
from the drying surface. The structural sub-problem used a structured
mesh consisting of quadrilaterals with a linear displacement approx-
imation. In the axial direction of the beam, the element size was
uniform, 10 mm. In contrast, in the transverse direction, the mesh was
refined toward the surfaces, and 14–16 elements were used per height
(according to the geometry).

3. Results and discussion
7 
3.1. Accuracy of the measuring techniques

All three experimental methods used for measuring vertical de-
flection of the beams have demonstrated good performance. Here,
the quantity used to characterize the accuracy of the measurement is
taken as the deviation from the average curvature. Therefore, only the
methods that use more than one measurement location can indicate the
development of measuring accuracy or its consistency over time; in the
present case it is the set of five digital indicators and DIC with three
measurement locations.

Fig. 9 shows this trend for the front specimens (‘A’). Note that the
measuring locations of the two methods did not coincide. The standard
deviation of the curvature when measured with a set of five digital
indicators is very satisfactory except for the shortest specimens, but
this is primarily due to unfavorable measuring locations whose distance
from the left support was kept fixed and thus identical for all specimens.

Initially, the error evaluated with DIC was very similar for all
specimens. However, after approximately 3 months, the error started to
increase rapidly, which was caused by a combination of more factors:
out-of-focus scene caused by temperature,1 poor lighting conditions,
and unintentional manipulation with the DIC markers.

Readings done with automatic displacement sensors offer accuracy
superior to DIC and digital indicators. The readings are very consistent
among identical specimens and even enable one to register response to
daily fluctuations in ambient humidity. The only drawback is the high
number of sensors needed to equip each beam should these measure-
ments detect localized concrete cracking, which is only possible if the
deflection is measured at multiple locations.

Based on these observations, the best approach to instrument such
experiment in terms of both cost-efficiency and accuracy seems to
be the combination of two methods, namely DIC (inexpensive, mea-
surement at different locations to detect suspicious behavior such as
localized cracking) and three automatic displacement sensors (two for
axial shortening, one for vertical midspan deflection). Provided the
ambient conditions are stable and the DIC plates are solid, the DIC
accuracy is likely to remain good throughout the experiment.

3.2. Behavior of the concrete beams

The processed experimental data of the concrete beams resampled
to 100 times of interest are shown in Fig. 10 for ℎ = 100 mm and
different sealing configurations and in Fig. 11 for different heights ℎ
and drying from the top surface. Different colors in the plots are used
to distinguish the response of the geometrically identical specimens A,
B, and C (front, middle, and back). Circular red markers correspond
to measurements using digital indicators in series A (front specimens),
solid lines with shades show the mean and standard deviation of the
individual samples measured by DIC (up to 𝑡 − 𝑡′ = 732 days), and
dashed lines mark automatic measurements with displacement sensors
at the mid-span (from 𝑡 − 𝑡′ = 430 days onward).

The reference sealed beams labeled ‘100 Sealed’ loaded in bending
exhibit a slightly faster initial creep rate than the prismatic columns
loaded in axial compression, which was in agreement with the blind
prediction of the B3 model. The excessive compliance can be attributed
to microcracking as demonstrated later in Fig. 18. After approximately
1 year, the creep rate (and also ‘autogenous’ shrinkage of the compan-
ion specimen) increased—probably due to moisture leakage where the
strain gauges are attached. Therefore, this increase was not observed
in the beam specimens and is not considered.

The maximum curvature measured is inversely proportional to the
size of the specimen and its main source is nonsymmetric drying
shrinkage. Initially, the behavior is driven by a steep gradient of the

1 Influence of temperature on DIC measurements has completely eliminated
the possibility of evaluating axial shortening of the beams.
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Fig. 9. The standard deviation of curvature evaluated from vertical deflections of ‘A’ specimens measured at different locations with a set of five digital indicators (a) and DIC
(b).
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Fig. 10. Evolution of curvature of beams with a height of 100 mm and different
ealing configurations. Colors distinguish individual specimens (A, B, C). Points =

digital indicators (series A only), solid lines with shades = mean and standard deviation
with DIC, dashed lines = displacement sensors. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

moisture profile, which develops over the depth of the beam and
s approximately terminated by reaching the maximum value. This
ransition time is size-dependent. Afterward, the response starts to be
ensitive to variations in ambient conditions. Naturally, this sensitivity
ecreases with specimen size.

