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ABSTRACT: A new model for basic creep of concrete under multiaxial compressive stresses is proposed. 
The basic creep is considered to be the result of two processes, which are driven by spherical and deviatoric 
components of the stress tensor, respectively. Each part of the creep deformation process is associated with a 
physical mechanism. The first one is the migration of the adsorbed water in the macro-porosity. The second 
mechanism corresponds to the sliding of C-S-H gel sheets. The basic creep model has been coupled with an 
isotropic damage model coupled with plasticity. Some numerical simulations are performed. They show that 
the model response fits pretty much with experiments, as far as multiaxial loads are concerned. 

1 INTRODUCTION 

Measurements in EDF's1 pre-stressed concrete 
structures show a significant increase of the long­
tenn strains with respect to the expected ones. The 
major suspected reason is that the initial design cal­
culations are based on models which did not predict 
properly the occurrence of shrinkage and creep in 
concrete, when subjected to multiaxial loads, espe­
cially. 
Indeed, most of the models for concrete creep have 
been developed in order to predict the longitudinal 
strains of concrete under uniaxial compressive loads. 
These models usually are extended to multiaxial 
loads by analogy to the classical Hooke's elasticity 
law by using a creep Poisson's ratio. Furthermore, 
most of the authors consider this creep Poisson's ra­
tio as constant and equal to the elastic Poisson ratio 
(Bafant et al. 1997, Granger 1996). However, sev­
eral experimental studies on basic creep of concrete 
under multiaxial compressive stresses show that the 
corresponding creep Poisson ratio is not constant 
with time. Its initial value is less than the elastic one 
(Gopalakrishnan et al. 1969, Jordaan et al. 1969). It 
rather depends upon the multiaxial character of the 
stress state and thus is non-isotropic. The former 
point (a constant Poisson ratio) implies that one can 
underestimate the basic creep strains of about 5 to 
44 % (Benboudjema 1999). It may explain the in­
crease of the long-term strains mentioned above, and 
the unexpected great deflection of some concrete 
bridges, which are longitudinally and transversally 
pre-stressed. The latter point implies that the super-
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position principle is no more valid. Moreover, a 
probabilistic calculus on a biaxial pre-stressed 
structure showed that the importance of the creep 
Poisson's ratio become predominant after about ten 
years for the estimation of long-term strains (Hein­
fling et al. 1998). 
In this contribution, a new model for basic creep of 
concrete under multiaxial compressive stresses is 
proposed. The basic creep model has been imple­
mented into a finite elements code. The creep model 
is coupled with an isotropic damage model coupled 
with plasticity in which the effective stress concept 
has been introduced. A mechanical damage variable 
is introduced to describe the degradation of the stiff­
ness due to progressive microcracking. The damage 
variable is splitting up into two damage scalars de­
pending on the sign of the stress in order to repro­
duce the crack closure effects when the material is 
subjected to alternated loads. This concrete model is 
also based on the non-associated flow theory of 
plasticity with a scalar hardening parameter, in order 
to describe correctly the dilatancy phenomenon. A 
multi-surfaces criterion is used so as to reproduce a 
suitable behavior of concrete in compression and in 
tension. The model is illustrated through some uni­
axial and multiaxial creep tests existing in the lit­
erature. 



2 MODELING OF BASIC CREEP OF 
CONCRETE 

2.1 Mechanisms and assumptions on basic creep of 
concrete 

In this model, the basic creep is considered to be the 
result of two processes, which are driven by the 
spherical and deviatoric components of the stress 
tensor, respectively. Several experimental findings 
prove that the splitting of the creep strain process to 
a spherical part and a deviatoric part is relevant 
(Gliicklich et al. 1972, Gopalakrishnan et al. 1969, 
Jordaan et al. 1969). Moreover, they showed that the 
spherical creep strains and the deviatoric creep 
strains are proportional to the spherical part and the 
deviatoric part of the stress tensor, respectively. 
Each part of the creep strain process is associated 
with a physical mechanism. 
The spherical creep mechanism concerns water 
moving in both capillary space (reversible) and in­
trinsic porosity (irreversible), due to the hydrostatic 
component of the stress tensor. This is shown in fig­
ure 1. 
The macroscopic spherical loading is firstly trans­
mitted to the water adsorbed between the hydrated 
products, in the form of a pressure. The water in­
volved will therefore migrate reversibly to the non­
saturated capillary space (see 1 in Figure 1), without 
any increase of the capillary pore pressure. 

