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Abstract 
This paper investigates the behaviour of concrete failing under high stress levels and subjected to different types of 
loading. The aim of this investigation is to clarify the development of linear and nonlinear creep strains and how they 
relate to material damage and eventual failure. This research is supported on the results of a new experimental pro-
gramme performed on concrete cylinders tested in uniaxial compression under varying strain and stress rates. The re-
sults of this programme allow investigating the influence of the loading history on the material response in terms both 
of its strength and deformation capacity. On this basis, a failure criterion related to the inelastic strain capacity of con-
crete is defined. Such failure criterion, showing consistent agreement for all types of loading histories, allows calculat-
ing in a simple manner the reduction of the strength for a long-term loading situation and also its associated deformation 
capacity. On that basis, a comprehensive method for predicting failure of concrete under different long-term loading 
patterns is proposed and validated.  
 

 
1. Introduction 

Many concrete structures are subjected to significant 
sustained loads over large periods during their lifetime. 
This is for example the case of large bridges, cut-and-
cover tunnels (Fig. 1a) and soil-retaining structures. 
Others are designed to carry mostly rapid load actions 
typically associated to traffic loads (as underpasses (Fig. 
1b) and small bridges), wind or earthquakes. 

In the last decades, large research efforts have been 
dedicated to understand the influence of the load type 
(sustained, variable) on the behaviour of concrete struc-
tures. The influence of sustained loads on the time-
dependent deformation of structures in the serviceability 
state has also been widely researched. However, the 
influence of high levels of stress but variable with time 
and its structural consequences (stress redistributions for 
instance) is still poorly investigated and understood. 

The phenomenon of creep has traditionally been re-
lated to serviceability limit states and hence it has been 
mostly studied in the elastic domain of response of con-
crete, normally assumed to be up to about 40% of its 
short term resistance. The first studies on compressive 
creep behaviour above this threshold (Davis 1928; 
Troxell et al. 1958) were still performed for moderate 
stress levels (up to 50% of the short-term strength of 

concrete), but already indicated that an amplification of 
creep strains occurs at high sustained loads (“the creep 
per unit stress at the higher levels of stress intensity was 
significantly greater” (Troxell et al. 1958)). With re-
spect to the age of loading, it was observed a lower in-
fluence of the level of stress on the creep behaviour for 
concretes loaded at older ages. Other authors 
(Freudenthal and Roll 1958; Roll 1964) performed ex-
tensive studies of concrete under sustained compressive 
loads for various concrete mixes, showing that the 
strength increase with age depended also on the speci-
men geometry (influencing the drying conditions). They 
also concluded that there is in general an increase of 
strength for specimens subjected to sustained loading. 
However, it is important to mention that their specimens 
were loaded with sustained stress levels up to 60% of 
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Fig. 1 Influence of sustained and rapid loads on struc-
tures: (a) cut-and-cover tunnel under permanent soil 
load; and (b) underpass under traffic load. 
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the 28-day short term strength, and then loaded rapidly 
to failure on the day of removing of sustained load. 

With respect to very high levels of sustained com-
pressive stress (close to the short-term strength), Shank 
(Shank 1949) and Rüsch (Rüsch 1956; Rüsch 1960; 
Rüsch et al. 1968) were amongst the first authors to 
investigate the existence of a delayed failure under sus-
tained loading. In 1960, Rüsch established the term 
“sustained load strength” (Rüsch 1960) for the critical 
stress level leading to failure under sustained loading, 
which was found to be approximately 75% of the short 
term strength. That research work established a failure 
limit for concrete under sustained load, governing for 
stress levels above that critical degree of loading (see 
Fig. 2a). For a sustained load below the critical degree 
of loading, concrete would on the contrary reach the so-
called creep limit (strains increase with time by creep 
deformations but not leading to failure). This pioneer 
work was followed by several researchers, some of 
which have studied the failure under compressive creep 

of normal strength concrete (Shah and Chandra 1970; 
Awad and Hilsdorf 1971; Diaz and Hilsdorf 1971; 
Stöckl 1972; Wittmann and Zaitsev 1974; Coutinho 
1977; Fouré 1985; Smadi et al. 1985; Nechvatal et al. 
1994; El-Kashif and Maekawa 2004; Maekawa and El-
Kashif 2004; Fernández Ruiz et al. 2007; Suryanto et al. 
2013; Wang et al. 2015; Schlappal et al. 2017) as well 
as of high strength concrete (Ngab et al. 1981; Smadi 
1983; Smadi et al. 1985; Han and Walraven 1994; 
Müller and Burkart 2010; Anders 2012). Several authors 
have even provided results on the influence of sustained 
loads on the multiaxial behaviour and Poisson’s ratio 
(Bažant 1970; Zhaoxia 1994; Benboudjema et al. 2001; 
Mazzotti and Savoia 2002; Aili et al. 2015).  

Table 1 gives an overview of other experimental 
works on sustained load strength of concrete in com-
pression. In accordance to the findings of Rüsch, most 
of the researchers have found that failure under sus-
tained load occurs for normal strength concrete at ap-
proximately 70% to 75% of its short term strength. 

Table 1 Experimental programmes performed in the scientific literature for failure of concrete in compression under 
sustained loading. 

Reference fc,ref (t0) 
Observed threshold 

fc,Δt / fc,ref (t0) t0 
Tested Δt

up to: 
Tested 

fc,Δt / fc,ref (t0)
Failure 
Δt 

 [MPa] [-] [d] [-] [-] [-] 
Sell, 1959  32 0.70 56 7 d - - 
Rüsch, 1960  20 - 60 0.75 var. 2 y 0.75 

0.80 
0.85 
0.90 

up to 6 months 
up to 3 months 

up to several days 
up to several hours 

Awad, 1971  16 - 41 - var. 4 d 0.85 
0.90 
0.95 

up to 4.5 days 
up to 7 hours 

up to 1.5 hours 
Stöckl, 1972  50 0.80 28 15 y 0.70-0.75 several failures reported 
Smadi et al, 1982  20 - 25 

35 - 40 
60 - 70 

0.75 
0.75 
0.80 

28 6 m - 
0.75 
0.80 

- 
2 fail at 49 days, 2 no fail
2 fail at 14 days, 2 no fail

Iravani et al, 1998  65 
95 

105 
120 

0.70-0.75* 
0.75-0.80* 
0.85-0.90* 
0.85-0.90* 

56 3 m 0.75/0.80* 
- 

0.90/0.95* 
- 

fail at 30 days / 7 days 
- 

fail at 0.5 days / 9 min  
- 

*slightly eccentric       
 

(а) (b)

~ 0.8∙fc

~ 0.4∙fc

  1.0∙fc

(*) Corresponds to a 2 min. test 

Creep limit

(I)
ε < 0

Failure limit ..
(II)

ε ~ 0..
(III)
ε > 0..

.
Short-term behaviour (εc0)
εref = 0.02 ‰∙s-1 (*)

ε = εc0∙(1+φlin)

εc

σc

t

εcc

σc ~ 0.8∙fc

σc ~ 0.4∙fc

 
Fig. 2 Response of concrete under uniaxial compressive stresses: (a) short- and long-term stress–longitudinal strain dia-
gram according to (Rüsch 1960); and (b) evolution of creep strains with time (primary, secondary and tertiary stages of 
creep). 
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Completing these researches, several works have also 
been performed on the phenomenon of sustained load 
strength for low compressive loading rates (El-Kashif 
and Maekawa 2004; Fernández Ruiz et al. 2007; Fischer 
et al. 2014; Tasevski et al. 2015; Tasevski et al. 2016) as 
well as for flexural and tensile loading (Domone 1974; 
Reinhardt and Cornelissen 1985; Zhou 1992; Carpinteri 
et al. 1997; Rinder 2003; Barpi and Valente 2005; 
Reinhardt and Rinder 2006; Omar et al. 2009). 

