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Abstract

Concrete creep models have to consider several important phenomena (non-

linearity, multi-axiality, hydration, and thermal and drying effects) to be rel-

evant in structural applications. A selection of experimental results of creep

tests found in the scientific literature are used to highlight these phenomena.

Firstly, regarding the creep rate in different directions of a specimen under var-

ious loads, it is shown that creep rate under moderate loading can derive from

elastic strains. Secondly, the reason why a Drucker Prager criterion can be cho-

sen to model non-linear creep is discussed. Thirdly the interest of resorting to

a creep theory able to decouple ageing (or hydration) effects and consolidation

effects is explained. Moreover, interest using a poro-mechanical formulation,

in which Biot coefficient depends on stress state, to model drying creep and

shrinkage is discussed in the light of short meso-scopic analysis. The effect of

temperature on creep is also addressed. The numerical implementation of the

proposed modelling is briefly exposed and the model responses are confronted

with experimental results.

Keywords: Concrete, Creep, Modelling

∗Corresponding author
Email address: alain.sellier@insa-toulouse.fr (Sellier Alain)

Preprint submitted to Journal of LATEX Templates cf. accepted version in CCRNovember 24, 2015



1. Introduction

Long-term management of major civil engineering concrete structures such

as dams, nuclear power plants, nuclear waste storage tunnels, and large bridge

elements needs finite element models able to demonstrate the reliability of these

structures over a long period. However, concrete is well-known to present de-5

layed strains which control its long-term mechanical behaviour [1] [2] [3]. To

consider this phenomenon, it is usual to split the total delayed strain into au-

togeneous shrinkage, drying shrinkage, basic creep and drying creep. The fun-

damental cause of delayed strains lies in the constitutive properties of hydrates

[4] . The viscous property at this scale is due to instability of the bond be-10

tween C-S-H sheets [5]. At larger scale, other additive non-linear phenomena

could play an important role, among other effects, micro cracking of anhydrous

phases and water content variation are important [1] [6] [7] [8] [9]. To model

these different phenomena, a poro-mechanical framework is useful [10]; In fact

poro-mechanics allows the role of water forces (capillary or disjoining) and the15

constitutive behaviour of solid phases to be distinguished. The objective during

the model finalization was to obtain the simplest possible formulation, that was

easy to implement in any structural finite element code, and able to consider the

non-linearity of creep amplitude versus loading, the possible multi-axial stress

states, the effects of temperature, and the effects of water, in terms of creep20

velocity, shrinkage and drying creep. Another requirement was to decouple the

model from other non-linear aspects such as damage or plasticity, so that this

formulation could be coupled with any type of non-linear model already used

for structural analysis. A further preoccupation was to obtain a differential

formulation able to consider the time-variation of mechanical loading or hydro-25

thermal conditions, while, despite this versatility, also providing an analytical

solution in cases of simple loading. In a first part, the model principles are ex-

plained with reference to the physical origins of each phenomenon, then various

creep tests are simulated and the numerical results are compared to experimen-

tal results. These tests concern multi-axial basic creep, uni-axial basic creep at30
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various loading levels, drying creep and basic creep at various temperatures and

at early age. Selected in the literature for their interest and complementary,

these tests can also be used for benchmarking other structural creep models or

to validate their numerical implementation.

2. Constitutive equations35

2.1. Model principles

The global scheme of the poro-mechanical model is summarized in Figure 1.

It contains two branches: the left one represents the solid behaviour, with an

elastic part to model instantaneous behaviour, a Kelvin module to model the

reversible creep and a non-linear Maxwell module to model permanent strains.40

The right branch represents the effects of hydric forces (capillary pressure and

variation of disjoining forces). The non-linearity of the Maxwell module means

that its viscosity depends on the creep strain, corresponding to a consolidation

phenomenon [11].

Total stress

Elastic strain

Kelvin strain

Maxwell strain

Interstitial pressure

Solid skeleton Interstitial phases

Effective stress Interstitial stress

Figure 1: Idealized rheological scheme for poro-mechanical creep model

The model is formulated to be usable in finite element codes so as to handle45

the modelling of large structures. Thus, the concrete micro structure is not

explicitly modelled, but the constitutive equations reflect several important un-

derlying phenomena induced by concrete heterogeneity. First, the viscous phe-

nomena are assumed to take place in the C-S-H inter-layer (idealized in stage 1

of figure 2), while other hydrates and aggregates are taken to be non-viscous.50
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C-S-H sheet

C-S-H inter sheets

Non-viscous phase

Intial state (free)

Creep rate decrease due to 

interlocking (consolidation)

Delayed strain induced by 

intersheet sliding

Stress distribution between 

viscous and non-viscous phases

Instantaneous strain 

(elastic response) 

Stress concentration in non-viscous phases induces 

microcracking which modifies creep potential

Viscous sliding limited by 

non-viscous phases

Stress concentration on non-viscous phases

(1) (2) (3)

(4) (5) (6)

Damage induced by stress redistribution between 

viscous and non-viscous phases

Figure 2: Idealized underlining phenomena of basic creep

When a stress is applied to the material, as symbolized by red arrows in

stage (2) of figure 2, an instantaneous elastic response occurs. It is modelled

by the elastic level in figure 1. However, if the stress lasts for a long time,

a viscous sliding of C-S-H sheets occurs (stage (3) in figure 2). This sliding

includes a reversible creep corresponding to the reversible arrangement of inter-55

layer water molecules [12] ; corresponding to the Kelvin module in Figure 1. It

is also assumed that some inter-layer bonds can break and repair to form a new

configuration (as in plasticity theory), leading to irreversible basic creep. This

last strain corresponds to the non-linear Maxwell module in figure 1. When

concrete is loaded, the stress in the solid skeleton transits in C-S-H and rigid60
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inclusions (non-viscous phase in figure 2), but, during creep, the part of the

stress supported by C-S-H inter-layer is relaxed due to its viscous behaviour,

leading to a stress concentration in non-viscous phases. So, the stress increases

on the non viscous phases while it decreases by the same magnitude in C-S-H. As

the creep velocity is proportional to the micro-stress applied to the C-S-H, this65

phenomenon leads to a creep velocity reduction assimilable to a consolidation

process. This phenomenon can be modelled by the Kelvin module as long as

the redistribution is reversible, However, as the C-S-H matrix surrounds all the

other non-viscous phases, a purely viscous creep component is also possible, it

is why a Maxwell module must be used to consider irreversible creep strain.70

Moreover, during the C-S-H matrix creep, a material rearrangement occurs,

and a configuration that blocks the viscous flow can be reached (schematized by

stage (4) in figure 2), where it is qualified as an interlocking phenomenon. Once

the viscous flow is blocked, the stresses concentrate on the non-viscous inclusions

and, if the loading level is sufficient, induce a micro structural damage (stage (5)75

in figure 2). This damage has been revealed experimentally by acoustic emission

[8] but seems to have only negligible effects on elastic properties as illustrated in

the experimental results provided in [13]. So the damage induced by creep takes

place at a micro-level, it modifies the creep strain without changing the elastic

modulus. When this damage occurs, as schematized in stage (6) of figure 2, it80

allows a new viscous flow until the next interlocking occurs on another site where

non-viscous phases are not yet damaged. The relative importance of reversible

creep and permanent creep depend on the proportion of elastic inclusions per

unit volume of material as shown in homogenization creep models [14]. In

the model presented in this paper, this fact is taken into account through the85

non-linearity of the Maxwell module, for which parameters can be fitted on

experiments or on homogenization results.