Fig. 11 shows that the experimental scatter is strongly size-
dependent. The responses of the individual specimens from the series
‘150 Top’ and ‘200 Top’ are almost identical throughout the course
of the experiment. Differences in the behavior of smaller specimens
arise already after approx. 1 week (‘50 Top’) and approx. 1 month
(‘100 Top’) when the deflection is close to its maximum. Afterward, the
trend remains consistent but is offset by a constant. This variability can
robably be attributed to only several millimeters thin layer of concrete
urface exposed to drying, whose heterogeneity and different fractions
f mortar and aggregates give rise to different overall shrinkage.
he microcracking that develops is almost uniform in length. This is

ustified by a small variation from the average curvature, which would
ot have been the case if the damage were localized.

Even in the case of 100 mm deep beams exposed to drying from
he bottom surface (‘100 Bottom’), the variation of the curvature is
ery small and the trend is even more consistent compared to their
ounterparts drying from the top surface (‘100 Top’), see Fig. 10. The
ombination of loading due to self-weight and drying, which is in these
8 
two cases opposite, causes only minor differences in the integrity of the
urface layer because the maximum curvature occurring approximately
t 𝑡 − 𝑡′ = 2 months is symmetric with respect to the response of the
ealed specimens. In addition, the effect of annual variations in ambient

conditions leads to comparable responses.
In the case of symmetric drying (‘100 Both’), which leads to the

ighest internal restraint to drying shrinkage, the compliance rate is
igher than in the case of sealed concrete (‘100 Sealed’). This differ-
nce comes from two sources: microcracking (mainly up to 10 days),
hich is followed by drying creep once the drying front penetrates
eeper into the concrete. Interestingly, the creep rate of the almost
ry concrete is higher than the basic creep, which is the opposite of

the other observations [44–46], but this can be attributed to different
degrees of hydration (solidified volume) in the two cases and to the
reduced bending stiffness of the drying specimen caused by restrained
microcracking.

The resulting data set of the large beams is shown in Fig. 12.
This figure combines DIC measurements (solid lines with shades) and
automatic measurements at the midspan (dashed lines with shades).
Shaded areas denote the standard deviation, which was in the case of
DIC computed using not only data from 3 geometrically identical spec-
imens but also by considering variations of the individual specimens.
In the case of the automatic mid-span measurements, the standard
deviation almost does not evolve as the vertical offset of the data series
is practically constant after 1 year of drying.

In addition to the data presented on concrete beams, the sequential
improvement and validation of the material model used data from
complementary experiments whose description is presented in the pre-
ceding publication [5].

• The total shrinkage (Fig. 14) was measured on prisms 100 × 100 ×
300 mm with two lateral sides exposed to drying. Deformation that
had occurred before the age of 28 days when drying began was
not recorded.

• The axial and bending compliance was obtained from an eccentric
creep test (Fig. 15), which used geometrically identical prisms
loaded by a 50 kN force with 16 mm eccentricity to produce
10 MPa and 0 MPa compression at the drying surfaces.

• Moisture loss measurements (Fig. 21) used cylinders with sealed
circumference and heights ranging from 25 mm to 200 mm. The
two smallest heights were not considered due to significant mate-
rial inhomogeneity and carbonation shrinkage, which manifested
after the first year of drying.
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Fig. 11. Evolution of curvature of beams with different heights and drying from the top surface. Colors distinguish individual specimens (A, B, C). Points = digital indicators
(series A only), solid lines with shades = mean and standard deviation with DIC (until 𝑡 − 𝑡′ = 732 days), dashed lines = displacement sensors (from 𝑡 − 𝑡′ = 430 days onwards).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 12. Final experimental data set: evolution of curvature and its standard deviation (shades) for specimens with different sealing configurations (left) and different heights and
drying from the top surface.
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3.3. MPS improvement

When modeling the behavior of concrete beams exposed to non-
ymmetric drying, the Bažant-Najjar model for moisture diffusion leads
o the evolution of transverse deflection, which contradicts experimen-
al observations as shown in Fig. 1. Suppose that the Künzel model

is used instead, and the MPS model for the structural sub-problem is
preserved. In that case, the model’s response significantly improves and
he second maximum, which exceeds the magnitude of the first one,

vanishes.
Despite this partial success, the results indicate that both the sensi-

tivity to shrinkage established based on 1-year data by the parameter
sh(14) and the drying creep, and its rate under ambient humidity
ycles, are overestimated. The response of the model is shown in dotted
ines labeled ‘(A) prediction’ in Figs. 13–15 which show the evolution

of curvature, total shrinkage and compliance under eccentric loading,
espectively. In these figures, annual cycles of ambient conditions are

considered in the FE analysis. To emphasize the subsequent model
alibration, capital letters A, B, C are used to label the numerical model

results.
Although creep and shrinkage occur simultaneously, their interac-

tion in the present experiments is rather limited, which allows us to
calibrate these phenomena subsequently; drying shrinkage is analyzed
first.