Capillary Micro porosity 

Movement 

of·water 

Hydrates Cement 

Figure 1. Proposed mechanism for the spherical creep. (Ben­
boudjema 1999) 

When the skeleton is progressively loaded, the mac­
roscopic spherical loading is then retransmitted to 
the water adsorbed in the intrinsic porosity of the 
hydrate~, which will migrate (see 2 in Figure 1) to 
the capillary pore too, but this movement is now ir­
reversible due to capillary tensions. Several tests 
confirmed the partially reversible character of the 
spherical creep strain (Gliicklich et al. 1972, Go­
palakrishnan et al. 1969, Jordaan et al. 1969). 
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The first mechanism is similar to the one proposed 
by Ulm et al. (1998), and has been related to the 
short-term creep. As for the second mechanism, the 
water migration is much slower due to the high 
complexity of the microstructure of the hydrated 
products, and is therefore related to the long-term 
creep. 
It is here assumed that the spherical creep strain of 
concrete is asymptotic because the water is available 
only in a finite quantity. This assumption has been 
verified experimentally (Gliicklich et al. 1972). The 
volumetric basic creep of the mortars subjected to a 
hydrostatic compression ceased after about 40 days. 
The deviatoric creep mechanism is presented in Fig­
ure 2. 
The macroscopic deviatoric loading is transmitted at 
the microporosity scale, which will drive the sliding 
of the C-S-H sheets. As in the case of the spherical 
mechanism, we split up the deviatoric creep strain in 
a reversible and an irreversible component (con­
firmed by several tests, see Benboudj ema et al. 
2000). The water absorbed (see 1 in Figure 2) near 
the C-S-H gel wall (with a great absorption energy) 
is responsible for the reversible aspect of the devia­
toric creep; after unloading, it will drive back the C­
S-H sheet sliding, due to its load-bearing character. 
After some water layers (see 2 in Figure 2), the ab­
sorption energy is much lower, therefore the move­
ment of this water is not reversible. 

crdev ---11PJ111111> ...-/-- C-S-H sheet 

1 

2 

1 

Figure 2. Mechanisms of the deviatoric creep in the C-S-H mi­
cropores. (Benboudjema 1999) 

We will present now the constitutive equations of 
the model. 

2.2 Constitutive relations of the basic creep model 

The spherical and deviatoric part of the creep strain 
tensor (Esph and Edev respectively) are derived from 
the creep strain tensor E by the following manner: 

sph _ l · h _ 1 ( ) 1 ( ) E -p· wit p--·trE =-· & 11 +&22 +&33 
3 3 

(1) 



(2) 

where &11 , &22 and &11 ary the principal creep strain. 
The corresgonding spherical and deviatoric stress 
( crsph and cr ev respectively) are obtained by the same 
manner. 
The creep Poisson's ratio is calculated by the fol­
lowing equation (where J is the creep compliance) 
for a system of multiaxial stresses: 

(3) 

The creep compliance can be obtained by a uniaxial 
creep companion test: 

(4) 

where &,, is the longitudinal creep strain, and Oi1 the 
applied stress. 
The physical mechanism of the spherical creep leads 
to a model presented in details by Benboudjema 
(1999). The spherical creep strain can be therefore 
expressed by the following expressions: 

(6) 

where s,!P
11 and &/ph are the reversible and the irre­

versible spherical creep strain respectively ; 77,.SP" 
and 77/P" are the apparent viscosities of the water at 
two different scales of the material (macroscopic 
and microscopic level, respectively). These apparent 
quantities depend upon the water viscosit/,' and the 
connected porosity geometry. Further, k/P 1 and k/P11 

are the apparent stiffuess associated to the precedent 
viscosities and related to the stiffuess of the porous 
material and the skeleton. 
The differential equations system (5) is coupled and 
can not be solved directly if ds/P" :7: 0. This system 
can be written on a matrix form: 

(7) 

where Esph is the vector of the reversible and irre­
versible basic creep strains. 
Let us decompose the matrix, A, in its eigenvector 
base: 

(8) 

where P is the matrix of the eigenvectors and D is a 
diagonal matrix. 
The spherical creep strains can be expressed in the 
eigenvector base. The differential equations system 
(5) can now be expressed in an uncoupled form: 

