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Abstract

Early-age concrete shrinkage strongly influences crack formation, serviceability, and dura-
bility. Although shrinkage mechanisms and prediction methods are well documented,
measured early-age deformations can differ substantially from standard predictions under
specific environmental conditions. This study experimentally investigates early concrete
shrinkage and evaluates the adequacy of Eurocode-based prediction models. One concrete
mix was tested using unreinforced standard and large-scale specimens and reinforced
concrete slabs under controlled laboratory and on-site conditions. Two humidity levels,
approximately 40% and 100% RH, were maintained at about 16 ◦C. Shrinkage was moni-
tored from casting to 56 days using optical fibre sensors, resistance strain gauges, inductive
displacement sensors, and mechanical extensometers. The results show pronounced differ-
ences between measured and Eurocode-predicted shrinkage, particularly at early ages. At
40% RH, the standard model approaches the measured magnitude at later ages but does
not reproduce the rapid initial development. At 100% RH, it substantially underestimates
shrinkage because drying shrinkage is assumed to be zero. The findings indicate that
early-age shrinkage is inadequately represented in current formulations, especially under
high-humidity curing, with implications for crack control and durability.

Keywords: on-site experiment; shrinkage; early-age behaviour; environmental factors

1. Introduction
Concrete shrinkage prediction is important for the design and service-life assessment

of reinforced concrete structures [1–3]. Although standards such as Eurocode 2, fib Model
Code 2010, and ACI guidelines provide established calculation methods, practical mea-
surements may differ from predictions during setting and early hardening, particularly
under specific environmental conditions or for non-conventional concrete mixes [4–6]. This
discrepancy is important because early shrinkage can initiate cracks that affect serviceabil-
ity and durability [3,5]. Proper mix design, curing, and reinforcement can mitigate these
effects, but reinforcement designed from standard long-term shrinkage predictions may
not fully address the initial cracking stage [5].

Early-age shrinkage comprises capillary, autogenous, and drying components [7,8].
Capillary shrinkage develops during setting as water is lost from the surface [9,10]; auto-
genous shrinkage results from hydration and internal self-desiccation [11,12]; and drying
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shrinkage develops through moisture loss to the environment [1,2]. Their relative contri-
bution depends strongly on concrete composition and environmental conditions [12,13].
Identifying the effective “time zero” is also important because tensile stresses can begin to
induce cracking from this point [14].

The fundamental aim of the research was to experimentally investigate early-age
concrete shrinkage under specific environmental conditions and to compare the measured
development with standard predictions. The program included unreinforced cube, beam,
and large-block specimens, as well as large reinforced concrete slabs, all made with the same
concrete mix [15]. Measurements were performed under controlled laboratory conditions
and in the environment of the planned structure.

• Capillary shrinkage occurs during setting while the concrete is still plastic and is
associated with rapid surface water loss [9,10]. It is particularly relevant under low
humidity, warm, or drafty conditions [16].

• Autogenous shrinkage results from cement hydration, including chemical shrinkage
and internal self-desiccation, and can be significant during the first days after casting,
especially for low water-to-cement ratio concretes [17].

• Drying shrinkage results from moisture loss from the pore system to the environment
and develops over a longer period [1,2]. Ambient relative humidity and curing
conditions strongly affect its magnitude [3].

Existing analytical models were primarily calibrated for conventional concrete compo-
sitions and environmental conditions. Their applicability may therefore be limited when
concrete composition or environmental conditions differ from those represented in the
calibration data [18,19].

2. Materials and Methods
The experimental program combined optical fibre sensors, resistance strain gauges,

inductive displacement sensors, and manual mechanical measurements. Using multiple
techniques enabled cross-validation of results and assessment of measurement reliability.
Two 20-foot refrigerated containers were used as climate chambers [5].

During the first 7 days, both containers were maintained at nearly 100% RH. Sub-
sequently, container “A” was adjusted to approximately 40% RH, while container “T”
remained at 100% RH for the full 56-day measurement period. The temperature was main-
tained at approximately 16 ◦C. The applied concrete mix is given in Table 1 and contained
CEM III/A 32.5 N LH/SR blast furnace slag cement, metakaolin, superplasticizer, and
shrinkage-reducing admixtures [5].