A simple reduction of the shrinkage parameter 𝑘sh used in the
blind prediction to 60% would have satisfied the value of the ultimate
shrinkage, whose mean value stabilizes around approx. 600 μ𝜀 instead

Fig. 14) but would have caused an excessive delay in its
of 1000 μ𝜀 ( p

9 
development. Instead, inspired by the results of the mesoscale simu-
lations and experimental evidence [6,47–49], the dependence of the
nonlinear dependence between the shrinkage strain and the relative hu-
midity of pores is established. This nonlinearity arises jointly from the
nonlinear dependence of the drying shrinkage of cement paste under
uniform drying conditions [8,50–53] and the concrete mesostructure
which produces a non-uniform stress distribution and causes creep and

icroracking [54–56]. In order not to introduce an excessive number
of parameters, a shrinkage reduction factor 𝑟sh = 0.5 is introduced that
becomes activated once the relative humidity of pores drops below its
threshold value ℎsh = 0.8 which is consistent with the findings in [6].

̇ sh =

{

𝑘shℎ̇ if ℎ ≥ ℎsh
𝑘sh𝑟shℎ̇ otherwise

(15)

In Figs. 13 and 14, the results obtained with the nonlinear dependence
of shrinkage on relative humidity are labeled ‘(B) ksh(h)’ and shown
in thin dashed lines. With this improvement, the ultimate shrinkage
and the effect of annual humidity cycles on shrinkage are captured
realistically—both in the case of axial shrinkage under symmetric
drying conditions (Fig. 14) and curvature of nonsymmetrically drying
beam (red color in Fig. 13). It needs to be emphasized that the tempera-
ure effect on relative humidity of pores during the ambient cycles was
ot considered. Introduction of the shrinkage reduction factor has no
isible effect on the curvature of symmetrically drying beam and on the
reep response of prism subject to eccentric compression, which implies
hat with the present modeling approach, the damage of the surface

layer is not too sensitive on the exact shape of the drying shrinkage
rofile.



P. Havlásek et al.

c

(

𝜂

r

t
d

w
s
e
c
t
u

l

a

Construction and Building Materials 469 (2025) 140385 
Fig. 13. Comparison of the measured average curvature of beams ‘100 Top’, ‘100
Both’, and ‘100 Sealed’ (circles) with the results of FEM simulations using different
approaches. A (dotted lines): Eq. (13), B (dashed lines): nonlinear shrinkage dependence
(15), and C (solid lines): nonlinear shrinkage (15) and treatment creep under humidity
ycles (16). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Fig. 14. The evolution of total axial shrinkage was determined from the experiment
(circle marks) and using different modeling approaches (lines).

Fig. 15. Measured total axial and total bending creep of a drying prism subjected
to eccentric compression (circles) and the response of different modeling approaches
lines).

After calibrating the response to drying shrinkage, drying creep is
examined next. Fig. 14, which shows the axial shrinkage of a prism
with notional size 100 mm, allows one to identify the instant when
monotonous drying is replaced by wetting, which is manifested by a
decrease in shrinkage strain and a slight swelling caused by an increase
in ambient relative humidity that occurs almost exactly after 1 year of

Fig. 15), which
drying. In the eccentric compression creep experiment (

10 
uses the specimen with the same notional size, the transition period
of 1 year suggests that the drying creep rate is overestimated under
both monotonous and cyclic drying. Calibrating the drying creep under
sustained drying conditions is straightforward because it is primarily
controlled by the parameter 𝑘3 set to 30 in the initial prediction. To
match correct compliance after 1 year, this parameter is reduced to
𝑘3 = 15.