(9) 

where E/P
11 is the spherical creep vector expressed in 

the eigenvector base. 
Therefore, the expression of the spherical creep 
strain vector can be derived from the equation (9) in 
the eigenvector base and then in the original base 
after a base transformation. The expressions of the 
reversible and irreversible creep strains are: 

where a11, a12, a11, a12, r1 and r2 are parameters 
which depend on 77,.SP" , 77/P", k/P" and k/P" (Ben­
boudj ema 2001). 
The physical mechanism of the deviatoric creep 
leads also to a model presented in details in (Ben­
boudjema 1999). The constitutive equations of the 
model are: 

163 

{ 

dev dev ( ) dev ( · ) &u = &u rev + &;; zre 

n dev . ii ~ev (rev) + k dev • 8 ~ev (rev) = a ~ev 
·1 r It r 11 It 

dev · dev (' ) dev T/; · &;; zre =au 

(10) 

The deviatoric creep strain can be therefore ex­
pressed analytically by the following equation: 

s .. (t)= -·t+-· 1-exp --·t ·a .. (11) dev [ 1 1 ( [ k,~ei• ]J] dev 

11 T/ 1ev k 1~ev T/ ~ev 11 

The total creep strains are the sum of the spherical 
creep strain and the deviatoric creep strains: 

(12) 

Some numerical simulations will now be performed. 

2.3 Validation of the basic creep model 

For the validation of the model, we use the experi­
mental results from Gopalakrishnan et al. (1969). 
The concrete specimens were 10 in. (25.4 cm) cubes 
and were cured and stored at 98 ± 2 % H.R. The 
water-cement ratio was 0.72. The specimen was 



loaded at an age of 8 days (with a nominal strength 
of 29 MP a, at this time), then unloaded at an age of 
36 days. At first, the parameters of the model are 
identified on the spherical and deviatoric part of the 
creep strain tensor for a biaxial test. The applied 
stresses are given in Table 1: 

Table 1. Applied stresses at 8 days during the biaxial test. 
cr 1 [MPa] cr2 [MPa] cr3 [MPa] 
12.54 7.25 0 

And the values of the parameters are given in Table 
2: 

Table 2. Values of the identified parameters. 
Spherical Part 

k,.'"" [MPa] k/"" [MPa] 17,.'"" [MPa.s] 

Deviatoric Part 
k,.""'' [MPa] 17/e'' [MPa.s] 17/ev [MPa.s] 
4.96 104 2.54 10 16 3.91 10 11 

17/"" [MPa.s] 

To obtain the optimum values of the model parame­
ters, a nonlinear optimization program (based on the 
Levenberg-Marquardt algorithm) is used (Benboud­
j ema 2001) by minimizing the sum of the squares of 
the deviations from the data points. 
The result of the identification is given in Figure 3, 
for the total creep strain (&11 , &22 and &33), after con­
sidering each mechanism alone: 

.: 0,0003-.----------~ 
~ 1~--~ 

~ o, ooo21-r----.:t:::::g:=:ii:::==41 --;;--- s11 

~ -;:- 8 22 t; 0 I 00 01 ti'----:J!?'--='::::....::._-----lltl==ii:===;==:il 

() 0 ~-....----....;;;.28.;;..__3;p.;8;..__4..;,8;;.._...;5;..;.j8 --;;-- 8 33 
·~ 8 
00 -0,0001~---------~ 

Time [day] 

Figure 3. Simulation of the basic creep strains (2D test). 

Next, we used the parameters determined above to 
simulate the longitudinal creep strain of a uniaxial 
companion test (er 12,5 MPa), performed on the 
same concrete mixture. The result of the simulation 
is given in Figure 4 ( &11). The attempt is to show how 
the model is able to reproduce the results of the as­
sociated uniaxial test with a parameter set identified 
from a biaxial test. 
The calibration and the simulation give good agree­
ments with the test results. The model does not un­
derestimate the creep strains in the uniaxial and the 
biaxial test. The Figure 4 shows the evolution of 

c: 0,0003 
·~ 

0,00025 -"' a. 0,0002 
<I> 
~ 0,00015 

__:_ ~ () 

() 0,0001 

·~ 0,00005 
00 

0 
8 18 28 38 48 58 

Time [day] 

Figure 4. Simulation of the longitudinal basic creep strains (lD 
test). 
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creep Poisson's ratio with time and direction. It is 
calculated from the expressions given by the equa­
tion (3) and (4). 