Compressive strength was measured at 3, 5, 7, 10, 14, 21, 28, 35, 42, 49, and 56 days
using three 15 × 15 × 15 cm cubes per age; the 28-day compressive elastic modulus was also
determined. Flexural-tensile strength was measured at 3, 7, 14, 21, 28, and 56 days using
three 15 × 15 × 60 cm beams per age, with elastic moduli determined during bending tests.
The strength specimens were also used for shrinkage measurements before fracture [5].

Specimens were stored in containers “A” and “T” at 40% and 100% RH, respectively.
The resulting strength-related shrinkage series could be measured until the compres-
sion test.

Shrinkage of the small specimens was measured using a Pfender-type mechanical
extensometer over a 100 mm gauge length, thermally compensated resistance strain gauges,
and inductive displacement sensors [5].

Each container also contained one 80 × 80 × 80 cm unreinforced large specimen for
shrinkage monitoring. Four methods were used for its monitoring: the three techniques
applied to the small specimens and embedded/surface optical fibre sensors. Internal optical
sensors were arranged in two perpendicular directions at the specimen centre [5].
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Table 1. The experimental concrete mix design (per 1 m3 of fresh concrete) [5].

Material Type or Fraction Mass [kg/m3] Volume [l/m3]

Aggregate
0/4 mm fraction 40% 742 281
4/8 mm fraction 30% 557 211

8/16 mm fraction 30% 557 211
Σ 100% 1856 703

Cement CEM III 32.5 N LH/SR 370 119

Water mw/mc 40% 148 148

Metakaolin Metaver N 25 10

Additives cem. m %
Sika Viscocrete 4025 1.40% 5.18 5.15

Sika control-60 1.20% 4.40 4.40

Air - 10

Total 2408 1000

Most surface measurements started after the first day because the sensors and measur-
ing devices required a sufficiently strong concrete surface. Embedded optical sensors in the
large specimens and slabs provided measurements from casting. Temperature and humid-
ity were continuously monitored, and internal concrete temperature was also measured in
the large specimens. The type of instruments are listed in Table 2 [5].

Table 2. Summary of measuring instruments and sensors used in the experiment [5].

Instrument Category Sensor/Device Type Measured Parameter

Mechanical Extensometer Pfender-type (100 mm base length) Surface shrinkage

Resistance Strain Gauges HBK LY41-100/120 Surface shrinkage

Inductive Displacement Sensors HBK WA 20 Surface shrinkage

Optical Fibre Sensors (Internal) HBK FS62 RSS-E Internal concrete shrinkage

Optical Fibre Sensors (Surface) HBK FS62 RSS-SM/HBK FS62 CSS Surface concrete shrinkage

Optical Fibre Sensors (Rebar) HBK FS70 FBG Reinforcement strain (on-site)

Optical Thermometers HBK FS63 RTS Internal concrete temperature

Large reinforced concrete slabs measuring 400 × 400 × 30 cm were cast in the actual
underground construction environment of the planned structure. The slabs contained
Ø16/75 mm top and bottom reinforcement meshes in two directions. The concrete mix
was identical to that used for the laboratory specimens, and measurements continued to
day 56 using optical sensors, including internal, reinforcement-mounted, and surface strain
sensors and optical thermometers [5].

Data was recorded and processed using Catman Easy data acquisition software (v5.3).
Sampling frequencies were 1 Hz in the containers and 0.1 Hz for the on-site slabs. UPS and
battery backup were used for power-loss protection [5].

3. Experimental Results
3.1. Environmental Parameters and Strength Results

Container temperatures remained nearly constant except for a temporary increase
between days 10 and 24 caused by an air-conditioning malfunction in container “A”;
affected data were filtered. The internal concrete temperature remained stable. Mean air
temperatures were 16.1 ◦C in “A” and 15.2 ◦C in “T” [5].
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At 28 days, mean compressive strength was 70.40 MPa in container “A” and 64.40 MPa
in “T”; at 56 days it was 74.10 and 67.90 MPa, respectively, an 8.4% difference. Both exceeded
the planned characteristic strength of 53 MPa, which was reached by approximately day
11–12. Flexural-tensile strength between 28 and 56 days was 5.35 MPa in “A” and 8.16 MPa
in “T”—a 34.4% difference in favour of the saturated environment [5].