2.2. Permanent Creep

Permanent creep corresponds to the Maxwell strain of the idealized rheo-

logical scheme 1. Permanent creep strain is assumed to derive directly from
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the corresponding elastic strain components. For radial loading (no rotation of

stress tensor main directions), a given eigenvalue, indexed I, of the Maxwell

strain tensor can be expressed by equation (1). For the sake of simplicity, the

generalization to non-radial loading will be given at the end of the present sec-

tion. In equation (1) the creep velocity is assumed to be proportional to the

corresponding elastic components εEI . The proportionality between the creep

velocity and the elastic strain is supported by experimental evidence showing

that multiaxial creep starts with relative strain velocities in different directions

(I) proportional to the elastic strains as shown in Gopolakrishnan et al.’s [15] or

Kim et al.’s [16] works. This assumption is successfully confronted with several

experimental results in the second part of the present paper.

∂εMI
∂t

=
εEI
τMI

(1)

In this equation τMI is a characteristic time associated with the Maxwell strain

component εMI , with I corresponding to eigen-directions of the Maxwell strain

tensor. τMI is defined by equation 2.

τMI = τMrefC
C
I (2)

The characteristic time is split into τMref a reference characteristic time charac-

terizing the initial material state and CC
I a consolidation function expressing

the consolidation state. The reference characteristic time, τMref , is a fitting pa-

rameter that is inversely proportional to the initial creep velocity measured in

reference conditions (high humidity, reference temperature, given loading rate

without previous creep strain). The consolidation function CC
I was initially

introduced as an increasing function of the Maxwell strain normalized by a con-

stant strain called creep potential in [11]; it was improved in [17] to consider the

non-linear dependence of this creep potential on the loading rate. The interest

of the present new version resides, in particular, in its anisotropic formulation

which allows different consolidation velocities to be considered in the three main

directions of creep. As shown in the application section, this formulation is able

to consider, with a smaller number of parameters, a more complex loading pass
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or loading chronology than in previous models. Its expression is given by (3).

The objective of the consolidation function is to consider the decrease of creep

strain velocity with time without resorting explicitly to the time variable, which

is not a state variable and could lead to confusion between consolidation and

the consequences of hydration. In fact, creep rate reduction by consolidation

and hydration have different physical origins and care must be taken to treat

them separately in creep models.

CC
I =

1

k
exp

(

1

k

(

εMI
εEI

)+
)

(3)

The positive part ()+ means that the consolidation coefficient cannot be smaller

than 1/k. εEI is the elastic normal strain in direction I, (subscript I is relative

to a main direction of the permanent creep strain tensor). The form chosen

for the consolidation coefficient is such that when εMI ≫ kεEI the characteristic

time increases, which in turn slows the creep velocity. k is the creep coefficient

for the current temperature, T , humidity, H and loading, M . When the THM

conditions are constant the model has an analytical solution that allows the role

of k and τMref to be easely understood. The analytical solution corresponding to

uniaxial, and constant loading is given by equation (4).

ϕM (t) = k ln

(

1 +
t

τMref

)

(4)

with ϕM (t) the permanent basic creep function :

ϕM (t) =
εMtest
εEtest

(5)

where εEtest = σtest/E is the elastic strain under the applied stress σtest, and

E is the Young’s modulus. An illustration of influential parameters is given in90

Figure 3. Equation (4) and Figure 3 show that the initial specific permanent

creep velocity is k/τMref , that τ
M
ref allows to the creep curve to be shifted along

time axes, while k changes the specific creep amplitude.

Influence of environmental conditions . At nano-scale, basic creep is believed to

be caused by atomic link instabilities, which are themselves affected by physical95
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Characteristic time tref X 2

k X 2

Time (days)

Reference curve (k=1, tref=1)

M

M

Figure 3: Specific Creep from Maxwell module, parametric study with kref and characteristic

time τM
ref

conditions (temperature (T), Humidity (H) and mechanical loading (M) [18]).

At larger scales (micro and meso-scale) stress redistribution between viscous

phases and non-viscous phases leads to consolidation and damage, as schema-

tized in figure 2. Consequently, the creep velocity is managed by three physical

conditions:100

• Temperature (T),

• Humidity (H),

• Mechanical loading (M).

The THM conditions act on creep velocity through three multiplicative func-

tions, CT , CH and CM , affecting k ( which controls the creep amplitude as

illustrated in figure 3).

k = krefC
TCHCM (6)
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In (6), kref is the reference creep coefficient defined as the ratio of a character-

istic strain εMref to a conventional characteristic elastic strain εEref .

kref =
εMref
εEref

(7)

In (7), εMref is the fitting parameter called the reference creep potential, because

the creep function amplitude is proportional to εMref .As the creep amplitude de-105

pends on the loading level, εMref is defined for a given loading level corresponding

to the elastic strain εEref . As ε
E
ref and the reference creep potential εMref are then

linked, εEref is called the reference elastic strain, as a remember that it is the

elastic strain corresponding to the loading level used to define εMref .

In equation (6), CT accounts for the influence of temperature on creep poten-110

tial, CH the influence of humidity, and CM the non-linear effect of mechanical

loading, since the linear dependence of creep amplitude on loading is already

considered in equation (1) by the elastic strain.

Water effect on basic creep C-S-H interlayer cohesion and disjoining

forces are sensitive to the water saturation degree as explained in [1], or at

lower scale, in [9] and [18]. In a structural model, as suggested in [19], only

a macroscopic approximation of these complex underlying phenomena can be

envisioned. An ad hoc linear approximation is used to consider the reduction

of creep velocity when concrete is dry:

CH = Sr (8)

with Sr = φw/φ the liquid water saturation rate of the porosity (φw is the

volume water content and φ the total volume of porosity). The higher the115

water saturation Sr, the higher the specific creep amplitude. Note that the

simple relation (8) is not the only effect of water on delayed strain. The section

concerning the effects of hydric forces (22) focuses on the consequences of drying

on delayed strains and proposes a method to model drying shrinkage and the

Pickett effect in a unified poro-mechanical approach.120
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Temperature effects on basic creep Temperature has two effects on

basic creep: On one hand, it modifies the intrinsic viscosity of viscous phases

containing free water, due to the dependence of water viscosity on temperature,

and, on the other hand it causes differential dilation between phases. This can

increase creep potential by releasing viscous phases, and cause thermal damage125

[20, 21]. So the temperature function affecting the characteristic time (2) is

expressed as the product of two functions CT
w and CT

p which consider the effect

of temperature on viscosity and creep potential respectively.