0 
+;; 0,2 
~ 
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"' "' ·o 
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() 
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·~ 0 

00 

~ 0 
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Figure 5. Evolution of the basic creep Poisson's ratio. 

The model can predict a creep Poisson's ratio very 
close to the experimental one. It depends on the di­
rection and on time. It is four times smaller than the 
elastic Poisson's ratio in the most loaded direction. 
Therefore taking a creep Poisson ratio equal to the 
elastic one underestimate the creep strain in that di­
rection (see equation (3)). 
Note that the inverse procedure in which the simula­
tion of multiaxial creep tests with a parameter set 
identified from a uniaxial test does give similar re­
sults (Benboudjema 1999). 

3 IMPLEMENTATION OF THE BASIC CREEP 
MODEL COUPLED WITH A MECHANICAL 
MODEL INTO A FINITE ELEMENTS CODE 

3 .1 Constitutive relations of the mechanical model 

The basic creep model has been implemented into a 
finite elements code. The creep model is coupled 
with an isotropic damage model coupled with plas­
ticity (Nechnech 2000). The damage variable is as­
sociated to the mechanical degradation process of 
concrete induced by the development of mi-



crocracks. It is defined as the ratio between the area 
occupied by created micro-cracks, over the whole 
material area (see figure 6). 

Undamaged 
Material 

Apparent 
V stresses 

O' 

S=S 
~ 

Damaged 
Material 

Effective 
stresses ~ 

O' (j 

Apparent area Effective area Damage variable 

Figure 6. Definition of the damage variable. 

Since the behavior of the undamaged part of the 
material is elastic, the stress-strain relationship 
reads: 

(13) 

where Ea is the initial elastic stiffuess matrix, Be is 
the elastic strains vector and D is the isotropic scalar 
damage variable. 
The damage variable represents the effect of pro­
gressive microcracking, due to external mechanical 
loads, in term of degradation of the current Young's 
modulus of the material. The evolution of the dam­
age variable is an exponential form: 

Dx = 1- exp( ex · J(t) · KJ (14) 

where T(, is the cumulative plastic strain driving in 
fact the cracking process, ex a material parameter 
and f(t) a function which depends on current time. 
The subscript x refers to traction (t) or compression 
(c). 
The signification of the f function comes from the 
manifestation of time-dependent growth of mi­
crocracks, initiated by gradual breakage of bonds. 
This function reads: 

{

f(t)= exp[-( ff] if K, <'0 

f(t)=O if Kx =0 

(15) 

where T and µ are constant parameters. 
In order to describe properly the differences in the 
behavior of concrete in compression and in tension, 
the damage variable is separated into a compressive 
one and tension one. The crack closure effect is 
taken into account by multiplying the damage vari­
able in tension with a scalar weight factor p. This 

scalar reflects the elastic stiffness recovery during 
the unloading process from tension state to compres­
sion state: 

l -D = (l-Dc)' (1- P · D 1 ) 

p 

iI,3/(j.) 
i =l \ l 

i"I31(j· I 
i=l 

1 

(16) 

Here, we consider the partition of the total strain. 
The strain increment is decomposed into an elastic 
one, a plastic and a creep one: 

(17) 

where Bp and Be are the plastic and the creep strains 
vectors, respectively. The dot represents derivation 
respect to time. 
The coupling between damage and plasticity is 
based on the definition of the effective stress in the 
material and on the assumption that the undamaged 
material is elasto-plastic (Ju 1989). In order to re­
produce suitable behavior in compression and in 
tension (Feenstra 1993), a Drucker-Prager criterion 
in compression and a Rankine criterion in tension 
are used (see Figure 7). 
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Drucker-Prager 
criterion 

!, 

Rankine 
criterion 

Figure 7. Drucker-Prager and Rankine criterion in the principal 
stress space (2D). 