Regarding the kinematics of creep strains under high 
constant stresses, three stages of behaviour can gener-
ally be distinguished in the development of creep as 
mentioned by several authors (Zhou 1992; Berthollet et 
al. 2004; Bockhold and Stangenberg 2004), namely 
primary, secondary and tertiary creep (Fig. 2b). The 
primary creep relates to a kinematics associated to a 
decreasing rate of strains ( 0ε < ). The secondary creep 
is characterized by a roughly constant rate of strains 
( ~ 0ε ), whereas the tertiary creep is associated to an 
increasing rate of strains ( 0ε > , eventually leading to 
failure). The development of secondary and tertiary 
creep strains is highly dependent on the stress level 
(σc/fc) to which concrete is subjected. With this respect, 
several phenomenological discussions can be found in 
recent literature (Rossi et al. 1994; Bažant and Xiang 
1997; Berthollet et al. 2004; Denarié et al. 2006; 
Fernández Ruiz et al. 2007; Rossi et al. 2012; Rossi et 
al. 2013). In general, linear creep strains are associated 
to delayed strains occurring in concrete without material 
damage (low σc/fc ratios). For higher stress levels, 
nonlinear creep strains develop due to microcrack initia-
tion and progress in the concrete, implying material 
damage (Rossi et al. 2013). Under some conditions 
(high sustained σc/fc ratios, normally above 0.75), the 
tertiary creep stage may develop, characterized by mi-
crocrack progression and coalescence (creation of mac-
rocracks), which is accompanied by additional nonlinear 
creep strains and eventually leads to failure under sus-
tained load. 

With respect to codes of practice, the topic of nonlin-
ear creep strains is in some cases explicitly considered 
as in fib Model Code 2010 (fib 2013) or in Eurocode 2 
(CEN 2004), where formulas are provided to estimate 
the linear and nonlinear creep strains for ratios σc/fc 
normally lower than 0.6 (prior to the development of 
tertiary creep strains and failure under sustained load). 
These codes also account for the reduction of strength 
due to high sustained loads (ratios σc/fc > 0.75 according 
to Fig. 2a), although this effect may often be neglected 
in the design of new structures as it is potentially com-
pensated by the strength increase with concrete age. 
Despite these indications, no guidelines are normally 
provided on how to calculate the strains at failure when 
tertiary creep develops (necessary to calculate potential 
stress redistributions and system strength) or on how to 
evaluate the response of concrete for variable stress lev-
els implying nonlinear creep strains (potentially influ-
encing the final material strength).  

Within this frame, the necessity of more comprehen-
sive, consistent and realistic models to consider the 
long-term response and strength of concrete is gaining 
importance in the last years. This is justified to a large 
extent by the assessment of existing structures, where 
the concrete strength is updated at a concrete age where 
almost no further strength increase can be expected and 
high levels of sustained load may occur (even after 
some years of construction due to additional dead loads 
originated for instance by refurbishing or addition of 
new stories in buildings or to placing of new asphalt 
layers in bridges). To contribute to this topic, this paper 
presents the results of a comprehensive investigation on 
the influence of high levels of sustained stresses on the 
concrete compressive strength and deformation capacity, 
with particular focus on variable stress histories. The 
main aim is to provide a general and consistent frame-
work to address the linear and nonlinear creep strains 
and to calculate the progression of material damage and 
delayed failure under a general loading history. To that 
aim, the results of a specific experimental programme 
are presented and discussed. Finally, the experimental 
results are analysed by extending a theoretical approach 
previously developed by the authors (Fernández Ruiz et 
al. 2007). The model is shown to accurately predict both 
the strength and the deformation capacity at failure and 
to allow investigating on the various parameters influ-
encing the phenomenon. 

 
2. Development of linear and nonlinear 
creep strains in concrete 

2.1 Types of time-dependent strains under sus-
tained loading 
This section presents a brief summary of the state of 
knowledge on the uniaxial concrete behaviour under 
constant sustained loads that will later be extended in 
this paper. To that aim, creep strains will be considered 
as the strains developed in time in excess of those asso-
ciated to shrinkage (Rüsch 1960). 

At sustained stress levels lower than approximately 
0.4·fc, there is an almost linear correlation between the 
delayed creep strains and the short term strains (Fig. 2a). 
The behaviour under sustained stress consists in this 
case of primary creep, where the creep rate is high at the 
beginning and progressively decreases with time (Fig. 
2b). At stress levels higher than approximately 0.4·fc, 
the damage process in the material starts. A part of the 
damage process occurs during the application of the 
load (microcrack generation) and another part during 
the stage of sustained loading (mostly due to microcrack 
propagation). The linear correlation between the delayed 
creep strain and the elastic strain is lost and additional 
nonlinear creep strains develop.  

The second threshold (Fig. 2a, shaded area) describes 
the stress level above which delayed failures are possi-
ble. At stress levels higher than ~0.75·fc, microcrack 
coalescence may develop giving rise to the onset of the 
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tertiary creep phase. This phase is characterized by an 
increasing rate of delayed deformations, with a final 
uncontrolled process of progressive crack coalescence 
leading to failure (stage III in Fig. 2b). It is worth not-
ing that the value of the second threshold may vary be-
tween 0.75 - 0.80 for normal strength concrete and 
0.80 - 0.85 for high strength concrete, according to the 
literature reported in Table 1. 

 
2.2 Failure under sustained load – inelastic 
strain capacity 
As already well established for rocks (Goodman 1989), 
failure as a result of creep in compression can be pre-
dicted based on the stress-strain curve. According to 
Goodman (Goodman 1989), for high levels of sustained 
stress, the creep process leads to failure if the accumu-
lated inelastic strain developed within the creep process 
intersects the descending branch of the stress-strain 
curve. With respect to concrete, many authors (see for 
instance (Karsan and Jirsa 1969; Zhou 1992)) have also 
used the monotonic stress-strain curve of concrete as a 
failure criterion in the case of cyclic loading. 

Consistently with these observations, and following 
the approach of (Fernández Ruiz et al. 2007), it can be 
assumed that the inelastic strain capacity for a given 
stress level is equal to the difference between the instan-
taneous post- and pre-peak strains for that level of stress, 
see Fig. 3a. This value can thus be directly calculated 
by using the monotonic stress-strain curve of concrete in 
compression, refer to Figs. 3a and 3b where a reference 
strain rate ε = 0.02 ‰·s-1 is usually considered to char-
acterize the monotonic response (approximately 100 
seconds to reach the maximum strength). This approach 
has shown to yield consistent results (Fernández Ruiz et 
al. 2007) and its validity will later be investigated and 
confirmed by the results presented in this paper.  

The inelastic strain developed within a process of sus-
tained loading can on the other hand be calculated by 
removing the pre-peak instantaneous strain, the shrink-
age strains and the linear creep strains from the total 
measured strain. If the stress level in a sustained load 
test is high enough (σc/fc ≥ 0.75), the inelastic strains 
developed in the concrete may reach the strain capacity 

and failure occurs, refer to Fig. 3c. Otherwise, for mod-
erate or low levels of stress, the inelastic strain capacity 
is not attained (creep limit, Fig. 3c). In such case, the 
load in the specimen can still be increased until failure 
(Fernández Ruiz et al. 2007). 