At the tested age, the tensile and compressive elastic moduli in “T” were 48,650 and
54,025 MPa, respectively, while in “A” they were 42,632 and 42,500 MPa. The data was
summarized in Table 3 [5].

Table 3. Mechanical strength and stiffness characteristics measured in the experiment [5].

Parameter Container “A” (40% RH) Container “T” (100% RH)

Compressive strength (28 days) 70.40 MPa 64.40 MPa

Compressive strength (56 days) 74.10 MPa 67.90 MPa

Flexural-tensile strength (28 days) 5.35 MPa 8.16 MPa

Tensile modulus 42.63 GPa 48.65 GPa

Compressive modulus 42.50 GPa 54.03 GPa

3.2. Critical Evaluation of Shrinkage Measurement Methods

Inductive displacement sensors were unsuitable for the experiment. Some instruments
showed constant readings or physically implausible swelling, while another produced
highly fluctuating data. These results prevented their reliable use for shrinkage evalua-
tion [5].

Resistance strain gauges also produced unusable readings in several saturated-
environment tests because high humidity softened the adhesive layer and caused false
displacements. In the drier “A” container they operated reliably; the valid filtered data
showed good repeatability. The shrinkage data was summarized in Table 4 [5].

Table 4. Standard deviation (S.D.) and coefficient of variation (C.V.) of shrinkage measurements on
day 56 [5].

Type of Specimen and Location Measurement Type S.D. C.V.

Large cubic specimen
Container “A”

Mechanical 0.0547‰ 17.58%
Strain gauge 0.0160‰ 5.18%

Container “T”
Mechanical 0.0218‰ 8.84%

Strain gauge 0.0255‰ 9.76%

Small cubic specimen
Container “A”

Mechanical 0.0392‰ 0.0392‰
Strain gauge 0.0512‰ 0.0512‰

Container “T”
Mechanical 0.0642‰ 21.84%

Strain gauge meas. error meas. error

Beam specimen
Container “A”

Mechanical 0.0464‰ 17.59%
Strain gauge 0.0557‰ 15.02%

Container “T”
Mechanical 0.0377‰ 15.00%

Strain gauge meas. error meas. error

Embedded optical sensors measured mean internal shrinkage of 0.23‰ in container
“A” and 0.27‰ in container “T”, with maximum values of 0.25‰ and 0.33‰, respectively.
Mean surface shrinkage was 0.31‰ in “A” and 0.23‰ in container “T”, with maxima of
0.47‰ and 0.32‰. Thus, the saturated environment produced higher internal but lower
surface shrinkage [5].
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3.3. Results of On-Site Reinforced Slab Measurements

The on-site slabs experienced air temperatures of 16.8–17.7 ◦C, increasing RH from
55% to 90%, and internal temperatures of 14.4–15.7 ◦C. Because reinforcement restrained
shrinkage, direct comparison with the unreinforced specimens was not possible. We used
the unreinforced shrinkage in the finite element model, within the material model of
concrete. Then, with the measured data we could validate the model. At day 56, mean
internal and surface shrinkage were 0.44‰ and 0.37‰, respectively [5].

4. Numerical Simulation
To evaluate the practical implications of the shrinkage measurements on structural

behaviour, comprehensive numerical simulations were carried out. The models were
developed using the ATENA 3D non-linear finite element software, which is tailored
especially for reinforced concrete structures. Three distinct geometric models were created
to correspond identically to the large, reinforced test slabs that were cast and monitored on
site (Figure 1).

Figure 1. The three large, reinforced test slabs were cast and monitored on site.

The numerical models utilized 20-node hexahedral (brick) elements with quadratic
interpolation functions. To capture accurate stress gradients, an average mesh size of 7.5 cm
was enforced, resulting in approximately 6400 elements per slab (Figure 2). Idealized
concrete geometries were used, but the reinforcement elements (modelled as discrete 1D
bars with bond-slip characteristics) were placed precisely according to on-site positional
surveys conducted prior to casting. The boundary conditions included non-linear spring
supports to represent the sliding friction and normal support provided by the underlying
blind concrete layer separated by a foil sheet.