The Drucker-Prager criterion is written as: 

F"(cr,KJ=J2 (s)+a1 ·I1(cr)-J3·rck) (18) 

where J2(s) is the second invariant of the deviatoric 
stress tensors, IJ(cr) is the first invariant of the stress 
tensor cr, Tc is the nominal strength in compression, 
a1 and fJ are two material parameters. 
The Rankine criterion is written as: 

(19) 

where a-1 is the maximal principal stress in tension 
and Tt is the nominal strength in tension. 
The nominal strengths are defined by: 



(20) 

where ax and bx are material parameters identified 
from uniaxial test (Nechnech 2000). 
Note that the nominal strengths depend upon time, 
which means that the carrying capacity of the mate­
rial decreases with time to take into account delay 
effect of cracks growth on strength evolution due to 
creep strains. 
The non-associative plastic flow theory is adopted in 
compression in order to predict the correct amount 
of dilatation of concrete since the damage model is 
isotropic, which means the use of plastic potential 
that reads: 

(21) 

where ag is a material parameter which controls di­
latancy of concrete. 
The plastic strain rate is then obtained by Koiter as­
sumption: 

(22) 

It is well established today that strain softening in­
duces inherent mesh dependency and produces fail­
ure without energy dissipation (Bafant 1976). In or­
der to avoid these unpleasant features, we use the 
fracture energy approach proposed by Hillerborg et 
al. (1976), which consists to introduce a characteris­
tic length related to the size of the localized zone 
(Nechnech 2000). 

3 .2 Coupling between the basic creep model and 
the mechanical model 

We suppose that basic creep only occurs in the un­
damaged part of the material. Therefore, the equa­
tion (12) reads: 

(23) 

The equation (23) assumes that nonlinear creep does 
not exist (Bafant et al. 1997). The nonlinearity ob­
served in experimental tests comes from the growth 
of microcracks in time, which is taken into account 
by the equation (14) and (20). 
In order to take into account the stress history, it is 
therefore possible to make use of the Boltzman su­
perposition principle: 

I 

(t)- f(J ~spit J ~de1• \ r s ii - sph . (J + dev . (J ii ;a r (24) 
0 

A major inconvenience of the previous equation is 
that one has to save the whole history of stresses in 
each Gauss points in the case of a finite elements 
calculus. If the number of finite elements or/and the 

number of time steps are numerous, the saved data 
quantity may be so important and makes the numeri­
cal calculus impossible to be achieved with reasona­
bly memory loads. 
This major disadvantage can be avoided in the pres­
ent model. During a time-step, the stress history is 
approximated by a linear function (Bafant et al. 
1982): 

~ ~ ~ (t-t
11

) • {tE[t
11 ,t 11

+1l 

a(t) = cr 11 +Lia 11 -- wzth Lit11 = t 11 +1 - t11 
Lit/I ~ ~ ~ 

Lia II =a 11+1 cr II 

(25) 

where cr11 is the stress vector at time step number n, 
and t11 is the time at time-step number n. 
By solving the differential equation (5) and (10) 
with the approximation of stresses (25), the basic 
creep strains reads now (Benboudjema et al. 2001): 

(26) 

where 8/ is the basic creep strains vector at time­
step number n, A, Band Care squared matrix which 
depends only upon material parameters, t11 and Lit. 
Therefore, we just need to save the stresses vector 
and the creep strains vector at time step number n to 
know the basic creep strains vector at time-step 
number n +I. The stress vector at the end of the time 
step number n+ I is written as: 

a =E ·8 11 +
1 =E ·(s 11

+
1 -s 11

+
1 -s 11

+
1

) 11+! 0 e 0 p c (27) 

where 8/, 811 and 8/ are the elastic, total and plastic 
strains vector at time step number n, respectively. 
Finally, if one makes use of the equation (26), the 
stress vector at the end of the time step reads: 

l
~ H-1 {~11· E 11+1) 
a11+! = 11+1 '\0'11+! - o ·EP 

H11+1 =(I+B) 
a1

r =E ·(s'i+
1 
-e

11 -A·cr -C·E 11
+

1
) 

11+1 0 p II C 

(28) 

where I is the unit matrix and cr11+/" is the trial stress 
vector, which can be calculated at the beginning of 
the time step, since all the involved quantities are 
known. 
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The effect of creep can therefore be taken into ac­
count easily, without any noticeable change in the 
existing resolution algorithm of the plastic model 
(Nechnech 2000). 
Some numerical simulations will now be performed. 

