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Abstract 

This paper describes a method for estimating creep deformations of PVA-ECC under high stress levels from short-term 

tests. To obtain necessary data, a series of accelerated bending and compression creep tests under a sequence of increas-

ing loads were carried out. Of particular interest was to study the evolution of plasticity and damage under varying load 

levels, and thus allow the rate of plasticity and fracturing as functions of evolving strain and fracture to be determined. 

Based on these behavioral aspects, predictions of creep of ECC at high stress levels were made. It is found that creep 

rupture in flexure and compression occurs at nearly the same order of lifetime in a logarithm scale, being the rupture at 

90% of flexural strength about one order longer than that under compression. The tensile and compressive strains at 

rupture, when the load level is decreased from 90% to 75% of the short-term strength, are 1.1-1.4 and 1.6-3.5 times the 

short-term tensile and compression strain capacities, respectively. 
 

 
1. Introduction 

Polyvinyl Alcohol Engineered Cementitious Composite 

(PVA-ECC) is a fiber reinforced cement-based material 

that when subjected to tensile loading exhibits ductile, 

strain-hardening response. Unlike conventional concrete, 

which strain-softens under tension, ECC strain-hardens 

and is able to undergo tensile strain in the order of a few 

percent and to withstand tensile stresses above the com-

posite's first cracking stress. The large tensile capacity is 

achieved by allowing the formation of multiple fine 

cracks, with crack width of less than 100 μm (Li 2003). 

With these exceptional crack control ability and tensile 

deformability, ECC is attractive for applications where 

serviceability and durability are of critical importance. 

Emerging applications include road patch repair (Li and 

Li 2009), bridge deck-link slabs (Lepech and Li 2009), 

damage-tolerant coupling beams (Kanda et al 2011), 

and surface repair of bridge viaducts (Inaguma et al 

2005). 

Further to durability and serviceability advantages, 

the onsite application of ECC may also be driven by 

extra stiffness that the material can provide and hence 

brings structural advantages as well. A good example is 

in the situation where ECC is intended for strengthening 

of deteriorated reinforced concrete members such as to 

enlarge the sides and bottom of a reinforced concrete 

beam or to increase the thickness of a reinforced con-

crete member e.g. tunnel linings. In parts that are sub-

jected to tension, the ECC may crack and the tensile 

stress level that develops in the ECC can be relatively 

high and hence time-dependent (the ECC cracking 

stress is typically 0.7-0.9 times the tensile strength). To 

take full advantage of its strain-hardening property, it is 

important to study its time-dependent behavior beyond 

cracking in depth. For instance, the time-dependent 

creep, if significant, may render the stiffening benefit 

just briefly described, but it can still be beneficial for 

other cases such as bonded overlays in terms of reliev-

ing shrinkage-induced stresses. 

Relatively little research has been, however, under-

taken on the time-dependent behavior of ECC, and even 

a much smaller number on characterizing this behavior 

under high stress levels. Boshoff and van Zijl (2006, 

2007) and Boshoff et al (2009) were the first to carry 

out tensile creep tests of uncracked and cracked speci-

mens. They revealed that time-dependent deformations 

of cracked ECC occur mainly due to shrinkage of the 

matrix, delayed cracking, and widening cracks due to 

fiber pull-out. They also found that the contribution of 

fiber creep to the overall creep strain of the composite is 

negligible. Due to the limited number of test specimens, 

however, no predictive models were proposed. Rouse 

and Billington (2007) studied the compressive creep 

strain of ECC at an applied load of about 40% of the 

compressive strength of the material at 28 days. They 

demonstrated that the ECC they tested, which contained 

6.4 mm long and 8 μm diameter ultra-high molecular 

weight Polyethylene fibers, exhibited greater creep 

strain than a similar mixture without fiber. They also 

indicated that existing predictive models for concrete 

are suitable for estimating the creep strain at the stress 

range they investigated. Results of a few tensile and 

bending tests are available in the appendix of JSCE 

Recommendation (JSCE 2007), but limited to low to 

moderate stress levels. 
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In this paper, an investigation into the creep behavior 

of ECC under high stress levels is made. A series of 

accelerated short-term creep tests were performed in-

stead of conventional creep tests, which take a long time 

to perform and are tedious as such tests typically require 

a large number of specimens to be tested under different 

load levels. Also, short-term test was preferable as the 

rate of creep is generally logarithmic in nature. The ac-

celerated test proposed involved the testing of a series 

of single specimen under a sequence of constant load 

levels. The main intention was to relate the evolving 

damage and plasticity accumulated in the ECC, from the 

individual load sequence, to the evolution of elastic and 

plastic strains. On the basis of these observations, the 

creep behaviors of ECC under variable and constant 

load levels are discussed in both tension and compres-

sion. 

