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Abstract 
For the general purpose of analyzing the physical mechanisms underlying the delayed behavior of concrete and achieving a suitable modeling 

approach, this article presents the development of a compression relaxation test. Following a literature review, the chosen strategy was to adapt the 
testing frame for creep tests. The test was then used to conduct an initial experimental study. This study confirms that the use of a linear viscoelastic 
model for the basic creep and relaxation of concrete is appropriate. The article also provides a critical analysis of current early-age concrete cracking 
models, highlighting their lack of physical relevance.
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Introduction

Modeling the time-dependent behavior of concrete structures 
is of major importance, particularly for prestressed structures and 
concrete behavior at early age. Most mechanical models developed 
to date rely on linear viscoelasticity and use the superposition 
principle. For these models, practically only creep tests are needed 
and performed, since relaxation is considered, from a mathematical 
standpoint, as the dual of creep. However, the literature has not 
yet experimentally demonstrated that linear viscoelasticity is the 
best theory for modeling the time-dependent behavior of concrete. 
One approach to assess the relevance of using linear viscoelasticity 
for concrete is to perform creep and relaxation tests in parallel on 
the same concrete in order to analyze whether one is indeed the 
dual of the other. Regarding relaxation tests, the literature review 
conducted has highlighted the lack of satisfactory solutions. So: 
(1) Fairbairn et al. [1] developed a relaxation test with manual 
deformation control, which led to unreliable results. (2) Ring 
tests on early-age concrete have been carried out [2-4]. These are 
indirect tensile relaxation tests. 

 

They provide information that is highly dependent on the analysis 
model used for this type of indirect test. (3) Compression relaxation 
tests have been conducted using hydraulic presses  [5, 6]. Due to the 
use of such experimental equipment, the test duration can only be 
very short and therefore very incomplete. Moreover, maintaining a 
constant deformation with a hydraulic press leads to temperature 
increases that disturb the test [4]. In this study, an experimental 
setup is proposed consisting of adapting an existing creep frame. 
This creep frame maintains a constant pressure in a hydraulic 
jack (and therefore a constant load in the specimen) using an 
oleopneumatic (nitrogen/oil) pressure accumulator. The proposed 
adaptation is based on the principle of a controlled leakage of 
pressurized nitrogen contained in an oleopneumatic accumulator, 
in order to reduce the load in the specimen so as to maintain a 
constant length. The load evolution is determined by measuring 
the hydraulic pressure in the loading jack (Figure 1). The use of 
a low-pressure electropneumatic servovalve combined with a 
high-pressure relief valve allows controlling the leakage. This 
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paper presents, on the one hand, the equipment and the proposed 
test procedure well as the first experimental result obtained. 
More importantly (and this is the main originality of the present 
paper), it provides a detailed analysis of the physical mechanisms 
underlying compressive stress relaxation in concrete. This analysis 
contradicts the approach generally adopted at the international 
level, which considers that stress relaxation in concrete reduces the 
risk of cracking. This creep frame maintains a constant pressure 
in a hydraulic jack (and therefore a constant load in the specimen) 
using an oleopneumatic (nitrogen/oil) pressure accumulator.

The proposed adaptation is based on the principle of a controlled 
leakage of pressurized nitrogen contained in an oleopneumatic 

accumulator, in order to reduce the load in the specimen so as 
to maintain a constant length. The load evolution is determined 
by measuring the hydraulic pressure in the loading jack. The use 
of a low-pressure electropneumatic servovalve combined with 
a high-pressure relief valve allows controlling the leakage. This 
paper presents, on the one hand, the equipment and the proposed 
test procedure well as the first experimental result obtained. 
More importantly (and this is the main originality of the present 
paper), it provides a detailed analysis of the physical mechanisms 
underlying compressive stress relaxation in concrete. This analysis 
contradicts the approach generally adopted at the international 
level, which considers that stress relaxation in concrete reduces the 
risk of cracking.

Figure 1: Schematic presentation of the experimental setup for the relaxation test.