3.3 Validation of the mechanical model 

For the validation of the model, we use the experi­
mental results from Li (1994). The concrete pris­
matic specimens were 10 x 10 x 50 cm and were 
sealed by wax. The storage and test temperature was 
20 ± 1°C. The water-cement ratio was 0.67. The 
Young modulus of the specimens was 25.8 GPa, the 



elastic Poisson ratio, 0.14 and the ultimate strength 
in compression, 9.8 - 12.75 MPa. Specimens were 
loaded in uniaxial compression until the failure oc­
curred. The stress levels were 83, 85, 90 and 95 per­
cent of ultimate strength. 
Since we do not have the experimental stress-strain 
curve for the tested specimens, we use typical pa­
rameters in order to describe the behavior of con­
crete in compression. The values of the mechanical 
parameters are identified from conventional uniaxial 
compressive tests and are listed in Table 3. 

Table 3. Values of the mechanical parameters used in the 
simulations. 

In the case of uniaxial loading, it is possible to link 
the time when failure occurs to the ratio of the ap­
plied stress over the ultimate strength. We obtain 
analytically by the combination of the equation (15) 
and (20): 

. ac (Ju 

( [ 
4 

J)
y;, 

t f = -r. ln (1 + aJ2 . fco (29) 

where t,ris the time at failure and a;, the applied uni­
axial stress. 

Since we have experimental results on time at failure 
for different stress to strength ratio, we can identify 
the parameters randµ (Figure 8). 

100 

75 
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50 

e 
~ 
(!) 

== 
25 

...:i 

0 
0,8 0,85 

Analysis 

Test results 

0,9 

cr/fc ratio 

1: =345 
µ=0.19 

0,95 

Figure 8. Time at failure versus stress to strength ratio. 

The calibration of the parameters gives good agree­
ment with the data for the lifetime of specimens. 
Note that if the applied uniaxial stress is equal to the 
ultimate strength, the specimen fails immediately, 
which is consistent with what we can except. 
The creep parameters are identified from the axial 
and lateral creep measured strains in an uniaxial test. 
They are listed in Table 4: 

Table 4. Values of the identified creep parameters. 
Spherical Part 
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k,.'"" [MPa] k/"" [MPa] lJ/P" [MPa.s] lJ/''" [MPa.s] 

The result of the simulation, for stress to strength 
ratio equal to 0.83, is given in Figure 9: 

~ 1200 
T"' 900 
~ 

600 c: 
·~ 300 ..... 
(/) 0 c. 
<!) 

-300 ~ 
(.) -600 

r­
~ 
(1l 

..._~~~~~~~~~~~~~~_J/ ~ 
0 25 50 75 

Time [minutes] 

Figure 9. Creep strains in the axial and lateral directions versus 
time under sustained stress at 83 percent of ultimate strength. 

From figure 9, we observe that the numerical results 
correlates quite well with the experimental data for 
the axial and the lateral creep strains. 

4 CONCLUSION 

To the authors knowledge, it is the first creep model 
for concrete which takes into account directly multi­
axial loads, without using a creep Poisson's ratio, 
since its value depends here on the strain tensor 
buildup. 
The preliminary results presented in this paper show 
that the model response fits pretty much with ex­
periments, as far as multiaxial loads are concerned. 
The splitting of the creep strain in a spherical and a 
deviatoric component, as well as theirs mechanisms 
and descriptions seem to be relevant. However, pre­
cise experimental data are still needed in order to 
validate fully the hypotheses introduced in the pro­
posed model and to allow its extension to take dry­
ing effects into account. In that aim, an important 
experimental research program including uniaxial as 
well as multiaxial creep tests is currently undertaken 
at EDF Research Division. 
The basic creep model has also been coupled with 
an isotropic damage model coupled with plasticity. 
Creep is supposed to be proportional to effective 
stresses in the undamaged material. Growth of mi­
crocracks in concrete is taken into account in the 



model, since the scalar damage variable and the 
nominal strengths depend both on time and the cu­
mulative plastic strain. From the finite elements im­
plementation point of view, the effect of creep is 
easily taken into account, since existing algorithms 
of the plastic model remains nearly unchanged. Nu­
merical simulation shows that the model predicts 
correctly the lifetime of the specimen under uniaxial 
compression stresses for various stress to ultimate 
strength ratios. Moreover, the model response fits 
pretty much with both uniaxial and lateral experi­
mental time-dependent strains. 
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