 
2.3 Analysis of creep effects based on the affin-
ity assumption between linear and nonlinear 
(secondary) creep strains 
Fernández Ruiz et al. presented in a previous work 
(Fernández Ruiz et al. 2007) a framework for predicting 
the nonlinear creep strains of concrete under high levels 
of sustained stress. That method was originally devel-
oped only for constant sustained loads. The approach 
was based on the assumption that the strains developed 
over time t in a concrete structure loaded at time t0 can 
be described by following expression: 

0 0 0 0, , ( , ) , ,c c c
c c cs cc

c c c

t t t t t t
f f f
σ σ σ

ε ε ε ε
⎛ ⎞ ⎛ ⎞ ⎛ ⎞

= + Δ + Δ⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (1) 

where the first term on the right side of the equation 

( 0 , c
c

c

t
f
σ

ε
⎛ ⎞
⎜ ⎟
⎝ ⎠

) corresponds to the instantaneous pre-peak 

strain (including elastic and inelastic components), the 
second ( 0( , )cs t tεΔ ) to the shrinkage strains and the 

third ( 0, , c
cc

c

t t
f
σ

ε
⎛ ⎞

Δ ⎜ ⎟
⎝ ⎠

) to the creep strains. 

The shrinkage strains are considered (according to 
their definition) to be independent from the material 
stress state. The creep strains, on their turn, are related 
to the pre-peak strains by means of a creep coefficient φ 
which depends on the time at loading, the duration of 
the action and the level of stress: 

0 0 0 0, , , , ,c c c
cc c

c c c

t t t t t
f f f
σ σ σ

ε ε ϕ
⎛ ⎞ ⎛ ⎞ ⎛ ⎞

Δ = ⋅⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (2) 

The creep coefficient can be assumed to be stress in-
dependent for sustained stress levels below 0.4·fc 
(φ = φlin(t,t0)). Above this threshold, the creep coeffi-

Sust. fail. thresholdInelastic strain
capacity εcc,in,av

Envelope of 
inelastic strain
capacity εcc,in,av Envelope of 

inelastic strain
capacity εcc,in,av

Creep limit

Post-peak strain

Pre-peak strain εc0
Failure under sustained load

.εref = 0.02 ‰∙s-1 (*)

(*) Corresponds to a 2 min. test εc

~ 0.8∙fc

~ 0.4∙fc

  1.0∙fc

σc

εcc,in

~ 0.8∙fc

~ 0.4∙fc

  1.0∙fc

σc

(а) (b)

εcc,in

~ 0.8∙fc

~ 0.4∙fc

  1.0∙fc

σc

(c)

 
Fig. 3 Inelastic strain capacity: (a) instantaneous pre- and post-peak longitudinal strains; (b) definition of the inelastic 
strain capacity as difference between instantaneous post- and pre-peak longitudinal strains; and (c) failure limit and 
creep limit. 
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cient is no longer stress independent. For its calculation, 
for stress levels σc/fc below 0.7 (i.e. where no failure 
under sustained loading occurs), a simple formula was 
proposed by (Fernández Ruiz et al. 2007) assuming 
perfect affinity between linear and nonlinear creep 
strains:  

0 0, , ( , )c c
nl lin

c c

t t t t
f f
σ σ

ϕ η ϕ
⎛ ⎞ ⎛ ⎞

= ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (3) 

where, for design purposes, the coefficient η(σc/fc) can 
be estimated as (Fernández Ruiz et al. 2007): 

4

1 2c c

c cf f
σ σ

η
⎛ ⎞ ⎛ ⎞

= +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (4) 

The validity of Eq. (4) was demonstrated at long-term 
and for stress levels σc/fc < 0.7, showing a satisfactory 
agreement to test results (Fernández Ruiz et al. 2007). 
Beyond the threshold of validity of Eq. (4) (stress levels 
σc/fc above 0.7, where tertiary creep strains potentially 
develop), Fernández Ruiz et al. proposed, based on ex-
isting experimental data, that the total inelastic strain at 
sustained load failure is roughly composed by ⅔ of the 
nonlinear strain according to Eq. (4) and ⅓ of additional 
strains due to tertiary creep (Fernández Ruiz et al. 2007). 
These considerations will later be discussed more in 
detail in this paper. 

After publication of that work (Fernández Ruiz et al. 
2007), the authors found a similar approach to that of 
Eq. (4) in the old USSR code of practice (USSR 1987) 
based on the following expression (original notation 
modified to be consistent to the one of this paper): 

1
m

c c
t

c c

V
f f
σ σ

η
⎛ ⎞ ⎛ ⎞

= +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (5) 

where Vt = V0·e-f and f = f(t-t0) = k·e-γ·(t-t0). The values of 
V0, k, γ and m are given in the USSR code for different 
strength classes of normal hardening concrete, but do 
not differ much from those of Eq. (4). It is interesting to 
note that the approach is very similar, and yields compa-
rable results which confirm the plausibility (and practi-
cal interest) of the approach. 
In this article, the validity of the affinity hypothesis for 
the entire progress of tertiary creep development is ex-
amined, and a generalization for different load cases is 
proposed. 
 
3. Experimental programme 

The aim of this experimental programme is to study the 
response of normal strength concrete at high stress lev-
els both at varying strain and stress rates. 
 
3.1 Materials and testing methods 
The uniaxial compressive behaviour of concrete under 
different strain and stress rates has been investigated by 
means of cylindrical specimens with dimensions 

Ø × h = 160 × 320 mm. The concrete was produced 
with a CEM-II 42.5R cement (w/c = 0.56) and Rhone 
river aggregates. The specimens were kept moulded 
(with the top face sealed) until the age of 21 days. 
Thereafter, the specimens were unmoulded and stored 
under standard laboratory conditions (temperature of 
21°C and relative humidity of 65%) until testing. The 
tests were performed using a Schenck Hydroplus servo-
hydraulic testing machine (Fig. 4a) with capacity of 
2.5 MN and a custom-made steel frame which enhances 
the stiffness of the test setup (Fernández Ruiz et al. 
2007). The climatic room where the tests were per-
formed has controlled temperature (21 ± 0.5°C) and 
relative humidity (65 ± 3%, some minor deviations are 
commented later). The longitudinal strain of the speci-
mens εc,long was measured with three surface displace-
ment transducers (omega gauges) arranged radially on 
two steel rings at a distance of 250 mm (see Fig. 4b). 
The signal of the three transducers was acquired at high 
frequency (1200 Hz) and it was used to control the 
strain rate (in the strain rate test series) directly on the 
specimen. The transverse strain εc,trans was measured 
with a steel ribbon dilatometer (Fig. 4b) equipped with 
a linear variable differential transformer (LVDT). 

The reference compressive strength was tested at a 
strain rate of 0.02 ‰·s-1, corresponding to approxi-
mately 100 seconds before maximum strength is 
reached. Its development with concrete age has been 
compared to the Model Code 2010 (fib 2013) formula: 

281

, 0 ,28( )
s

t
c ref cf t f e

⎡ ⎤
⋅ −⎢ ⎥
⎢ ⎥⎣ ⎦= ⋅  (6) 

where fc,28 = 29.0 MPa and t refers to the concrete age in 
days. The coefficient s was adapted by means of least 
square fitting and returns the value s = 0.316. The re-
sulting development curve is given in Fig. 5a. 