The original formulation of the MPS model overpredicts creep rate
not only in the case of variable ambient humidity, but also under
periodic heating and cooling cycles. To match the experimental data
of Fahmi [45], the generation of microprestress had to be reduced in
subsequent thermal cycles to approximately 6% of its initial value [43].
To adapt this approach to humidity cycles, Eq. (13) is rewritten as

𝑓̇ + 𝑘3𝑘ℎ
|

|

|

|

ℎ̇
ℎ
|

|

|

|

𝜂𝑝̃ =
𝜓𝑆
𝑞4

(16)

where 𝑘ℎ is a newly introduced history-dependent factor that becomes
activated whenever the humidity becomes greater or equal to the
lowest previously attained value in a given location, which can be
formulated as

𝑘ℎ =

{

1.0 if ℎ = ℎmin and ℎ̇ < 0
𝑘ℎ,𝑐 otherwise

(17)

ℎmin(𝑡) = min
𝑡′≤𝑡

ℎ(𝑡′) (18)

Under monotonous drying, the previous equation for the flow-term
viscosity (13) is restored. In the case of eccentric compression, the
experimental data are captured (solid lines labeled ‘(C) 𝑘ℎ,𝑐 (ℎ)’ in
Fig. 15) if (under humidity cycles) the generation of microprestress is
educed to 30% which corresponds to 𝑘ℎ,𝑐 = 0.3. The axial shrinkage

strain is almost unaffected by this modification, Fig. 14.
In the case of the drying beams in Fig. 13, the suggested damping

of the drying creep leads to satisfactory results that are marked by
hick solid lines. The behavior of the beams subjected to symmetric
rying (100 Both) can be divided into several stages. Until 𝑡 − 𝑡′ =

10 days, the behavior is captured correctly by the model, and the
deflection increases faster than for the sealed specimen, which is due to
the high internal restraint to drying shrinkage, which causes cracking
in the surface layer and thereby increases compliance. Next, until
𝑡 − 𝑡′ ≈ 60 days, the creep rate is underestimated by the model,
and this difference is very similar to that of the sealed beam. Note
that in the model, creep in tension and compression are considered
equal [1,57–61]. Since the compression creep is captured correctly by
the model, the source of this additional deflection can be associated

ith delayed cracking at the bottom fibers, where the maximum tensile
tress due to bending is approximately 1 MPa. Until 𝑡− 𝑡′ ≈ 1 year, the
xposed surface undergoes monotonous drying, which leads to drying
reep, in this interval the creep rate matches. From 1 year onward,
he surface layer undergoes humidity cycles, the creep rate damped
sing parameter 𝑘ℎ,𝑐 is close to the experimental data. The response

of the non-symmetrically drying beam ‘100 Top’ also improves. The
offset from the experimental data remains almost constant from 𝑡− 𝑡′ =
60 days.

The response of all beams computed with the final set of parameters
listed in Tables 4 and 5 and suggested improvements that introduce
nonlinearity in drying shrinkage and mitigate excessive drying creep
in humidity cycles is presented in Fig. 16. Considering the sequential
nature of the calibration of the structural sub-problem, the agreement
with the experimental data can be considered satisfactory. Optimum
calibration using surrogate models based on computationally efficient
ow-fidelity models is currently in progress.

The most obvious shortcoming of the model is the insufficient
deflection of the beams drying from the top surface, which reaches only
80% of the experimental value in all cases examined. This difference
emerges shortly before reaching the maximum value, after which it is
lmost constant. This suggests that this difference is associated with

irrecoverable deformation, i.e., creep and/or microcracking, and would
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Fig. 16. The evolution of the average curvature of the beams with different sealing configurations and heights obtained with the improved model. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
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explain underestimated deflection in the case of symmetric drying ‘100
oth’ and sealed specimen ‘100 Sealed’.

The cycles in curvature shown in Fig. 16 caused by the annual cycles
of ambient relative humidity are visually almost perfectly synchronized
nd are slightly lagging behind the prescribed humidity; for the present
odel calibration, this delay is 24 days for the specimen ‘100 Top’ and
0.5 days for ‘200 Top’.

The importance of considering drying creep and tensile cracking in
he material model is shown in Figs. 17 and 18, respectively. Solid color
ines correspond to the reference calibrated model shown in Fig. 16

while the green dashed lines correspond to the response of a model in
which drying creep or tensile cracking are not considered.

Without drying creep (Fig. 17), the most significant difference
compared to the reference model is in the case of symmetric drying.
nitially, the behavior is very similar, steep humidity profile together
ith high internal restraint caused by the cross section cause microc-

racking at the bottom fibers and subsequently lead to an increase in
compliance. However, after approx. 2 months of drying, the humidity
in the center of the cross section decreases, the cracks close, resulting
n a restoration of stiffness that is after 1 year very close to that of the
ealed beam and far from experimental evidence. Without considering
rying creep, only the creep rate of the beams with one-sided specimens
ecreases.