Material parameters for the concrete were derived directly from the laboratory tests
of specimens stored in container “A” (40% RH), as this initial curing environment most
closely matched the on-site curing conditions. Because concrete strength is highly time-
dependent, the compressive strength, flexural-tensile strength, and elastic modulus were
defined by fitting quadratic functions to the discrete laboratory data starting from day 3.
Finally, the shrinkage load was applied uniformly as an imposed strain based on the mean
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values measured by optical sensors inside the unreinforced large block from container “A”.
Calculations were performed on mean level.

Figure 2. The elements of the finite element model: (a) Finite element mesh of the concrete part;
(b) finite elements of the reinforcement in the slab.

The finite element model was not utilized to predict the development or magnitude of
the concrete shrinkage itself. Instead, the primary objective was to predict the structural
response, specifically the internal stresses and deformations within the reinforced concrete
elements. To achieve this, the experimentally measured shrinkage was used as a driving
input parameter.

5. Discussion
5.1. Comparison of Standard and Measured Shrinkage Displacements

The standard calculations used the constants summarized in Table 5, initially with the
planned strength parameters (fcm = 43 MPa, fck = 35 MPa) and 7 days of moist curing [5].

Table 5. Theoretical ultimate shrinkage values calculated based on Eurocode standard [5].

Condition εcd0 (Drying) εca0 (Autogenous)

Large s. cubic specm. in container “A” 0.486‰ 0.063‰

Small specimens in container “A” 0.486‰ 0.063‰

Large s. cubic specm. in container “T” 0.000‰ 0.063‰

Small specimens in container “T” 0.000‰ 0.063‰

For container “T” at 100% RH, the standard formulation gives 0.000‰ drying shrink-
age because the humidity-dependent term becomes zero; consequently, only autoge-
nous shrinkage is predicted. Table 6 compares the experimental and standard values
at 56 days [5].

Table 6. Comparison of experimental and standard shrinkage values on day 56 [5].

Specimen Type (Location) εmechanical εstrain_gauge εstandard

Large s. cubic specm. (“A”) 0.256‰ 0.309‰ 0.417‰

Small s. cubic specm. (“A”) 0.326‰ 0.389‰ 0.522‰

Beam specm. (“A”) 0.250‰ 0.371‰ 0.522‰

Large s. cubic specm. (“T”) 0.225‰ 0.262‰ 0.048‰

https://doi.org/10.3390/engproc2026161003
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Table 6. Cont.

Specimen Type (Location) εmechanical εstrain_gauge εstandard

Small s. cubic specm. (“T”) 0.230‰ - 0.048‰

Beam specm. (“T”) 0.214‰ - 0.048‰

Because the measured compressive strength exceeded the planned value, the standard
calculation was also calibrated using the measured 28-day strength of 70.40 MPa. The
resulting 56-day values are given in Table 7.

Table 7. Standard shrinkage values calibrated with the actually measured compressive strength
(70.40 MPa) on day 56 [5].

Specimen Type (Container “A”) εmechanical εstrain_gauge εstandard

Large s. cubic specm. 0.256‰ 0.309‰ 0.367‰

Small s. cubic specm. 0.326‰ 0.389‰ 0.443‰

Beam specm. 0.250‰ 0.371‰ 0.443‰

5.2. Results of FEM Simulation

The numerical simulation results were extensively validated against the optical strain
measurements recorded by the embedded concrete sensors and reinforcement-mounted
sensors within the on-site slabs (Lp-01_I, Lp-01_II, Lp-01_III). The comparison revealed
critical insights regarding early-age structural modelling.

During the initial 0–3 days, the FEM model significantly underestimated the actual
internal shrinkage strains measured by the optical sensors. This discrepancy originates
from the fundamental limitation that standard concrete material models are not natively
calibrated for the plastic state and the very early hydration phase—during which stiffness
is negligible—and non-linear creep mechanisms dominate. Because concrete strength data
was only available from day 3 onward, the initial phase could not be analytically validated
without artificial calibration (Figure 3).