With respect to the shrinkage strains, a shrinkage rig 
with three cylindrical specimens was installed after un-
moulding of the specimens (at 21 days), see Fig. 4c. The 
shrinkage measurements were performed during two 
years. Then, the standard shrinkage model from Model 
Code 2010 was used to reproduce the measured shrink-
age strains (with αas = 600, αds1 = 6 and αds2 = 0.012 cor-
responding to a cement class 42.5 R). The resulting ex-
pression is compared in Fig. 5b to the test results: 

( )6 0.2 6 1( , ) 36.4 10 1 699 10
224 1

t
cs s

s

t t e

t t

ε − − −= − ⋅ ⋅ − − ⋅ ⋅
+

−

 (7) 

where ts is the concrete age at demoulding in days. 
Measurements on linear creep were also performed dur-
ing two years in a standard creep rig with three cylindri-
cal specimens loaded at a stress level σc/fc ≈ 0.35 at an 
age of 28 days (Fig. 4d). The creep strains were calcu-
lated by removing from the increase of strains with time 
the value corresponding to the measured shrinkage 
strains. Then, the standard creep law from Model Code 
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2010 was adapted by fitting the parameters to reproduce 
the measured curve (Fig. 5c): 

0 0

1 1
3.5 3.52.3 2.30 0

0 0.2 0.2
0 00 0

1 1( , ) 3.24 3.00
682 3950.1 0.1

t t
t t t t

t t
t t t tt t

ϕ + +⎡ ⎤ ⎡ ⎤− −
= ⋅ ⋅ + ⋅ ⋅⎢ ⎥ ⎢ ⎥+ − + −+ +⎣ ⎦ ⎣ ⎦

 (8) 

where t0 is the age of concrete at loading. It can be noted 
that the results obtained with the Model Code 2010 
formulae slightly underestimate the linear creep strains 
and slightly overestimate the shrinkage strains up to the 
age of approximately 400 days, being fairly accurate 
thereafter. In any case, the delayed strains (linear creep 
and shrinkage) are reasonably well estimated by this 
model. The linear creep law for other loading ages was 
also calculated according to the Model Code 2010 ex-

pression for the creep coefficient (the two grey lines in 
Fig. 5c represent the calculated linear creep coefficients 
for the average loading ages of the two experimental 
series). 

It shall be commented that the relative humidity was 
kept as constant as possible. However, there have been 
some variations (±10%) over very limited periods of 
time during the two years, mainly due to maintenance 
operations of the climate regulation system. These 
variations have been taken into account for the shrink-
age and linear creep calculations presented in Fig. 5b 
and Fig. 5c according to Model Code 2010. 

 
3.2 Types of loading 
The delayed behaviour of concrete under uniaxial com-
pression has so far been usually investigated with clas-
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Fig. 5 Time-dependent concrete properties: (a) development of compressive strength with time (tests performed at refer-
ence loading rate), (b) longitudinal shrinkage strains and (c) longitudinal linear creep strains (σ/fc ≈ 0.35). 

 
Fig. 4 Test setup: (a) testing frame for stress and strain rate long-term testing; (b) details of measurement devices; (c) 
shrinkage rigs; and (d) linear creep rigs. 
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sical creep tests where a constant stress level is sus-
tained over time (Rüsch 1960; Fernández Ruiz et al. 
2007). To investigate other long-term loading patterns, 
two new test series were performed in this study.  

The first test series was performed by varying the 
strain rate (see Fig. 6). To have a fairly mature concrete 
and to limit the influence of strength increase with time, 
the concrete age at testing varied between 10 and 14 
months (for more details on the evolution of concrete 
strength with time refer to Fig. 5a and Table 2). This 
test series covered strain rates ranging from 2.00·10-3 s-1 
to 2.00·10-9 s-1 (time to failure from 1 second to ca. 14 
days). 

The second test series of uniaxial compression was 

performed by varying the stress rate. The concrete age 
at testing varied between 22 and 24 months (refer again 
to Fig. 5a and Table 3). First, an initial loading ramp 
(3.50·10-1 MPa·s-1) was applied up to 80% of the refer-
ence strength ( ε =  0.02 ‰·s-1) at the day of loading (see 
Fig. 7). Then, a second loading ramp was applied from 
5.00·100 MPa·s-1 to 1.25·10-5 MPa·s-1 (time to failure 
from 1 second to ca. 5 days). 

Despite the fact that the test series of this programme 
were aimed at investigating the influence of low stress 
and strain rates on the compressive strength of concrete, 
some tests with relatively high stress and strain rates 
were also conducted (tests DR1, DR2 and LR0). The 
results of these tests are presented in the following, but 

Table 2 Overview of the results of the 1st test series performed with varying strain rate. (rows marked in bold as “Avg.” 
indicating average of specimens with same loading rate) 

Test Name ε  t0 fc,ref (t0) Δt fc,Δt fc,Δt / fc,ref (t0) εc,long εc,trans 
 [s-1] [d] [MPa] [s] [MPa] [-] [‰] [‰] 

DR1_1 2.00E-03 340 36.3 1.00E+00 40.1 1.10 2.16 0.548 
DR2_1 2.00E-04 340 36.3 9.20E+00 37.9 1.04 2.21 0.562 
DR2_1 2.00E-04 340 36.3 9.40E+00 38.6 1.06 2.29 0.440 
Avg. DR2  2.00E-04 340 36.3 9.30E+00 38.3 1.05 2.25 0.501 
DR3_1 (ref.) 2.00E-05 339 36.3 9.40E+01 36.7 1.01 2.28 0.543 
DR3_2 (ref.) 2.00E-05 339 36.3 9.78E+01 35.5 0.977 2.38 0.763 
DR3_3 (ref.) 2.00E-05 339 36.3 9.74E+01 37.7 1.04 2.37 0.608 
Avg. DR3  2.00E-05 339 36.3 9.64E+01 36.6 1.01 2.34 0.638 
DR4_1 2.00E-06 284 36.0 1.02E+03 33.8 0.939 2.49 0.726 
DR4_2 2.00E-06 280 36.0 1.09E+03 35.9 0.999 2.62 0.998 
Avg. DR4 2.00E-06 282 36.0 1.06E+03 34.9 0.969 2.56 0.862 
DR5_1 2.00E-07 276 36.0 1.16E+04 34.7 0.966 2.81 0.813 
DR5_2 2.00E-07 278 36.0 1.21E+04 34.5 0.959 2.95 1.34 
Avg. DR5 2.00E-07 277 36.0 1.19E+04 34.6 0.962 2.88 1.08 
DR6_1 2.00E-08 343 36.3 1.26E+05 34.1 0.939 3.09 0.956 
DR7_1 2.00E-09 440 36.7 1.21E+06 34.2 0.932 2.94 0.396 

 
Table 3 Overview of the results of the 2nd test series performed with varying stress rate. (rows marked in bold as “Avg.” 
indicating average of specimens with same loading rate) 

Test Name σ  t0 fc,ref (t0) Δt fc,Δt fc,Δt / fc,ref (t0) εc,long εc,trans 
 [MPa·s-1] [d] [MPa] [s] [MPa] [-] [‰] [‰] 