CT = CT
wC

T
p (9)

As shown in [22], CT
w can be taken equal to the water viscosity dependence on

temperature; it is an Arrhenius law independent of the material composition.130

In (10) Ea
w ≈ 17000J/mol is the activation energy of water viscosity, Tref is

the reference temperature for which the characteristic time τMref is fitted, and

R = 8.31J/mol/K the gas constant.

CT
w = exp

(

−E
a
w

R

(

1

T
− 1

Tref

))

(10)

CT
p =











exp

(

−
Ea

p

R

(

1

T
− 1

Tthr

))

if T > Tthr

1 if T 6 Tthr

(11)

CT
p depends on the material composition through two fitting parameters: Ea

p ≈
25000J/mol and Tthr ≈ 45◦C the threshold temperature from which thermal135

damage appears and modifies the creep potential according to [20] (as illustrated

in figure 19).

Non-linear effect of mechanical loading on basic creep Coefficient

CM considers the possible non-linear dependence of creep potential on mechan-

ical loading level. So, CM starts from 1 for weakly loaded material and diverges

if the loading level reaches a critical value causing tertiary creep. Tertiary creep

is believed to occur only in cases of micro-structure damage as schematized in

Figure 2 (stage 6), An ad hoc creep damage criterion is introduced. Several cri-

teria have been tested, and the best results were obtained with a Drucker Prager
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criterion form [23]. So, CM (12) depends on the loading level only through the

equivalent Drucker Prager shear stress τDP (13). This choice is justified in the

application section below, where creep rates under deviatoric stress states (fig-

ures 13 or 21 ) are compared to creep under an isotropic stress state (Figure

15).

CM =
τDP
cr

τDP
cr − τDP

with τDP < τDP
cr (12)

In (12), τDP
cr is the critical stress leading to tertiary creep. The Drucker Prager

L����� ����� ��	
�

N�� 
����� ����� �������� i
M

���� �	 �

Figure 4: Specific creep amplification function CM versus loading rate; x stands for χM cf.

equation (15)

equivalent stress τDP corresponds to expression 13. This expression, often used

in plasticity and visco-plasticity models [24, 25, 26, 27], is able to consider the

benefits of triaxial confinement in reducing impact of deviatoric stresses in terms

of damage. τDP (13) considers the two first stress tensor invariants:

τDP =

√

σd : σd

2
+ δ

Tr (σ)

3
(13)

In (13) δ is the confinement effect coefficient which takes the effect of hydro-

static pressure (−Tr (σ) /3) on shear strength into account. σd is the deviatoric

part of the stresses tensor. The critical stress leading to tertiary creep (τDP
cr

in equation (12)) can be linked to the corresponding uniaxial critical stress
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intensity σcr. The relation involves the confinement coefficient δ and assumes

that the uniaxial critical stress is a compression.

τDP
cr =

σcr√
3

(

1− δ√
3

)

(14)

To facilitate fitting, σcr is computed from a non-linear amplification coefficient

χM , supplied by the user and corresponding to the non-linearity of creep under

a conventional applied compression stress of 66%Rc as illustrated in figure 4.

With this definition, the link between χM and σcr is :

σcr =
2

3

(

χM

χM − 1

)

Rc (15)

To illustrate the effect of χM , in Figure 4 a value of χM = 2 was used to

plot the red curve. It can be noted that specific creep is then multiplied by 2

under 66%Rc (Rc is the uniaxial compressive strength), comparatively to the140

dotted blue line corresponding to χM = 1 for which the specific creep remains

independent of the applied stress.

Non-radial loading case. Equation (1) is applicable only in cases of radial load-

ing. Its generalization to non-radial loading leads us to consider cases for which

the current main directions of Maxwell strains tensor are different from the main

directions of elastic strains tensor. In such cases, it is proposed to assess the

characteristic times in the main direction of the Maxwell strain tensor (direc-

tions I or J in equation (17)), and to choose the minimal characteristic time for

extra-diagonal components as expressed by equation (16). This choice can be

justified by the fact that, as shear stress has to verify the symmetry condition

of the stress tensor, it is limited by the weakest viscosity between directions I

and J , which corresponds to the lower characteristic time condition in equation

(16).

τMIJ = min
(

τMI , τMJ
)

(16)

Relationship (1) can then be generalized as follows:

∂εMIJ
∂t

=
εEIJ
τMIJ

(17)
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The fact that two subscripts I and J subsist in (17) means that the relation is

given in the principal base of Maxwell strains, where the elastic strain tensor is

projected for the computation of creep velocity. Once the creep velocities have145

been computed for each component IJ = [11, 22, 33, 12, 13, 23], the Maxwell

strain increment is deduced and returned in the fixed base where it can be

added to the previous Maxwell strain tensor.

2.3. Reversible creep

Reversible creep is modelled using a Kelvin module (see Figure 1)in which

the asymptotic strain is assumed to be proportional to the elastic strain. Thus

the final amplitude of reversible creep is εEij/ψ
K . Subscripts ij correspond to

the base in which the stress tensor is expressed. In equation (18), τK is the

characteristic time.
∂εKij
∂t

=
1

τK

(

εEij
ψK

− εKij

)

(18)

Reversible creep, like permanent creep, depends on temperature and water con-

tent. The same coefficients, CT
w (equation 10) and CH (equation 8), as for

permanent creep are used to create a dependence of reversible creep velocity on

environmental conditions. Coefficients CT
p and CM are not used in the Kelvin

module. This means that the kinetics of reversible specific creep is modified but

its amplitude is not.

τK = τKrefC
T
wC

H (19)

To fit ψK and τKref a creep test with strain recovery is needed. As shown in150

the Application section of the present paper (Figures 13, 21), the Kelvin strain

usually represents about 20 to 25% of the elastic strain. Therefore it corresponds

to a coefficient ψK close to 4 or 5 (see fitting in table 4).