Figure 3. Comparison of the numerically calculated and measured shrinkage data in the Lp-01_I specimen.
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Between days 3 and 7, the numerical model showed a 20–55% underestimation of
the strain values, though the modelling accuracy improved rapidly as the concrete matrix
solidified. From day 7 up to day 56, the numerical simulation demonstrated high precision,
effectively tracking both the internal concrete deformations and the surface strains. By
the end of the 56-day period, the relative deviation between the measured reinforcement
strains and the modelled reinforcement strains reduced to an impressive 1–10%. The
model successfully captured the anisotropic strain behaviour caused by the reinforcement
layout (e.g., higher strains in the Y-direction than the X-direction due to asymmetrical rebar
meshing), proving that advanced non-linear FEM accurately simulates shrinkage-induced
structural stresses once the initial hardening phase is completed (Figure 3).

6. Conclusions
6.1. Comparison Between Standard and Measured Shrinkage

Comparison of the experimental results with the standard model identifies three main
shortcomings of the Eurocode shrinkage correlations:

• Early-age shrinkage develops substantially faster than assumed by the Eurocode
2 relationships, with the decisive part of the deformation occurring during the first
two weeks.

• At high or saturated humidity (100% RH), the standard model predicts 0.048‰ shrink-
age compared with measured values of 0.214–0.262‰. By neglecting drying shrinkage
at 100% RH, the standard model substantially underestimates the total shrinkage.

• At 40% RH, the calibrated standard value of 0.443‰ approaches the measured strain-
gauge value of 0.389‰ at day 56, but the development over time differs. Much of the
shrinkage occurs during the first 10–14 days, whereas the standard model predicts a
later, more gradual increase.

• Numerical simulations (ATENA 3D) accurately predict the shrinkage-induced de-
formations and reinforcement strains after the initial curing period (post 5–7 days),
yielding errors well within acceptable engineering margins (1–10%).

• Standard calculation models struggle to simulate the initial 0–3 days of deformation
without specific calibration, highlighting a gap in standard finite element approaches
regarding plastic and very early-age concrete states.

• From a measurement perspective, surface-bonded resistance strain gauges and induc-
tive displacement sensors were unreliable under high humidity. Embedded fibre optic
sensors and mechanical extensometers provided the most suitable measurements for
tracking early and internal shrinkage.

6.2. Conclusions of the FEM Simulation

The non-linear 3D finite element modelling carried out in ATENA 3D provided valu-
able insights into the numerical predictability of early-age shrinkage-induced deformations
and internal restraint stresses in reinforced mass concrete slabs:

• Accuracy in the hardened state (Days 7–56): The numerical model showed excellent
agreement with on-site optical sensor data. From day 7 onward, the deviations in
concrete and reinforcement strains steadily decreased, reaching a 1–10% margin by
day 56.

• Limitations at early age (days 0–3): The model significantly underestimated internal
shrinkage during the first three days. Standard continuum and bond-slip models do
not capture the plastic/early hydration phase, during which experimental strength
parameters were also unavailable.
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• Structural behaviour and restraint: The discrete reinforcement model effectively repro-
duced localized stress concentrations at bar laps and captured the directional strain
anisotropy caused by asymmetric reinforcement layouts.

• Design applicability: Once initial hardening occurs (after ~5 days), non-linear FEM
serves as a reliable tool for crack risk assessment and structural design under restrained
shrinkage conditions.

6.3. Conclusions of the Experiments

While the present study provides valuable insights into early-age concrete shrinkage
and its numerical modelling, the conclusions should be slightly qualified by the scope of the
research. It must be noted that the findings are based on a single specific concrete mixture
(incorporating CEM III/A 32.5 N LH/SR cement and metakaolin) and a limited range of
environmental conditions (constant temperature of ∼16 ◦C with 40% and 100% RH). Con-
sequently, the specific shrinkage magnitudes and early-age deviations from the standard
models may vary for different concrete compositions or fluctuating environmental factors.
Further experimental investigations involving diverse concrete mixes are recommended to
generalize these results.
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