LR0_1 5.00E+00 728 37.4 5.00E-01 38.9 1.04 2.27 - 
LR1_1 5.00E-01 684 37.3 3.19E+01 39.8 1.07 2.36 0.918 
LR1_2 5.00E-01 684 37.3 2.89E+01 38.8 1.04 2.53 0.984 
LR1_3 5.00E-01 684 37.3 2.39E+01 37.0 0.992 2.52 1.08 
Avg. LR1 5.00E-01 684 37.3 2.82E+01 38.5 1.03 2.47 0.994 
LR2_1 5.00E-02 678 37.3 1.27E+02 35.3 0.948 2.72 1.69 
LR2_2 5.00E-02 679 37.3 2.28E+02 40.0 1.07 2.69 1.19 
LR2_3 5.00E-02 679 37.3 1.87E+02 38.1 1.02 2.67 1.40 
Avg. LR2 5.00E-02 679 37.3 1.81E+02 37.8 1.01 2.69 1.43 
LR3_1 5.00E-03 678 37.3 1.38E+03 35.6 0.954 2.96 1.46 
LR3_2 5.00E-03 682 37.3 1.71E+03 37.3 1.00 2.85 1.75 
LR3_3 5.00E-03 682 37.3 1.53E+03 36.1 0.968 2.99 2.21 
Avg. LR3 5.00E-03 682 37.3 1.54E+03 36.4 0.974 2.93 1.81 
LR4_1 1.50E-03 650 37.2 4.08E+03 34.7 0.933 2.94 2.27 
LR5_1 5.00E-04 682 37.3 1.33E+04 35.4 0.949 2.90 1.88 
LR5_2 5.00E-04 683 37.3 1.60E+04 36.6 0.981 3.41 2.02 
Avg. LR5 5.00E-04 683 37.3 1.47E+04 36.1 0.965 3.16 1.95 
LR6_1 5.00E-05 684 37.3 1.43E+05 36.4 0.977 3.60 2.06 
LR6_2 5.00E-05 707 37.3 1.82E+05 37.6 1.01 2.95 1.05 
Avg. LR6 5.00E-05 696 37.3 1.63E+05 37.0 0.992 3.28 1.56 
LR7_1 1.25E-05 742 37.4 4.48E+05 34.2 0.914 3.28 1.35 
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they will not be investigated in detail thereafter. 
 

3.3 Results for strain rate tests (1st test series) 
Table 2 presents an overview of the results of the test 
series performed with varying strain rate. The second 
column indicates the control strain rate, the third and 
fourth column give the age of concrete and the reference 

strength at load application respectively, and columns 
5 - 9 give the main results (the average of every strain 
rate is written in bold font). The stress–strain diagrams 
are presented and compared to the reference test with 
ε =  0.02 ‰·s-1 in Fig. 8. The evolution of the stress and 
of the strains versus time in logarithmic scale is also 
presented in Figs. 9a - 9c. It is worth noting that the 
specimen DR7_1 was tested with a very low strain rate 
and thus a preload had to be applied in order not to lose 
contact between the specimen and the loading plate (this 
explains the shape for stresses lower than 0.2·fc,ref (t0) in 
Fig. 9). 

These tests confirm that the failure load is lower as 
the strain rate decreases (load applied over longer peri-
ods of time), with a variation of the measured strength 
to the reference strength (standard loading speed) at the 
same age ranging from 1.10 (high strain rates) to 0.932 
(low strain rates). Also, it can be observed that the lon-
gitudinal and transverse strains at failure usually in-
crease with decreasing strain rates. In terms of effective 
Poisson’s ratio (νeff = εc,trans/εc,long), an increasing trend 
could be observed with average values from 0.223 for 
higher strain rates (standard value for concrete tested in 
displacement control) up to 0.375 for the lower strain 
rates. 

 
3.4 Results for stress rate tests (2nd test series) 
Table 3 presents an overview of the results of the test 
series performed with varying stress rate. The second 
column indicates the control stress rate after the initial 
loading ramp, the third and fourth column give the age 
of concrete and the reference strength at load applica-
tion respectively, and columns 5 - 9 give the main re-
sults (the average of every stress rate is written in bold 
font). The stress–strain diagrams are presented and  
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Fig. 8 Stress–strain diagrams of the 1st test series (tests with varying strain rate, refer to Table 2). 
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compared to the reference test with ε =  0.02 ‰·s-1 in 
Fig. 10. The evolution of the stress or the strains versus 
time in logarithmic scale is additionally presented in 
Figs. 11a - 11c. 

As for the 1st series, it can be observed that the failure 
load is lower as the stress rate decreases (corresponding 
to longer times of application of the load, consistently to 
the strain rate tests). This decrease of the strength is 
accompanied by larger strains at failure in the longitudi-
nal and transverse directions. Some fluctuations in the 
results can be observed, probably related to the load 
control of the test, where the failure occurs in a brittle 
manner and with no post-peak branch.  

In terms of the influence of the stress rate in the 
measured compressive strength of the material, it varies 
between 1.07 (high stress rates) and 0.914 (low stress 
rates) when it is normalized by the reference material 
strength (obtained with a standard loading speed). The 
effective Poisson’s ratio (νeff  = εc,trans/εc,long), varies also 
from 0.402 for higher stress rates up to 0.617 for lower 
stress rates. These latter values (load control) are higher 
than those observed for strain rates (deformation con-
trol). 

 
3.5 Discussion of inelastic strains developed at 
failure 
(1) Strain rate tests 
As described in Section 2.2, it has been observed for 
tests under constant sustained stress that when the de-
veloped nonlinear (inelastic) creep strain equals the ine-
lastic strain capacity of the material for that level of 
stress, failure occurs ((Fernández Ruiz et al. 2007), refer 
to Fig. 3c). To evaluate the validity of this failure crite-
rion for the investigated load patterns, the contributions 
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Fig. 10 Stress–strain diagrams of the 2nd test series (tests with varying stress rate, refer to Table 3). 
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of the instantaneous pre-peak strain ( 0cε ), the linear 
creep strain ( ,1ccε ) and the shrinkage strain ( csε ) have 
been calculated and removed from the total strain: 

, 0 ,1cc in tot c cc csε ε ε ε ε= − − −  (9) 

To estimate the instantaneous pre-peak strains ( 0cε ), 
the concrete model of (Fernández Ruiz et al. 2007) was 
used as a suitable stress-strain relationship reproducing 
the response of the reference tests (refer to Appendix 1). 
As for the linear creep and shrinkage strains, the 
adapted laws from Model Code 2010 as defined in Sec-
tion 3.1 were used. The calculation of the creep strains 
due to variable stresses has been performed using the 
superposition principle described later in Section 4. Fi-
nally, the estimated nonlinear (inelastic) creep strains 
were compared to the inelastic strain capacity, as pre-
sented in Fig. 12a. The figure shows a consistent 
agreement between the developed inelastic strain at 
failure and the inelastic strain capacity (difference be-
tween post- and pre-peak strains obtained as an average 
of three reference test curves with ε =  0.02 ‰·s-1 or the 
analytical expression curve of Eq. (18)). This confirms 
the validity of the assumptions by (Fernández Ruiz et al. 
2007) also for this loading pattern. 

A similar analysis has been performed for the results 
of a previous test series performed by the authors 
(Tasevski et al. 2015; Tasevski et al. 2016) by using the 
same loading pattern (variable strain rate). The compari-
son is presented in Fig. 12c and shows also an excellent 
agreement. 

 
(2) Stress rate tests 

In a similar manner as for the strain rate tests, the 
contributions of the instantaneous pre-peak strains, lin-
ear creep strains and shrinkage strains have been esti-
mated and removed from the total strain recorded in the 
2nd test series (refer to Eq. (9)). On that basis, the esti-
mated nonlinear (inelastic) creep strain is compared to 
the inelastic strain capacity, as presented in Fig. 12b. 

As for the strain rate tests, an excellent agreement is 
found at failure between the inelastic strain capacity 
predicted by the reference curve and the nonlinear creep 
strain developed by the specimen for the various load 
patterns investigated, validating again the pertinence of 
this assumption. 
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Fig. 11 Results of the 2nd test series (tests with varying 
stress rate): (a) longitudinal stress; (b) longitudinal strain; 
and (c) transverse strain versus time. 
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Fig. 12 Inelastic strains and corresponding inelastic strain capacity for: (a) 1st test series with constant strain rate, (b) 2nd 
test series with constant stress rate; and (c) strain rate tests from (Tasevski et al. 2016). 
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4. Analysis of linear and nonlinear creep 
strain development  

In this section, a simple method allowing to estimate the 
development of nonlinear secondary and tertiary creep 
strains is presented. The aim of this approach is to estab-
lish a stress–inelastic strain law based on the affinity 
hypothesis of creep strains (Fernández Ruiz et al. 2007) 
and applicable to any potential loading history. As 
shown in Fig. 13a, by intersecting this law with the fail-
ure criterion of inelastic strain capacity presented in 
Section 2.2 (and confirmed by the experimental results 
in Section 3.5), one can directly calculate the failure 
stress, the failure strain (deformation capacity) and the 
associated time to failure. 