2.4. Shrinkage and drying creep

Water has complex effects in porous media. It can react with the solid skele-155

ton, be adsorbed on porous walls, and exert capillary and disjoining forces on

the solid skeleton. In some materials, such as clay or concrete, water molecules
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are present in nanoscopic inter-sheets, causing attractive or repulsive forces ac-

cording to their environmental conditions (mechanical loading, temperature and

relative humidity)[18] [7]. These effects have several macroscopic consequences.160

To model the most important macroscopic consequences of water solid interac-

tions, it is convenient to resort to the Biot theory in the context of poromechan-

ics (Biot theory has been extended to non saturated media by Coussy [28]). In

fact the water capillary pressure, for example, exerts a tension perpendicular

to the pore walls, which is balanced by orthogonal compression forces, parallel165

to the pore walls, causing shrinkage. Although capillary forces exist mainly

at high humidity, other forces, like disjoining force variations can have similar

consequences on drying cement pastes. In any case, as these forces reside in the

cement paste, the paste shrinks and causes a heterogeneous stress field at the

micro and meso-scopic scales. The way the hydric force effects are considered170

in the present model, is in relation with the possible damage induced by this

stress field heterogeneity. To understand the formulation, a simplified meso-

scopic analysis, illustrated in figure 5, is used. In figure 5, two configurations

are envisioned. On the left side (1), concrete is free of applied stress, the hy-

dric forces effects are simulated by an imposed shrinkage within the paste. It175

can be observed that interfaces between paste and aggregates are in tension,

which can cause paste-aggregate debonding. These breaks, when they occur,

limit transmission of forces induced by the paste shrinkage to larger scale. The

corresponding meso-scopic cracks have been confirmed experimentally, for ex-

ample by micro-tomography in [29]. In contrast, on the right side (2) of Figure180

5, a vertical compression is applied to the concrete. It can be observed that the

combination of external compression loading and paste shrinkage leads to tensile

stresses only in directions orthogonal to the compression (on average), while,

vertically, the interface between paste and inclusions stays in compression and

cannot break. Consequently the forces induced by paste shrinkage continue to185

be transmitted in this direction, amplifying the macroscopic shrinkage, compar-

atively to the free case. This phenomenon is considered in the model through a

modulation of the Biot coefficient in unsaturated conditions.
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Figure 5: Stress field heterogenity at meso-scopic scale and consequences in terms of shrinkage

forces transmission to macro scopic scale

Interactions between water and solid. For sake of simplicity, the different effects

of water forces (disjoining and capillary) are merged into a single equivalent

capillary pressure. As illustrated above, the efficiency of action of the equivalent

capillary pressure depends on the stress state σ. If damage occurs, it limits the

equivalent capillary pressure transmission from paste to other phases and the

macroscopic effect of paste shrinkage is reduced. Conversely, if a compression

stress is applied , damage induced by differential shrinkage between paste and

aggregate is avoided in the direction of application of stress, and the capillary

pressure effect is better transmitted. In the poromechanical theory, the efficiency

of transmission of hydric forces from paste to the macro scale is managed by

the Biot coefficients (b and Mshr in the following). Thus, change in the hydric

force transmission quality can be considered through a modification of the Biot

coefficients. To consider this non-linear interaction between solid skeleton and

water effects during drying or humidification as simply as possible, the poro-

mechanical formulation of the total stress σ is written in a incremental form,

in which the Biot coefficients depend on the stress state. The corresponding

equation (20), which exists only for normal stresses, is expressed in the main
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direction of total stresses. The incremental formulation allows the current stress

state to be considered as not acting on the total hydric forces but only on their

increments. This means that, if a material was dried under a given applied

stress, unloading after drying will not change the shrinkage amplitude.

∂σI
∂t

=
∂σ

′

I

∂t
+
∂(bwpw)

∂t

(

1 +
|σI |
σdc

)

(20)

with σdc a fitting parameter such that the equivalent capillary pressure effects

are doubled when the material is subjected to a compression σI = −σdc. σI

is a principal stress. σIJ and σ
′

IJ are respectively the total and effective stress

expressed in the principal base of total stresses. bwpw is the equivalent cap-

illary pressure effect on the material in accordance with the poro-mechanical

theory [28], with bw the Biot coefficient of unsaturated media equal to the Biot

coefficient in saturated condition b modified by the saturation rate, Sr:

bw = b.Sr (21)

How the interaction between capillary pressure (pw), Biot coefficient (bw), and

stress state (σ), takes place when σI is a tensile stress has not been fully clarified190

experimentally. But, as an induced tensile shrinkage is mentioned in the liter-

ature [30], the proposed relation is kept also in tension where it amplifies the

shrinkage increment proportionally to the tensile stress. In this case, according

to [8], the physical origin could be a self dessication induced by a diffuse micro

cracking able to restart hydration processes. In any case, in the present model,195

this aspect remains approximately considered by the linear dependence of the

shrinkage increment to the stress, and, certainly, could be improved under the

light of appropriate experiments.

Equivalent Capillary Pressure. The equivalent capillary pressure can be mod-

elled using the two-parameters equation known as the Van-Genuchten model

[31]. This equation provides the equivalent capillary pressure as a function of

the saturation rate (Sr). If gas pressure is negligible relative to water pressure

(pw), the water pressure can be directly expressed as a function of the water
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Figure 6: Isotherm (dots: experiments from [32], line: Van Genuchten equation with Mshr =

41MPa and mvg = 0.5)

saturation rate (22) as illustrated in figure 6.

pw = −Mshr

(

S

(

−
1

mvg

)

r − 1

)(1−mvg)

(22)

In equation (22), Mshr and mvg are fitting parameters controlling the shape of

the water retention curve, as illustrated in figure 6.200

2.5. Hydration

As the creep rates derive from elastic strains in the model, the hydration

can be considered by simply using elastic properties depending on the hydration

degree. For this purpose, the de Schutter’s [33] equation form (23) is adopted to

consider the effect of hydration on mechanical properties. Mechanical properties

then depends on the hydration rate ξ as follows :

X

Xref

=















0 if 0 6 ξ 6 ξthr
(

ξ − ξthr
ξref − ξthr

)n

if ξ > ξthr with ξ < 1
(23)

In(23), Xref is the mechanical property for the material hydrated at (ξref ),

ξthr is the hydration threshold corresponding to the concrete solidification [34],
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which depends mainly on the aggregate content, and varies from 0.1 for concrete

until to 0.3 for cement paste. n is the non-linearity coefficient.The fact that n205

is not equal to the unit for the Young modulus means that the contribution of

the hydrates created close to the ξthr is different then hydrates created later.

As the Creep velocity depends on the elastic strain (1), and thus to the Young

modulus, this implies that early age hydrates have a different contribution on

creep velocity than delayed hydrates . Usual values of n and ξthr are given in210

table 1. As shown in the applications section, the fact that creep strains derive

Table 1: Usual data for De Schutter evolution law

Parameter X in (23) n

Young’s modulus E 0.66

Compressive strength Rc 1

Shrinkage modulus Mshr 1

Biot coefficient b 1

from elastic strains, which themselves depend on hydration degree though the

elastic properties, is sufficient to explain faster creep at early age. An illustration

of the efficiency of this method is given in [35]. In this paper, an experiment

is carried out with a concrete cylinder, 60 cm high, 80 cm diameter, to test215

the ability of the model to simulate the behavior of concrete since casting. The

evolutions of temperature and strain versus time are computed by the model and

compared with success to the experimental results. For the sake of simplicity,

the creep parameters can be kept independent of the hydration degree, (only

E, Rc, Mshr, b depend on the hydration degree). However, to consider the220

effects of hydration on the material state, two compatibility conditions have to

be added: First, the internal variables have to be actualized to take account

of the possibility of self healing during hydration as explained in [36]. In a

similar way, the stress state in the elastic and Kelvin elastic branches (see figure

1) have to remain compatible with the hydration degree during its evolution.225

This implies a reduction of the elastic and Kelvin strains, which then have to
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be considered as internal variables (24). Equation set (24) allows the elastic

strain to be reduced according to the evolution of the hydration degree . This

updating has an important consequence on the reversible creep module, since,

in equation (18), the reversible creep depends on the elastic strain.230

∀(ij)















∂Sijkl

∂ξ
εEkl + Sijkl

∂εEkl
∂ξ

= 0

∂Sijkl

∂ξ
εKkl + Sijkl

∂εKkl
∂ξ

= 0

(24)

With Sijkl the stiffness matrix computed with E(ξ) .