When tensile cracking is not considered in the constitutive model
(Fig. 18), the response of the beams with one-sided drying remains
practically unchanged because the tensile stresses produced by the non-
symmetric distribution of the shrinkage eigenstrain can be relieved by
their deflection. In contrast, symmetric drying leads to a significant
build-up of tension. If tensile cracking is not considered, the deflection
emains identical to that of the sealed specimen for the first 10 days of
rying, after which the deflection grows once drying creep becomes
ignificant. Interestingly, the final compliance and its rate are very
imilar because the surface cracks eventually close.

3.3.1. Effect of ambient boundary conditions
For computational reasons and to capture the main feature of

the experimental data, the results of all simulations presented used
 simplified history of ambient conditions; the measured evolution
f ambient relative humidity was fitted with a sine function, which
as subsequently assigned as a boundary condition in the transport

problem. From an engineering point of view, this simplification can be
onsidered acceptable because the response of the model was in good
greement with the experimental observations.

Imagine a scenario if the time-stepping is refined, allowing us to
rescribe the ambient conditions more accurately. Fig. 19 compares the

sine fit of ambient humidity (‘reference’) with its 1-day, 1-week, and 1-
month averages. Naturally, the finer the averaging period, the sharper
 c

11 
Fig. 17. Curvature of 100 mm deep beams with different sealing configurations with
(solid color lines) and without (dashed green lines) considering drying creep in the
constitutive model. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 18. The curvature of 100 mm deep beams with different sealing configurations
with (solid color lines) and without (dashed green lines) considering tensile cracking
in the constitutive model. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the fluctuations; however, the depth they penetrate rapidly decreases
ith their frequency [1] and, in the present case, affects only a thin

oncrete cover. Therefore, their effect on the creep response in bending
s much more apparent than in axial compression.

As shown in Fig. 20, the beam with its bottom surface exposed
o drying exhibits very little sensitivity to the nature of the ambient
onditions prescribed. This is because the exposed surface cracks, which
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Fig. 19. Comparison of different ambient relative humidity functions used as boundary
ondition in moisture transport sub-problem. Smooth fit of the measured data with a
ine function (‘reference’) is compared to 1-day, 1-week and 1-month averages marked
ith different colors. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 20. Computed response of beams with 100 mm height and 2.5 m span and dif-
ferent sealing configurations subject to different histories of ambient relative humidity
from Fig. 19, shown by different colors. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

leads to stress redistribution. Oscillations in relative humidity in this
cracked) layer have very little impact on overall behavior. On the other

hand, a significant increase in compliance rate can be observed after
 and 2 years in the case of the specimen ‘100 Both’ and ‘100 Top’,
espectively. These observations suggest that the proposed approach is
ot sufficiently general to be compatible with an arbitrary sampling
istory of ambient conditions. Therefore, it is recommended that the
istory of ambient conditions be first processed with a smoothing
rocedure.

3.4. Open questions

Although the calibrated and improved model exhibited good agree-
ent with the data from traditional creep and shrinkage experiments

s well as with the data measured on beams of different sizes and
ith different sealing configurations, there is one specific aspect which
eserves further attention.

Similarly to blind prediction [5] that used the Bažant-Najjar model
for moisture transport, there is a significant mismatch between the
evolution of moisture loss and shrinkage. To match the correct de-
velopment of shrinkage — both axial shrinkage in the prism and
shrinkage-induced curvature in the beams — the corresponding evo-
lution of moisture loss in cylinders with sealed circumferences and

different heights is significantly faster than in the experiment, as shown

12 
Fig. 21. Measured (lines with shades denoting ± standard deviation) and computed
smooth lines) moisture loss of concrete cylinders with different heights.

in Fig. 21. This deficiency can be partially explained by a delayed
hydration of the slag, which is not considered in the present model.

As the first approximation, the linear dependence of shrinkage strain
on moisture loss is often assumed [1,3]. In reality, this relationship is

ore complex [51,62] as demonstrated, e.g., by and extensive studies
of Aguilar [63] and Granger [64]. If the axial shrinkage strain is plotted
against the moisture loss, the relationship has a S-shape with three
smoothly connected sections. Initially, free water escapes the concrete
without causing significant deformation. The amount of free water
depends primarily on the curing conditions and can present a non-
negligible fraction of the total moisture loss. Afterward, the moisture
loss rate rapidly drops, and an approximately linear relationship with
shrinkage can be established. In the last stage of drying, concrete still
loses moisture, but without causing a significant shrinkage response.