For extension of the framework proposed in 
(Fernández Ruiz et al. 2007), a distinction between pri-
mary, secondary and tertiary creep strains is performed 
in the following manner: 

0 ,1 0 ,2 0 ,3 0
,

, , ( , ) , , , , ,c c c in
cc cc cc cc

c c c in av

t t t t t t t t
f f f
σ σ σ ε

ε ε ε ε
ε

⎛ ⎞⎛ ⎞ ⎛ ⎞
= + + ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (10) 

where the primary creep strains are calculated by means 
of the linear creep coefficient: 

,1 0 0( , )cc lin ct tε ϕ ε= ⋅  (11) 

The secondary creep strains (see Section 2.1) are 
evaluated as (Fernández Ruiz et al. 2007): 

,2 0 ,1 0, , ( 1) ( , )c
cc cc

c

t t t t
f
σ

ε η ε
⎛ ⎞

= − ⋅⎜ ⎟
⎝ ⎠

 (12) 

where the coefficient η is defined in a similar manner as 
Eq. (4), but the expression is generalized as follows: 

4

0 0, , 1 2 ( , )
( )

c c

c c

t t t t
f f tτ
σ σ

η η
⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟= + ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

 (13) 

In this expression, the coefficient ητ accounts for the 
development of the nonlinear creep strains with time 
and can be calculated as: 

0
0

0

( , ) 1 log
n

m

t t
t t

t t tτη
⎛ ⎞⎛ ⎞−

= −⎜ ⎟⎜ ⎟⎜ ⎟+ −⎝ ⎠⎝ ⎠
 (14) 

The parameters tm and n of this expression have been 
calibrated with the test results from the current study as 
well as from other literature (as later explained in Sec-
tion 5.2) and can be assumed as the following constant 
values: tm = 100 days and n = 0.75. It can be seen by 
comparing Eqs. (4) and (13) that when t → ∞, both 
equations yield the same result and thus the coefficient 
ητ is mostly influencing at early ages. The pertinence of 
this improvement will be justified in Section 5 by com-
parison to available test results (details on this phe-
nomenon can be consulted elsewhere (Anders 2012)).  

With respect to the development of tertiary creep 
strains, it can be assumed in agreement to (Fernández 
Ruiz et al. 2007) that, at the moment of failure due to 
tertiary creep, approximately ⅔ of the total inelastic 
strains can be attributed to the secondary creep strains 
and ⅓ to the tertiary creep strains, see Fig. 13b. This is 
a hypothesis proposed by (Fernández Ruiz et al. 2007) 
based on their own experimental evidence as well as 
experimental evidence of (Maekawa and El-Kashif 
2004). The applicability of this hypothesis is confirmed 
in Section 5 of this paper. To evaluate the development 
of these tertiary creep strains, the following expression 
is proposed accounting for the ratio of the developed-to-
available inelastic strains (εcc,in/εcc,in,av) and the level of 
stress: 

, ,
,3 0 ,2 0

, , , ,

, , , , , ,cc in cc inc c c
cc cc

c cc in av c cc in av c

t t t t
f f f

ε εσ σ σ
ε γ ε

ε ε
⎛ ⎞ ⎛ ⎞ ⎛ ⎞

= ⋅⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎝ ⎠⎝ ⎠ ⎝ ⎠
 (15) 

For low values of εcc,in/εcc,in,av, the contribution of ter-
tiary creep strains is negligible (almost no crack coales-
cence), whereas it increases at a growing rate (unstable 
crack coalescence) close to failure. On the basis of the 
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Fig. 13 Development of inelastic strains with time: (a) failure calculated by intersection of the stress-inelastic strain curve 
and the failure criterion of the inelastic strain capacity; and (b) inelastic creep strain development with time based on the 
affinity hypothesis for a sustained load test, adapted from (Fernández Ruiz et al. 2007).
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experimental results of this paper (a comparison is pre-
sented in Section 5.1), it is proposed to evaluate the 
value of the parameter γ according to: 

0γ =                         for σc/fc(t) < 0.75 

,

, ,

1
2 ( )

cc in

cc in av t

α
ε

γ
ε

⎛ ⎞
= ⋅⎜ ⎟⎜ ⎟

⎝ ⎠
 for σc/fc(t) ≥ 0.75; (16) 

where γ is only non-zero for stress levels above the as-
sumed tertiary creep threshold of σc/fc = 0.75, according 
to (Rüsch 1960). The parameter α governs the shape of 
the tertiary creep strain development and can reasonably 
be set equal to α = 4. It can be noted that when 
εcc,in = εcc,in,av (failure), it results εcc,3 = ½εcc,2, which is 
consistent with the assumption that εcc,2 = ⅔εcc,in,av and 
εcc,3 = ⅓εcc,in,av (refer to Fig. 13b).  

With respect to a variable loading history, the strain 
development can finally be calculated using the super-
position principle as: 
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 (17) 

This approach has been shown to be licit in combina-
tion with the affinity hypothesis of linear and nonlinear 
creep strains (Fernández Ruiz 2003) and considers the 
actual (nonlinear) instantaneous pre-peak strain for the 
applied level of stress (calculation of εc0(σc) according to 

Appendix 1). It can also be noted that this formula ac-
counts for the concrete strength at the time of evaluation, 
and thus allows automatically to consider the increase of 
the concrete strength with time.  

A comparison of this approach to the test results pre-
sented in this paper is discussed in the next section. It 
can be noted that this comparison is performed for stan-
dard cylinder dimensions (those described in Section 3) 
typically used to characterize the compressive strength 
of concrete (a generalization to other potential geome-
tries or sizes remains outside the scope of this work). 

 
5. Comparison to test results  

5.1 Own experimental programme  
Eq. (17) was applied to predict the strain development 
of the experimental programme presented in Section 3. 
On that basis, and by intersecting it with the failure cri-
terion defined by the inelastic strain capacity of Eq. (18), 
the failure load can be calculated. The results are com-
pared in Fig. 14 for the 1st and 2nd test series (variable 
strain rate and stress rate respectively) as well as for the 
test series of Tasevski et al. (Tasevski et al. 2015; 
Tasevski et al. 2016). 

The comparison shows a sound and consistent 
agreement for the various series both in terms of the 
strength and deformation capacity (detailed values pre-
sented in Table 4). In addition, the presented model 
suitably captures the observed experimental trends of 
decreasing strength and increasing deformation at fail-
ure for increasing time of application of the stress (Fig. 
14). The results are also observed to be consistently 
reproduced for the two types of loading pattern investi-
gated. 

 

Table 4 Comparison of calculated failure stress and strain and test results. 
fc,Δt / fc,ref (t0) εc,long Test Name calc. tested tested / calc. calc. tested tested / calc. 