2.6. Numerical implementation

Differential equations (1) and (18) can be time discretized using a classical

semi-implicit Euler scheme (also called θ method). A set of equations involving

the six Kelvin strain components and six Maxwell components is formed, to be235

solved at each time step increment (25).

∀(ij)











































∆εKij

(

1 +
θ∆t

τK

(

1 +
1

ψK

))

+
θ∆t

τKψK
∆εMij =

θ∆t

τKψK
∆εij

+
∆t

τK

(

εEij
ψK

− εKi,j

)

∆εMij

(

1 +
θ∆t

τMij

)

+∆εKij
θ∆t

τMij
=

∆t

τMij
εEij +

θ∆t

τMij
∆εij

(25)

In (25), ∆t is the time step and θ the semi implicit coefficient, taken equal to 1/2

to obtain a mid point method. In these equations, total strains (εKij , ε
M
ij , εij)

are defined at the beginning of the time increment, while strain increments

(∆εKij ,∆ε
M
ij ) are the unknowns for the current time step and ∆εij is the im-240

posed strain increment. Variations of τMij , due to consolidation and variations

in environmental conditions, are taken into account explicitly by actualizing

consolidation coefficients (3) at the end of the time step, ready for the next one.

This approximation is admissible when relative variations of characteristic time

are slow enough. Otherwise the consolidation coefficient can be linearized to im-245

prove the convergence rate. In any case, the time step ∆t can be limited to avoid

inaccuracy induced by a possible inadequate choice of time step by user. Criteria
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usable to control the time step increment can be deduced from characteristic

times. For example, the condition ∆t 6 min(ζτMij , ζτ
K/(1 − εE/ψK/εK)) is

currently used in the model with ζ = 10%. This means that, if the asymptotic250

strain of the Kelvin module is not reached, the time step is chosen to avoid

strain increments greater than 10% of remaining Kelvin strain, without exceed-

ing 10% of the Maxwell characteristic time. As the Kelvin module strain is

generally reached a few days after loading, the time step is then controlled by

the Maxwell characteristic time, which increases with the consolidation coeffi-255

cient. Thank to this method the time step can be more and more large, and the

calculus more and more rapid. If the user chooses arbitrarily a time step too

large, the program cut the imposed time step in these optimal sub-steps and as-

sume a liear variation of the hydration degree from a time sub-step to the next.

This method allows to compute finite elements models with several thousand260

nodes in a reasonable time as illustrated in [37] or [38]. More accurate crite-

ria to choose the optimal time step could certainly be derived from equations

set (25), but the proposed one has been used with success by the authors. It

constitutes a good compromise between the computational cost for the optimal

time step assessment and the time spent for the creep calculus itself. The algo-265

rithm is finally relatively robust because even if the criterion of ζ = 10% used

to choose the optimal time step is larger, the error on creep strain assessment

during an increment leads to a larger consolidation at the end of the time step,

which in return reduces the creep velocity for the next increment. There is an

auto-compensation of too large time steps by the consolidation function. This270

phenomenon is certainly the principal reason of the robustness of the algorithm.

3. Applications

The previous equations were implemented in the finite element code CAST3M

(CEA) [39] and are currently being implemented to improve an existing chemo-

mechanical model [40] implemented in CODE ASTER (EDF). This part presents275

the applications to several experimentations taken from the literature in order
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to validate the ability of the model to simulate:

• basic creep under uniaxial and multiaxial loading in compression (test by

Kim and by Gopalakrishnan),

• basic creep and autogeneous shrinkage at early age (tests by Buffo-Lacarriere)280

• basic creep at different temperature levels (tests by Ladaoui),

• drying creep (tests by Granger),

• creep non-linearity (test by Roll).

For each part, the conditions of the experimentation (mix-design, instantaneous

characteristics) are given in Tables 2 and 3. The model parameters necessary285

to reproduce the behaviour, calibrated on experimental data, are summed up

in Table 4.

Table 2: Mix-design (C: cement proportion in kg/m3, W/C: water cement ratio)

Material Reference C W/C

CI Kim, 2005 [16] 320. 0.58

CII Kim, 2005 [16] 418. 0.40

CIII Kim, 2005 [16] 506. 0.32

Gopalakrishnan, 1969 [15] 260. 0.72

Ladaoui, 2011 [22] 400. 0.45

Granger, 1996 [41] 350. 0.54

Roll, 1964 [13] 300. 0.52

Mortar Buffo-Lacarriere, 2011 [36] [42] 489. 0.60

3.1. Basic creep under uniaxial loading in compression

The Experimental and calculated strains obtained on uniaxial basic creep

tests in compression (Kim) have been plotted in Figures 7, 8 and 9 for each290

concrete mix-design (concrete CI with a compressive strength of 26 MPa in 7,
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Table 3: Instantaneous characteristics of concrete (Rc: compressive strength, Rt: tensile

strength, E: Youngs modulus, ν : Poisson ratio)

Material reference Rc Rt E ν

(MPa) (MPa) (MPa)

CI Kim, 2005 26. - 24,010 0.18

CII Kim, 2005 44.1 - 29,841 0.18

CIII Kim, 2005 54.3 - 34,006 0.18

Gopalakrishnan, 1969 29. - 30,300 0.17

Ladaoui, 2011 86.0 - 45,450 0.27

Granger, 1996 43.5 - 38,600 0.21

Roll, 1966 41.4 - 35,000 -

Mortar Buffo-Lacarriere, 2011 26.5 2.3 24,600 0.20

concrete CII, compressive strength of 44.1 MPa in 8, concrete CIII, compres-

sive strength of 54.3 MPa in 9). In these experiments, ε1 was the strain in

Figure 7: Kim test, Concrete CI, uniaxial compression, basic creep with instantaneous elastic

strain for two loading levels (19 and 38%)

the loading direction and ε2 and ε3 were the transverse strains (in unloaded
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Table 4: : Creep and shrinkage model parameters

Material reference τKref τMref εMref ψK Mshr b mvg

Day Day - - MPa - -

Kim, 2005, CI 2. 15. 10.e-5 4. - - -

Kim, 2005, CII 2. 15. 9.e-5 4. - - -

Kim, 2005, CIII 3. 20. 7.5e-5 4. - - -

Gopalakrishnan, 1969 1. 10. 6.5e-5 4.8 - - -

Ladaoui, 2011 5. 10. 5.5e-5 5. - - -

Granger, 1996 1. 12. 12.e-5 3.5 40. 0.5 0.5

Roll, 1964 1. 6. 12.e-5 4.5 28.5 0.5 0.5

Buffo-Lacarriere, 2011 2. 10. 18.e-5 4. 25.5 0.55 0.5

Figure 8: Kim test, Concrete CII, uniaxial compression, basic creep with instantaneous elastic

strain for two loading levels (17 and 22%)

directions for uniaxial tests). Calculated values were obtained by calibrating295

the two characteristic times τKref and τMref and the characteristic creep strain

εMref on the strains ε1 obtained for the lowest loading of each concrete (Table 4).