Operation of the servopilot and relief system

The electropneumatic servopilot associated with the relief 
valve is connected to the filling valve of the accumulator. As 
in any feedback-controlled system, a controlled (or feedback) 
electrical signal is forced to follow a command (or setpoint) 
signal. This controlled signal is proportional to the deformation 
of the specimen. The comparison between these two signals is 
performed in the Proportional-Integral-Derivative (PID) controller 
integrated into the electropneumatic servovalve. This controller 
adjusts the response of the control system. The servopilot 
therefore includes two stages (Figure 2): the PID regulation loop 
and the electropneumatic converter. Two solenoid valves (inlet and 
exhaust) regulate the output pressure of the converter using the 

compressed-air network. The controlled pneumatic output of the 
converter acts on the relief valve command through a diaphragm-
type pressure amplifier. This enables the control of high upstream 
pressures thanks to a higher actuation ratio. The applied pneumatic 
amplification ratio is 31.75. A relief valve regulates the upstream 
pressure, unlike pressure reducers, which regulate a downstream 
pressure. They are designed to keep constant any physical quantity 
related to a pressure - in this case, a compressive deformation 
(their action is similar to a safety valve, but with better regulation 
and higher sensitivity). Since the oil pressure in the oleopneumatic 
accumulator equals the nitrogen pressure, the drop in load in the 
specimen is controlled so as to maintain its deformation constant.
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Setpoint and feedback

The setpoint and the feedback are applied to the PID controller. 
The feedback originates from a ±1 mm differential transformer 
displacement sensor measuring the deformations of the relaxation 
specimen (A base length of 500 mm is used to electronically 
determine the strain). The setpoint of a relaxation test is a 
constant initial imposed deformation throughout the test, ε₀(t₀). It 
corresponds to an initial stress σ₀(t₀), and the evolution of stress 
as a function of time, σ(t), is recorded. However, it is known that 
in addition to viscous strains εv, concrete may undergo shrinkage 
strains εsh (Θ, HR, µ) of thermal (Θ), hygrometric (HR), and 
autogenous (µ) origin. In the case of the time-dependent behavior 
of concrete, the incremental expression of the stress evolution is:

( )sh vd E d d dσ ε ε ε= − −
	                                                   (1)

where dε is the total strain increment measurable under 
imposed stress or imposable under imposed strain. The objective 

of a relaxation test is to measure:

vd E dσ ε= − 	                                                                     (2)

Therefore, it is necessary that:

sh impd d dσ ε ε= = 	                                                                     (3)

The setpoint imposed during the relaxation test is then 
expressed as:

( )0 0
imp sht dε ε ε= + ∫

	                                                   (4)

A relaxation test is therefore associated with a load-free 
companion specimen (Figure 3), used to measure εsh(t). This 
measurement is added to the constant setpoint representing the 
initial deformation ε0(t0).

Figure 2: Details of the device (servopilot and diverter).

Figure 3: Diagram explaining the generation of the instruction set.
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Application of the instantaneous deformation

Initially, the nitrogen pressure is set to a value corresponding 
to a load slightly higher than the one required to produce the target 
deformation, but the accumulator is isolated from the loading jack. 
The setpoint is defined at the deformation value corresponding 

to the estimated initial deformation (free-deformation variations 
may be neglected during the loading phase). This estimate may 
be refined using a preliminary compression test on a specimen 
from the same concrete. The loading consists of connecting the 
accumulator to the loading jack. The excess load is very rapidly 
released by the control system (Figure 4).

Figure 4: Load control response.

Remarks regarding the setup phase

The overall calibration of the experimental device is delicate 
because the servopilot is primarily designed for operation as a 
pressure reducer and not as a relief valve, which means that the 
PID tuning modes are very different and had to be adapted to the 
present application. This phase also allows defining sensor quality 
and data acquisition requirements. A direct force measurement is 
used. The loading jack is a low-profile jack without seals, with an 
effective surface area that varies with its stroke. The force sensor 
must be accurate and have a reliable long-term response without 

creep. Including a force sensor in series with the specimen requires 
reducing the specimen height compared to the creep test (Figure 
1). Its height was reduced from 100 to 85 cm (for a diameter of 16 
cm).

First experimental result

Concrete tested

The mix design of the tested concrete is given in Table 1

Table 1: Mix design of the concrete.

Constituent kg/m³

Sand 0/4 424

Sand 0/5 431

Gravel 5/12.5 454

Gravel 12.5/20 540

Cement CEM I 52.5 R 350

Water 180

Creep, shrinkage, and relaxation tests are carried out in parallel 
at a concrete age of 28 days. At this age, the compressive strength of 
the concrete is 38 MPa and its Young’s modulus is 30 GPa.

This first relaxation test is fully controlled, fully automatic, 
and autonomous. As in the creep test, the loading is instantaneous 
(less than 0.5s) and the deformation is controlled with micrometer 
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precision. The compressive stress applied for the creep test 
represents 30% of the concrete comressive strength and the 
deformation applied for the relaxation test is in relation with 
this creep loading (considering the concrete Young modulus). 
All specimens tested (for creep, relaxation, and shrinkage) are 
protected (throughout the entire test) from desiccation using a 
double layer of self-adhesive aluminum foil. Thus, the creep test is a 
basic creep test, the shrinkage test is an autogenous shrinkage test, 
and the relaxation test is a basic relaxation test. It is important to 
stress that creep and shrinkage tests have long been fully mastered 
and have been the subject of numerous publications in which they 

are described in detail (Among them [7–10] can be considered).