 [-] [-] [-] [‰] [‰] [-] 
DR4_2 0.974 0.999 1.026 2.05 2.62 1.28 
DR5_1 0.953 0.966 1.014 2.41 2.81 1.17 
DR5_2 0.953 0.959 1.006 2.41 2.95 1.22 
DR6_1 0.935 0.939 1.004 2.78 3.09 1.11 
DR7_1 0.906 0.932 1.029 3.18 2.94 0.925 

  Avg 1.016  Avg 1.14 
  StDev 0.011  StDev 0.136 
  CoV 0.011  CoV 0.119 

LR3_1 0.985 0.954 0.969 2.29 2.96 1.29 
LR3_2 0.982 1.00 1.02 2.31 2.85 1.23 
LR3_3 0.983 0.968 0.985 2.30 2.99 1.30 
LR4_1 0.973 0.933 0.959 2.40 2.94 1.23 
LR5_1 0.955 0.949 0.994 2.56 2.90 1.13 
LR5_2 0.952 0.981 1.03 2.58 3.41 1.32 
LR6_1 0.903 0.977 1.08 2.96 3.60 1.22 
LR6_2 0.897 1.01 1.13 3.02 2.95 0.977 
LR7_1 0.874 0.914 1.05 3.21 3.28 1.022 

  Avg 1.023  Avg 1.191 
  StDev 0.055  StDev 0.123 
  CoV 0.054  CoV 0.103 
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5.2 Tests with constant sustained stress 
An additional validation of the proposed approach is 
performed by investigating tests from the research 
group of Rüsch (Rüsch 1960; Rüsch et al. 1968) and 
later re-evaluated by Grasser and Kraemer (Grasser and 
Kraemer 1985) on concrete specimens failing in com-
pression under constant sustained stress. Also the ex-
perimental programmes by (Shank 1949; Awad and 
Hilsdorf 1971; Smadi et al. 1985; Iravani and 
MacGregor 1998) are included in the comparison. To 

estimate the shrinkage strains, a similar strategy has 
been applied as in Section 3.1 (the Model Code 2010 
formula has been adapted to best fit the shrinkage data 
provided in (Rüsch et al. 1968)). The effect of aging has 
been considered by using Eq.(6), where the coefficient s 
has been set equal to 0.25. Furthermore, to distinguish 
between linear and nonlinear creep strains, the primary 
creep development has been estimated from the curve at 
sustained stress level of σc/fc = 0.4. 

The results are plotted in Fig. 15 (Figures a-c com-

Stress rate (Theoretical model)Strain rate (Theoretical model)

Tests by (Tasevski et al. 2016)
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Fig. 14 Comparison of theoretical model and test results: (a) strength for strain rate tests; (b) strength for stress rate 
tests; (c) deformation at failure for strain rate tests; and (d) deformation at failure for stress rate tests. 
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Fig. 15 Comparison of the proposed model to test results: (a-c) influence of sustained loading duration Δt on strength for 
different loading ages (28, 90 and 730 days respectively); and (d-f) influence on strain capacity. Solid line representing 
the analysis with increase of strength of concrete with time; dashed line representing the analysis without considering 
this effect. The model curves have been calculated for an average value fc,28 = 40 MPa. 
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paring the strength and Figures d-f comparing the strain 
at failure). Figure 15 shows that a very good and con-
sistent estimate is again obtained both in terms of 
strength and strain prediction. The model is able to cap-
ture the effect of long-term loading both on the decrease 
of strength as well as the increase of deformation capac-
ity. This fine agreement between the tests and the pre-
diction further confirms the applicability of the affinity 
hypothesis of nonlinear creep presented in Section 4 of 
this paper (both for experiments on sustained loads from 
literature and for the own experimental programme on 
strain and stress rate tests). 

It can be noted that, in the plots of strength (Figs. 15a  
- 15c), two curves are provided. The dotted one corre-
sponds to the analysis where failure is considered to 
occur without increase of concrete strength with time 
(no consideration of ageing influence), while the solid 
one accounts for this phenomenon. The main difference 
between both analyses can be seen in the fact that when 
the concrete ageing is considered (solid line), failures 
can develop only for smaller times and higher load lev-
els than when this effect is not considered (dashed line). 
This can be seen in Figs. 15a - 15c by the circle indi-
cated at the end of the solid line (considering concrete 

ageing), which corresponds to the last calculated point 
where failure under sustained loading can occur. After 
this point, the curve would theoretically raise (Rüsch 
1960), although this part of the curve is physically not 
relevant with the described loading pattern. The results 
of the theoretical model also confirm the observations 
on this issue already stated by (Rüsch 1960) that failure 
is not prone to occur after a certain time when concrete 
is loaded at an early age (refer to Fig. 15a, the increase 
of strength with time is more significant than the pro-
gress of damage in the member). When the concrete is 
loaded at older ages, however, failures can occur after 
significant periods of time (refer to Fig. 15c).  

The fact that the model is strain-based (and can thus 
predict the deformation capacity at failure) can addi-
tionally be considered as a significant quality. This al-
lows understanding that, other than a detrimental effect 
on the strength of concrete, long-term actions also have 
a potential positive effect in redundant systems as the 
increased strains (more than proportionally) allow load 
to be redistributed from more stressed regions to less 
stressed regions of the structure (and for instance acti-
vate compression reinforcement).  

 
6. Parametric analyses  

Taking advantage of the model presented in Section 4, 
some issues will be parametrically investigated in this 
section, namely the influence on the long-term response 
of concrete of the loading pattern, the ageing of concrete 
(increase of strength with time), the time at loading and 
the concrete strength.  
 
6.1 Influence of loading pattern  
The influence of the loading pattern on the concrete 
strength has been a matter of discussion since long. 
Rüsch (Rüsch 1960) already presented some considera-
tions on the difference between the compressive 
strength of tests performed at constant strain rates and 
tests performed at sustained stress levels. His main con-
clusion was that “constant loads lead to somewhat 
lower failure loads than loading at constant strain 
rates”. Based on the main assumptions made in Section 
4 of this paper, this (purely observational) conclusion of 
Rüsch can be confirmed from a theoretical point of view. 
To that aim, four loading patterns will be investigated: a 
constant sustained stress, a constant strain rate, a con-
stant stress rate and a constant stress rate following a 
rapid loading ramp up to 80% of the material short-term 
strength (see Fig. 16).  

The comparison of the response of concrete is pre-
sented in Fig. 17 for a standard case (fc,28 = 30 MPa, 
load applied two years after casting). The results show 
that failures under constant sustained stress occur earlier 
and for lower load levels than for the other loading pat-
terns. This is in agreement with Rüsch’s observations 
and is logical as concrete is subjected to higher stress 
levels since the beginning of the loading process (allow-

constant strain rate (σc,init = 0)
constant stress rate (σc,init = 0)

constant stress rate (σc,init = 0.8∙fc)
constant sustained stress

σc

t
t0

∆t

0.8∙fc

Fig. 16 Loading patterns investigated: constant sus-
tained stress, constant strain rate, constant stress rate 
and constant stress rate applied after rapid loading up to 
80% of material strength. 
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Fig. 17 Comparison of the calculated response for differ-
ent types of loading: constant sustained stress, constant 
strain rate, constant stress rate and constant stress rate 
applied after rapid loading up to 80% of material 
strength. 
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ing for the propagation and coalescence of microcracks). 
For the same reason, from the three other cases, the con-
stant stress rate starting at 80% of the material strength 
yields also to larger strength reductions than the con-
stant strain and stress rates. Comparing the strain and 
stress rates, the strain rate, where the stress level re-
mains fairly constant near failure, leads also (consis-
tently to the other results) to larger strength reductions 
than the constant stress rate. 