In these experiments, the increase of strength was obtained by increasing the
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Figure 9: Kim test, Concrete CIII, uniaxial compression, basic creep with instantaneous elastic

strain for two loading levels (18 and 22%)

cement content, and reducing W/C ratio, with constant aggregate content [16].

The model calibration gave the lowest characteristic creep strain εMref for the300

highest concrete strength. It is important to note that the model gives a good

prediction of the strains in the unloaded directions with the calibration of pa-

rameters in the loading direction only. This is a consequence of the assumption

presented in equation (1) where creep strain rates derive from elastic strains and

no supplementary fitting is necessary. In the same way, all the strains for the305

second loading were well-predicted without additional fitting. In these exper-

iments, all the loadings were lower than 40% of the compression strength and

the experimental results show the good agreement between measured strain and

stress level.

3.2. Basic creep under multiaxial loadings310

The aim of this part is to test the aptitude of model to reproduce the basic

creep under multiaxial loading from experimental data presented in the litera-

ture: Gopalakrishnan (for loading and unloading conditions [15]) and Kim (only

for loading conditions [16]).
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For loading conditions. First, the model was tested on Kim’s experiments, al-315

ready presented in the previous part for uniaxial loading. The three concretes

described in the previous part were subjected to bi and tri-axial loadings. The

results of experimentation and modelling are reported in Figures 10, 11 and 12.

Figure 10: Kim’s test, Concrete CIII, biaxial compression, with two loading levels (curves

designation: loading levels in, respectively, directions 1 / 2 / and 3), basic creep with instan-

taneous elastic strain

For the calculations, the strains in the three directions were obtained with320

the parameters calibrated on the strain measured in the loaded direction of the

uniaxial tests for the same concrete (shown above). This comparison shows

that the model is able to predict strains in multiaxial conditions with only

one measurement in a uniaxial test and without supplementary fitting (for five

bi and tri-axial loadings). This result shows the interest of the developments325

presented in the first part of this paper, specifically the assumption concerning

the proportionality between instantaneous creep velocity and current elastic

strains (equations (1) and (18)), which is able to predict strains in a multiaxial

loading from calibration on a uniaxial test, without supplementary parameters.
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Figure 11: Kim’s test, Concrete CIII, triaxial compression, with two loading levels(curves

designation: loading levels in, respectively, directions 1 / 2 / and 3), basic creep with instan-

taneous elastic strain

Figure 12: Kim’s test, Concrete CIII, triaxial compression, with a same loading levels in the

tree directions, basic creep with instantaneous elastic strain

With unloading. During the life of a structure, stress on the concrete fluctuates.330

When the concrete is unloaded, creep recovery occurs. To be used in concrete

structural modelling, the model has to be able to reproduce this phenomenon,
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which is taken into account by the partition between reversible (Kelvin) and

irreversible (Maxwell) modules. During Gopalakrishnan’s experiments [15], dif-

ferent uni- and multi-axial tests were performed :335

• uniaxial loading at 12.5 MPa for 28 days followed by unloading,

• biaxial loading at 12.5 and 7.2 MPa, respectively, in directions 1 and 2 for

28 days followed by unloading,

• triaxial loading at 13.5, 12.8 and 6.4 MPa, respectively, in directions 3, 2

and 1 for 63 days, then increase of the compressive stress to 13.4 MPa in340

the direction 1 (stresses were unchanged in the other two directions), then

total unloading in the three directions at 94 days.

In this section, to facilitate interpretation of the graphics in multi-axial loading

conditions, the strain sign has not be reversed. This unusual convention concerns

only figures 13,14 and 15. As for Kim’s tests, the model was calibrated on the345

uni-axial test only (Table 4 and Figure 13), and then it was used to predict creep

deformation in the three directions of multi-axial loadings (Figures 14 and 15.

Figure 13: Gopalakrishnan’s test, uniaxial compression, basic creep strain

The Young’s modulus of concrete was not given in the Gopolakrishnan’s pa-

per [15]. It was assessed from the compressive strength with a usual standard

relationship [43] linking compressive strength and Young’s modulus. Also, tests350
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3

3

Figure 14: Gopalakrishnan’s test, biaxial compression, basic creep strain

Figure 15: Gopalakrishnan’s test, triaxial compression, basic creep strain

were performed 8 days after casting, and the increase of the concrete Young’s

modulus with hydration had to be taken into account to obtain a good repro-

duction of these tests. Here again, the standard kinetic law of the model code

was used [43]. Calculations for the biaxial test (Figure 14) are in good agree-

ment with experiment for both the loading and recovery parts. For the triaxial355

test (Figure 15), the magnitude of creep deformations in the three directions

was well-predicted by the model and the evolution of deformation with time

was quite well-reproduced for the first loading, with a slight delay for the two

directions with the largest loading (directions 2 and 3) while deformation calcu-
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lated along direction 1 is in accordance with measurements. Small differences360

can be noted in the second part of test (between 63 and 94 days) where the

model predicts a small negative slope while experiments show little evolution

for these two directions. In this period, the concrete specimen was kept in an

isotropic stress state. The measurements showed a stabilization of deformation

in the two directions previously loaded at 13 MPa (2 and 3), while the defor-365

mation rate increased in direction (1), for which stress increased from 6.4 to

13.4 MPa. This test shows that concrete creep exists under isotropic loading

but with different evolutions according to the direction previously loaded. Cal-

culations showed the increase of deformation rate in the third direction, but

only partially showed the stabilization in the other two directions. If creep370

modelling did not consider directional consolidation during creep phenomena,

spherical creep would lead to identical creep rates in the three directions. Di-

rections that have been previously subjected to higher loading (directions 2 and

3) show a smaller creep rate than the direction with smaller loading (direction

1) because directions 2 and 3 were already consolidated when the loading be-375

came isotropic. With the anisotropic consolidation, the present modelling takes

this effect into consideration. Moreover, the Drucker-Prager criterion does not

allow for non-linear creep under isotropic since the criterion cannot be reached

in this condition. This leads to a decrease (on average) in the creep deformation

velocity in isotropic conditions, in comparison with anisotropic loading, and ex-380

plains the difference of creep strain according to the mult-iaxial stress state: a

creep strain of about 300µm/m is obtained for the uni-axial loading (Figure13)

after 28 days of loading while in bi- (Figure 14) or tri- (Figure 15) axial loading

the creep strain in the same direction, and for a same applied stress, is about

250µm/m. The two original points of the model (anisotropic consolation and385

creep non-linearity versus loading) are needed to obtain relevant modelling of

creep in bi- and tri-axial stress conditions from model calibration on uni-axial

loading.
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3.3. Creep during hydration

Concrete creep velocity is higher at early age than for aged concrete. In390

the model, the phenomenon is a consequence of the dependence of creep rate

on elastic strains, which depend on the instantaneous properties of concrete.