In the present case, shown in Fig. 22, the mismatch between com-
puted and measured shrinkage and moisture loss is obvious. The sim-
ulation results show an almost linear dependence of shrinkage on
moisture loss, even though the sorption isotherm and the relationship
between shrinkage and relative humidity are nonlinear. This is because
at higher relative humidity (above 0.8), both the moisture capacity
(slope of the moisture isotherm) and the shrinkage rate are higher and
approximately proportional.

It should be noted that in Fig. 22 the experimental data come from
ifferent specimens (cylinder and prism with identical nominal thick-
ess 𝐷 = 100 mm) but prepared from identical concrete batch and same

curing. In the experiment, significant weight loss continues despite
negligible changes in shrinkage strain, whose evolution follows annual
variations in ambient humidity. Obtaining this response with the cur-
rent modeling approach is possible by simultaneously decreasing the
parameter 𝑟sh in (15) to emphasize the nonlinearity between shrinkage
and relative humidity and by simultaneously increasing the parameter
𝑘sh to obtain a correct value of the shrinkage strain. However, with
this treatment, the response of the beams with one-sided exposure
to ambient conditions becomes insufficiently sensitive to variations in
humidity cycles.

4. Conclusions

This paper presents original data covering the first five years of an
extensive experimental study on shrinkage, creep, and microcracking
in drying concrete. In addition to conventional experiments, the study
comprises a unique set of simply supported plain concrete beams with
varying dimensions, with a span of up to 3 m, and different sealing
configurations.

A data processing methodology has been developed to efficiently
combine measurements from multiple locations on the beams and using
different measuring techniques. An average curvature was selected as
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Fig. 22. Comparison of measured and computed relationship between moisture loss
and axial shrinkage measured on specimens with identical nominal thickness 𝐷 =
100 mm.

a representative quantity to characterize the behavior and its standard
deviation to determine the variability and accuracy of different mea-
surement techniques. In terms of both cost-efficiency and accuracy, the
best approach to instrument such experiment seems to be the combina-
tion of two methods, namely DIC (inexpensive, measurement possible
t multiple different locations to detect suspicious behavior such as

localized cracking) and three automatic displacement sensors (two for
axial shortening, one for vertical midspan deflection). In the present
experiment, the accuracy of DIC was comparable to the demountable
set of five digital indicators up to approximately 100 days, after which
the error started to increase linearly.

Comparison of the experimental data with the results of the coupled
ygro-mechanical finite element simulations has led to the following

conclusions which are updating the optimistic findings in the preceding
paper [5] covering the first year of the experiment.

(i) The predicted evolution of shrinkage-induced deflection of con-
crete beams subject to non-symmetric drying, obtained from a
coupled simulation, was in good agreement with experimental ob-
servation in the first year of the experiment, as presented earlier
in [5]. In that simulation, moisture transport was described with a
Bažant-Najjar model, and the structural response was captured by
a model based on the MPS theory. Subsequent measurements and
simulation results started to substantially diverge. A significantly
better, yet not perfect, response was obtained with the model for
moisture transport by Künzel. This observation suggests that the
generally accepted Bažant-Najjar model, also recommended by
fib, might incorrectly predict the distribution of relative humidity
across the thickness. This finding has paramount consequences,
e.g., for predicting concrete durability associated with tensile
cracking caused by restrained drying shrinkage.

(ii) The five-year data formed the foundation for improving the model
based on the Microprestress-solidification theory, which has been
found to overestimate creep under fluctuating ambient humidity.
The constitutive model has been extended to mitigate excessive
creep. However, the creep response remains spuriously sensitive
to sampling and/or smoothing of the ambient relative humidity
history.

(iii) The widely accepted dependence of the shrinkage rate on the
relative humidity rate of pores via a constant shrinkage factor was
generalized based on the earlier results of mesoscopic simulations
and the experimental results on drying cement paste. With this
improvement, the model was able to capture the evolution of
the deflection of beams subjected to non-symmetric drying and
annual humidity cycles.

The complete experimental data published in this paper and other
upplementary materials are available online [65].
13 
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