 
6.2 Influence of concrete ageing  
Another important phenomenon that was already dis-
cussed in Section 5.2 is the influence of concrete ageing 
on the long-term response of the material (increase of 
concrete strength with age, potentially compensating for 
the detrimental effect of the sustained loading). Fig. 18 
presents with this respect three plots prepared for identi-
cal concrete specimens but with different loading times 
and values of the parameter s (different strength classes 
of cement affecting the concrete ageing, refer to Eq. (6)). 
In the abscissa, the long-term strength is normalized 
with respect to the reference strength at 28 days in order 
to compare the absolute variations of strength. 

As it can be seen in Fig. 18, when concrete is loaded 

at an early age, failure under sustained stress, if happens, 
occurs in a very limited period of time (1 day to 1 week). 
Thereafter, the increase of strength with time compen-
sates for the material damage. For concrete loaded at 
older ages, however, failures can occur during longer 
periods of sustained stress (even more than one year) as 
little gain of the strength occurs. This result is consistent 
with Rüsch’s conclusions (Rüsch 1960).  

Additionally, it can be observed that when the con-
crete is loaded at old ages (black curves in Fig. 18), 
there is a large decrease of the strength under sustained 
loading. Yet, the long-term strength is normally similar 
or even higher to the one expected at 28 days (indicated 
by the value 1.0) as the concrete increased its strength 
prior to the loading process.  

 
6.3 Influence of concrete strength and time at 
loading 
Finally, some additional results are presented in Fig. 19 
with reference to the influence of concrete strength and 
time at loading. The influence of the concrete strength 
on the long-term loading (Fig. 19c) is not very sensitive. 
However, this parameter shows a very significant influ-
ence on the deformation capacity at failure (Fig. 19d). 
This is mostly justified by the fact that the maximum 
strength of higher concrete grades is developed for lar-
ger strain values. 

With respect to the strength decrease depending on 
the age at loading (Fig. 19a), this parameter was already 
investigated and discussed in Section 6.2. Regarding the 
deformation capacity at failure (Fig. 19b), it can be seen 
that this parameter has a significant influence, with de-
velopment of larger values of the deformations at failure 
for concrete members loaded at earlier ages. This result 
is justified by the fact that older concretes develop 
lower creep strains (linear and nonlinear) for the same 
duration of the load and are thus associated to lower 
deformation levels at failure. 

 
7. Conclusions 

This paper investigates on the development of linear and 
nonlinear creep strains potentially leading to failure 
under high levels of load. New experimental data is pre-
sented on loading patterns with variable strain and stress 
rates as well as an analytical approach allowing to con-
sistently investigate these cases. The main conclusions 
of this paper are: 
1) On the basis of the experimental results presented in 

this paper, failure under long-term load is shown to 
be governed by the inelastic strain capacity of con-
crete. When the developed inelastic strain of con-
crete equals the inelastic strain capacity, failure oc-
curs by progressive coalescence of cracks. This re-
sult is confirmed for all the investigated loading pat-
terns (constant sustained load, strain rate and stress 
rate).  

2) The inelastic strain capacity can be estimated as the 
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Fig. 18 Parametric analysis of the effect of the duration 
of sustained loading Δt for different ages at initial loading 
ages t0 (strength increase with concrete age considered 
normalized with the reference strength at 28 days): 
(a) s = 0.15; (b) s = 0.25 and (c) s = 0.35. 
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difference between the instantaneous post- and pre-
peak strains for a given stress level. This allows de-
fining a failure criterion for the available inelastic 
strain capacity.  

3) The affinity assumption between linear and nonlin-
ear creep strains (Fernández Ruiz et al. 2007) can be 
used as a simple and efficient tool to estimate the 
development of inelastic strains in concrete for a 
given loading history. The formulation of this ap-
proach has been extended in this paper: 
a. To be applicable to any potential loading pattern. 
b. To be applicable to failures at early age.  
c. To account in an explicit manner for the devel-

opment of tertiary creep strains. 
The pertinence of this approach and new formula-
tions has been validated with the experimental re-
sults presented in this manuscript. 

4) Analytical calculation of failures under long-term 
loading patterns can be performed as the intersection 
between the relationship defining the development 
of inelastic strains for a given loading pattern (based 
on the affinity assumption) and the failure criterion 
defined by the inelastic strain capacity of concrete. 
This approach, confirmed by the experimental re-
sults presented in this paper as well as others from 
the scientific literature, allows to consistently esti-
mate: 
a. The reduction of the strength due to sustained 

loading or low strain or stress rates. This is a det-
rimental effect in members subjected to high 
stresses. 

b. The increase of strains at failure. The evaluation 

of this effect, many times not explicitly acknowl-
edged in design formulations, might nevertheless 
be an instrumental positive effect for statically re-
dundant systems, where redistributions of stresses 
are possible from more stressed regions to less 
stressed regions and increasingly activate com-
pression reinforcement. 

5) On the basis of the theoretical model, some effects 
can be clearly reproduced and investigated, for in-
stance: 
a. Constant sustained stress patterns lead to failures 

at lower stress levels and more rapidly than for 
stress or strain rates (concrete is subjected to 
higher stress levels since the beginning of the 
loading process). 

b. Ageing of the concrete (increase of concrete 
strength with time) is observed to be an instru-
mental phenomenon as it compensates for the ma-
terial damage. For concretes loaded at early ages, 
failure can only occur after some hours or days, 
while for concretes loaded at older ages, failures 
under long-term load can occur several years after 
(as there is almost no increase of strength due to 
ageing). 
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Fig. 19 Parametric analysis (strength increase with concrete age considered, strength normalized to the reference 
strength at the time of loading) of the effect of sustained loading Δt for different loading ages on: (a) strength; (b) strain at 
failure; and effect of concrete strength on: (c) strength; and (d) strain at failure. 
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Appendix 1: Instantaneous stress - strain curve 
The instantaneous monotonic stress - strain curves used 
in this paper have been obtained based on the equation 
proposed in (Fernández Ruiz et al. 2007). This curve 
refers to the reference response of concrete, loaded in 
compression at a strain rate of ε = 0.02 ‰·s-1 (approxi-
mately 100 seconds to failure) and is written as follows: 
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α = + +  (20) 

where the denominator in the second term of the α coef-
ficient has been changed to 25 (original value was 20 
(Fernández Ruiz et al. 2007)) in order to better approach 
the tested concrete behaviour (refer to Fig. A1). 

Notation 
 
Variables 
Ec modulus of elasticity of concrete 
fc uniaxial compressive strength of concrete 

[MPa] 
fc,ref (t0) reference compressive strength obtained at a 

strain rate of 0.02 ‰·s-1 and at an age t0 [MPa] 
fc,28 reference compressive strength obtained at an 

age of 28 days [MPa] 
fc,Δt compressive stress at failure for a given long-

term loading pattern [MPa] 
t time 
t0 concrete age at loading [days] 
ts concrete age at the beginning of drying [days] 
Δt time under sustained stress for a constant stress 

level test or time after beginning of a strain or 
stress rate test (in the case of rapid initial load-
ing, time after the initial loading ramp) 

α parameter for instantaneous stress–strain 
model  

γ parameter characterizing tertiary creep 
ε  strain rate 
εc concrete strain 
εc0 instantaneous pre-peak strain 
εc,trans transverse strain 
εc,long longitudinal strain 
η affinity coefficient 
ν Poisson’s ratio 
σ  stress rate 
σc concrete stress 
φ creep coefficient 
 
Indexes 
av available 
c concrete 
calc calculated 
cc,1 primary creep 
cc,2 secondary creep 
cc,3 tertiary creep 
cs shrinkage 
eff effective 
in inelastic 
init initial 
lin linear 
nl nonlinear 
test value from experimental result 
tot total 
τ time-related 
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Fig. A1 Comparison between the instantaneous stress–
strain curves from reference tests and the calculated one 
with Eq. (18). 