As Young’s modulus, strengths and equivalent capillary pressure depend on the

hydration rate (23), instantaneous strains depend on the current values of these

properties and, through equations 1 and 18, creep rates are changed. Con-395

sequently, creep rates are higher at early age. To test the ability of model

to reproduce early age behaviour, autogenous shrinkage and creep a few days

after casting were simulated. Experimental results were obtained with mor-

tar specimens (see composition in Table 2). The specimens were placed in a

climatic room (20◦C ± 1◦C) and protected from water exchanges. Shrinkage400

strains were recorded from 24 hours after casting. Creep tests used incremental

loading (first loading 3 days after casting and reloading 7 and 69 days after

casting). This incremental loading allowed the loading rate to be adapted to

the progressive increase in the compressive strength (load equal to 30 % of Rc).

The loading and environmental conditions are summarized in Figure (16). The

30% Rc at 7 days

30% Rc at 3 days

30% Rc at 69 days

Figure 16: Buffo-Lacarriere’s tests, loading kinetics at early age, hydration rate and water

saturation rate (Sr)

405
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hydration and saturation rates were computed using a multiphasic hydration

model [35][44]. Hydration degree was used to determine the evolution of the

mechanical properties of the concrete from the percolation threshold (0.31 for

this mortar), using the de Schutter’s laws (23), with a reference hydration rate

(ξref in Equation 23) of 0.7, corresponding to the mechanical characteristics at410

28 days given in Table 3. The hydration model also computes the porosity and

the water content which were used to calculate the saturation rate, inducing

capillary pressure according to equation (22). Figure 17 compares the experi-

Figure 17: Buffo-Lacarriere’s tests, total delayed strains of loaded specimen and free shrinkage

simulations compared to experimental results

mental results and those obtained with the creep model for hardening concrete.

The influence of internal variable updating (24) and of elastic parameters (23)415

according to the development of hydration was highlighted by simulating the

same creep test with the creep parameters blocked at their value at 28 days,

as illustrated by the dot-dash curve in figure 18. In this figure, the strain that

would be obtained without creep is also presented (elastic strain corresponding

to the dotted curve). This latter curve represents only the elastic strain induced420

by the mechanical loading and the elastic part of autogeneous shrinkage. The

creep is the difference between the creep curve and this curve. It can be seen
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that, with a loading at 3 days after casting corresponding to an hydration degree

of 0.48, the real creep is approximately 20% greater than that computed with-

out a hardening law. The difference would be greater if loading were performed425

earlier, whereas it is very close to the curve considering hardening effects. De-

spite this fitting on a three days old concrete, the model was able to extrapolate

successfully the early age behaviour of a large instrumented structure studied

during the CEOS.fr research project [38]. In this application vibrating wires

sensors were embedded in the concrete to measure the mechanical strains since430

the very beginning of the hardening (a few hours after casting) until several

months. Complementary tests should be performed to be sure that the model

is applicable to other concrete types and loading chronologies. To this purpose,

interesting tests performed at early age are available in the literature. Among

others, tests used in [33], [45], [46] and [47] could also be simulated.

Figure 18: Buffo-Lacarriere’s tests, Creep and Shrinkage simulations with or without hydration

effect : Model with hardening law (line), Model with creep blocked parameters corresponding

to 28 days (dot-dash line), elastic strain (dotted line)

435

3.4. Creep in temperature

For calculations of structures for nuclear wastes disposal, particular atten-

tion was paid to creep in various temperature conditions. The capability of
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the model to reproduce creep strains in different thermal conditions was tested

on Ladaoui’s experiments [20] [21] on a high performance concrete (compres-440

sive strength 86MPa, Young’s modulus 45, 450MPa , see Table 3). After one

year of curing, creep tests were performed under 26MPa in atmospheres at

20◦C, 50◦C and 80◦C under autogenous conditions. The effect of temperature

on creep strains is shown in Figure 19. In the model, this increasing effect

of temperature is explained by the decrease in water viscosity: the Arrhenius445

law acts on characteristic times τK and τMij through the activation energy of

water viscosity (10), the increase of creep potential (11), and a 10% reduction

of Young’s modulus (measured by Ladaoui) induced by temperature damage

[20]. These three effects have to be taken into account to reproduce the effect

of temperature on concrete creep. To obtain the calculations presented in Fig-

Figure 19: Ladaoui’s tests, uniaxial compression at three different temperatures (20◦C, 50◦C

and 80◦C), total delayed strain compared with experimental results

450

ure 19, Ladaoui’s experimental results on basic creep at 20◦C and 50◦C were

used to fit the activation energy affecting the creep potential ( (Ea
p ) in equa-

tion (11)). An energy close to 23700J/Mol is necessary to reproduce the creep

strains at 20◦C and 50◦C with the same parameter’s set (Figure 19 and Table

4). Once the activation energy is fitted, the model can be used to predict the455
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creep at 80◦C (creep strains four times higher at 80◦C than at 50◦C Figure

19). In consequence, only one set of parameters is necessary to perform calcula-

tions of loaded concrete submitted to various thermal conditions. As explained

above, fitting the activation energy for creep potential need experimentations

in temperature higher than Tthr ≈ 45◦C (cf. equation (11)). According to [20],460

this temperature must be exceeded to modify creep potential. If a creep test

is performed below Tthr, creep is accelerated only through the modification of

interstitial water viscosity. An interesting application could be to perform creep

tests at ≈ 40◦C to obtain fast creep strains without changing the creep poten-

tial. The measurements at high temperature could then be analysed with the465

model, using only the effect of temperature on water viscosity (equation (10))

to predict the behaviour of concrete in usual conditions.

3.5. Drying creep

The moisture conditions of concrete structures usually vary. The effect of

drying on concrete creep is well-known. Phenomena at the origin of concrete470

creep are partly the same in endogenous and in drying conditions. The sup-

plementary strains obtained for drying creep are explained in the model by an

increase of shrinkage in loaded conditions, as proposed in [11] and [48]. Creep

modelling has to be able to reproduce basic and drying creep with the same

parameters for the rheological model. In order to obtain such a result, it has475

been proposed to introduce the Equation (20). To calibrate the only param-

eter of this equation (called (σdc) in Equation (20)), three measurements are

necessary: the basic creep, the drying shrinkage and the total creep. The abil-

ity of the model to obtain such results was tested on Granger’s experiments

[41]. Granger measured the concrete basic creep, shrinkage and total creep, as480

illustrated in Figure 20.