Experimental result and analysis of the relaxation test

The curve in Figure 5 compares the experimental results with 
a calculation performed within the framework of non-aging linear 
viscoelasticity. A Kelvin–Voigt model was first fitted to the results 
of the basic creep test. For both tests, shrinkage deformation was 
subtracted. Using this model and applying Carson transforms 
[11], the corresponding relaxation function was determined. It 
appears that, over a 13-day time interval (duration of the tests), the 
relaxation test and the model give consistent results.

Figure 5: Experimental results compared to calculations (viscoelastic model).

Analysis and consequences related to the 
experimental study

The results of this first experimental study show that the use 
of linear viscoelasticity is relevant for modeling the basic creep 
and stress relaxation of concrete in compression. It can therefore 
be considered that relaxation is the mechanical dual of creep. This 
confirmation has an important physical consequence. Indeed, it is 
reasonable to assume and to propose that the physical mechanisms 
governing these two mechanical behaviors are identical. Yet 
previous experimental studies [7–10] have clearly demonstrated 
that the physical origin of basic creep in concrete is linked to 
couplings between microcracking in the material and the water 
and vapor transfers induced by this microcracking. These couplings 
generate an additional autogenous shrinkage within the material. 
In other words, if there is no microcracking, there is no basic creep. 
Based on what has been stated above, it can also be considered 
that if there is no microcracking, there is likewise no basic stress 
relaxation in concrete.

However, it is accepted that tensile stress relaxation in concrete 
leads to a reduction in its tendency to crack (in particular through 
the numerical models developed to date). This consideration is, in 
fact, incorrect in light of the work presented in this article, since 
stress relaxation cannot occur without microcracking - tensile 

stresses being the very cause of concrete cracking. This is all the 
truer since it has been experimentally shown that basic creep in 
tension (and therefore basic relaxation) is less significant than 
basic creep in compression [5, 6] - again, because tensile stresses 
are the origin of concrete cracking. The question is therefore to 
understand why most numerical models must introduce tensile 
stress relaxation in concrete in order to correctly simulate the 
cracking process.

The answer proposed in this article is the following: all 
numerical cracking models - whether they belong to the fictitious 
(or cohesive) crack family models [12-15] or to the diffused crack 
family models (such as crack band models, smeared crack models 
or damage models [16-27]) - are physically unfounded. Indeed, all 
of these models use the fracture energy fG , as the main cracking 
parameter of the material. However, fracture energy fG  is not an 
intrinsic property of concrete, because it depends on the size of 
the laboratory specimen used to determine it [28–38]. The only 
material parameter related to cracking that is truly intrinsic is 
the critical energy release rate, cG . This parameter is used in the 
framework of linear elastic fracture mechanics (LEFM). Moreover, 

cG  is always greater than fG  ( fG  equals cG  only when determined 
from very large specimens, which are rarely tested in laboratories).
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It then becomes clear that if, in a numerical cracking model, fG

is lower than cG  - the actual measure of the material’s resistance 
to cracking - it becomes necessary to artificially reduce the 
tensile stresses within the material (the driving force of cracking) 
by relaxing them. The issue with this compensatory approach 
is determining how much tensile stress must be relaxed (for 
example by introducing linear viscoelasticity into the numerical 
model) given the value of fG  adopted to analyze the cracking of 
the structure under consideration. Since fG  is determined from a 
specimen whose dimensions may be very different from those of 
the actual structure, achieving predictive numerical simulation 
becomes extremely challenging. It is interesting to point out that, 
more recently, a semi-explicit cracking model was developed and 
validated with success using the parameter cG   [39, 40]. The basis 
of extension of this model has been recently proposed [41] for 
analyzing the early age cracking process of concrete structures. 
This extension does not consider a relaxation of the tensile stresses.

Conclusions

This paper presents the development of a compression 
relaxation test. This test is an adaptation of a testing frame 
previously developed and used for creep tests. It is used to conduct 
an initial experimental study. This study shows that the relaxation 
is the mechanical dual of creep and, so, confirms that the use of 
a linear viscoelastic model for the basic creep and relaxation of 
concrete is appropriate. The article provides also a critical analysis 
of current early-age concrete cracking models and highlighs their 
lack of physical relevance.
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