The concrete strength was 43.5MPa, the Young’s modulus 38600MPa.

Specimens were loaded at 12MPa (loading level of 27%). The relative humid-

ity for shrinkage and drying creep was 50%. The moisture transfer simulations

necessary to obtain relevant water concentration for drying shrinkage and total485
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Figure 20: Granger’s tests, drying shrinkage, total and basic creep with instantaneous elastic

strain, comparison with experimental data

creep tests are presented in [11]. Mechanical calculations were then performed

with the water saturation degrees obtained on the mesh for each time step by

these calculations. The Biot coefficient (b in equation (21)) for this concrete

was taken to 0.5 (not measured but this is a common value for concrete). The

parameters of creep modelling were then calibrated to obtain the basic creep490

and the shrinkage modulus was fitted to obtain a good assessment of the mea-

sured shrinkage strains (Figure 20, Table 4 for the parameters). The total creep

can be obtained with a parameter σdc = 18MPa (Figure 20). This means

that a compression stress of 18MPa is able to double the shrinkage (relative

to a free shrinkage condition). Therefore, the model can reproduce creep strain495

in autogenous and drying conditions with the same parameters for the creep

model.

3.6. Creep non-linearity

Finally, the model was used to analyse the creep non-linearity. Rolls exper-

iments were employed for this purpose [13]. In 1964, Roll studied the effect of500
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the loading level on concrete creep in drying conditions. The same concrete was

subjected to different loading levels ranging from 20% to 65% of the compres-

sive strength. The compressive strength and the Young’s modulus used for the

simulation are given in Table 3. During the creep tests, specimens were kept in

an atmosphere at 65% RH. The following calculations were performed with the505

concrete Young’s modulus measured at 220 days (Table 3). It was also assumed

that the saturation degree of concrete evolved from 100% to 65% between the

loading date and 220 days in order to fit the shrinkage strains (Figure 21).

Figure 21: Roll’s test, drying shrinkage and total creep with instantaneous elastic strain,

comparison with experimental data

Once the shrinkage had been calibrated, the creep parameters of the model

were fitted on the loading level of 35% which is a usual stress level for creep510

tests (Figure 21 Table 4 for the parameters). It was then possible to obtain

the creep strain for the other three loading levels (20, 50 and 65%) during the

loading phase and the recovery with no supplementary calibration (with the

parameter χM of equation (12) equal to 2). This application confirms that it is

possible to reproduce the non-linearity of creep with increasing loading level by515

using only one parameter and the concept of a non-linear Maxwell module (non-
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linear evolution of creep potential εM ) and without creep damage which would

lead to an overestimation of elastic strains at unloading (due to the decrease of

the Young’s modulus by creep damage, as suggested in [49]).

4. Conclusion520

The model presented in this paper allows non-linear creep, multi-axial creep,

and drying creep to be simulated in the framework of poro-mechanics. The

non-linear creep can be a consequence of a stress transfer from viscous phases

to non-viscous ones. This stress-transfer mechanism concentrates stresses on

non-viscous phases in the long term, which can change the creep potential if525

the loading level is sufficient, otherwise the consolidation process prevails and

creep slows. In addition, drying creep is interpreted as a modification of the

transmission of capillary forces from micro-structure to the macro-scale. This

modification depends, in the model, on the applied stress, which acts as a pre-

stress delaying de-bonding between paste and aggregates in the direction of530

applied stress. Finally the non-linear creep and the modulation of capillary

forces are coupled in the framework of poro-mechanics. The resulting model is

a macroscopic one, implemented in a finite element code. It can be used for the

simulation of structures subjected to high levels of loading and various moisture

or temperature conditions. The studies selected in the literature and performed535

to test the model have highlighted several interesting aspects of creep. Among

others, the following could have practical consequences:

• Confrontation of creep strain amplitudes in unloaded directions and loaded

directions show that the ratios of creep strains in different directions are

of the same magnitude as the ratios of elastic strains, so assuming creep540

velocity is proportional to elastic strains is a reliable and simple way to

link creep velocity and loading conditions.

• A comparison of Roll’s and Gopalakrishnan’s tests shows that the non-

linear dependence of the creep on strong loading can be based on a criterion
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using the equivalent shear stress (Drucker Prager). It means, the non-545

linear part of the creep potential is related to the deviatoric part of stress

tensor, with a minimizing effect of its isotropic part.

• Nevertheless, thanks to Gopolakrishnan’s triaxial test, it has been shown

that, in the case of spherical loading following a deviatoric loading, creep

strains in the principal directions of stresses continue while the stress state550

becomes isotropic. The fact that creep strain remains anisotropic while

the stress state is isotropic shows that consolidation is an anisotropic phe-

nomenon.

• According to meso-scopic analysis of the consequences of paste shrinkage,

drying creep can be interpreted as a modification of the hydric forces555

transmitted from paste to macroscopic level. This modelling allows the

basic creep model and the capillary effects to be merged into a single poro-

mechanical formulation. The advantages of doing this are multiple: first

it reduces the number of model parameters compared to a serial model in

which each phenomenon is modelled separately, and, more interestingly,560

automatically considers some coupling such as coupling between non-linear

creep and shrinkage, multi-axial creep and shrinkage, or non-linear and

multi-axial creep in temperature.

• In simulations of Roll’s and Kim’s tests, the fact of strain recovery after a

creep test leads to a specimen stiffness equal to the initial stiffness (before565

the creep test) shows that damage induced by creep has no macroscopic

effect on concrete stiffness, so the creep strain non-linearity with respect

to loading highlighted in Roll’s and Kim’s tests must be modelled by a

modification of creep potential without macroscopic damage.

Forthcoming stages intended to clarify the model will concern a better compre-570

hension of temperature effects and equivalent water pressure effects in transient

thermo-hydric conditions, which should improve the comprehension of temper-

ature effect on equivalent capillary forces. An experimental set-up has been
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developed at LMDC in Toulouse so that such tests can be carried out. Another

subject of concern could be the possibility of using the creep model in tension.575

In fact, the present model assumes the basic phenomena involved in delayed

strains are independent of the sign of the stress. This assumption is in accor-

dance with some results but not confirmed by others. The authors think that

the equivalent capillary pressure considered in the model could play a major

role in the asymmetry of behaviour in some tests [50] [8] [51] [47], and this580

assumption would merit investigations by comparison with reliable tests.

To finish, it should be noted that the model applications presented in this

paper were selected for their complementarity. They allow the models to be

tested under very different environmental and loading conditions and hence

constitute an interesting data set to benchmark creep models implemented in585

finite element codes.
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