The rest of this paper is structured as follows: Section 

2 describes the theoretical background, Section 3 de-

scribes the experimental program, Section 4 presents the 

short-term behavior of ECC under variable load levels 

and includes empirical formulations for describing this 

behavior, and Section 5 provides the prediction of the 

short- and long-term behaviors of ECC under sustained 

loads. 

 

2. Evolution of plasticity and fracture in 
cracked PVA-ECC 

2.1 Background 
The evolution of plasticity and fracture is postulated to 

be the two main factors that govern the extent of time-

dependent strain in ECC under high stress levels. To 

study this behavioral aspect, consider the schematic 

representation of the stress-strain curve for ECC in ten-

sion as shown in Fig. 1. First, let us assume that the 

material is loaded up to a certain stress level beyond 

cracking, and then the load is held constant. Under this 

constant loading, it can be expected that plasticity and 

fracture in the ECC will grow with time and corre-

spondingly the creep strain. Ideally, this is a continuous 

process, but let us visualize this as a series of discrete 

steps. From this individual step, unload and reload the 

specimen, before and right after this individual step, to 

obtain the state of the material. This enables us to de-

termine the creep evolution in the ECC with time. 

Based on the above-mentioned concept, let consider 

the strain states occurring between Points A and B, 

which are the beginning and end of the first loading 

cycle over a time interval Δt. By assuming a lineariza-

tion of plastic strain evolution, the average rate of plas-

tic strain during this time interval can be approximated 

as: 

tdt

d AtpBtptp

Δ
−

= ,,1, εεε
 (1) 

where εtp,A and εtp,B are the tensile plastic strains at 

Points A and B, and can be obtained from rapid stress 

release from the two states. The average tensile plastic 

strain during the time interval Δt can be approximated 

as: 
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As the elastic strain also changes with time, the aver-

age elastic strain can also be approximated as: 
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During the same time interval, the evolving damage 

can be calculated in a similar manner to above in terms 

of the average rate of fracture and the average fracture 

as given by:  

,1 , ,t t A t B
dK K K

dt t

−
=

Δ
 (4) 
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K K
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where Kt is the stiffness at a time of interest (i.e. Point 

A) relative to uncracked stiffness, Ko. 

Once the fracture Kt,1 and the elastic strain εte,1 are de-

termined, they can be related to the stress field ft,1 in the 

following manner: 

,1 ,1 ,1t t et
f K ε=  (6) 

where 
,1 ,1 ,1te tt tp

ε ε ε= − , and εtt,1 is the average tensile 

strain during the State 1. 

 

2.2 Basic modeling strategy 
Two components of deformations are considered to 

make up the total time-dependent strain under high 

stress levels: the plastic strain component and the elastic 

strain component. The first component is considered to 

represent the permanent deformation incurred during 

loading that is directly related to the plasticity evolution, 

while the second component is used to characterize the 

instantaneous reversible strain and is associated with the 

εtp,A εte,A 
εtp,B εte,B 

A B

1

εtu 

ftcr 

ftu KoEo KAEAo KBEB 

εtcr 

1 

First  
cracking 

εt,B εt,A

B 

2 3 .......... 

Fig. 1 Conceptual illustration of the proposed approach.
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space-averaging elastic response of the material. In this 

paper, the increase in elastic strain with time is linked to 

progressive fracturing. 

To determine the change in plasticity, this study uses 

the data from the strain field as the state of stress is not 

readily available. El-Khasif and Maekawa (2003) dem-

onstrated the feasibility of this concept for conventional 

concrete in compression and it is of interest to explore 

its applicability for a different material such as ECC. 

The plasticity rate is considered to be a function of the 

plastic strain εp that is accumulated in the ECC, to ac-

count for loading history, and the elastic strain εe, to 

account for damage progress and the applied stress level, 

as: 

( ),
p

e p

d
f

dt

ε
ε ε=  (7) 

Two parameters are also proposed to determine the 

fracturing rate dK/dt: the average elastic strain εe and 

fracture parameter K as given by: 
  

( ),
e

dK
f K

dt
ε=  (8) 

where K is the ratio of the current stiffness to the initial 

stiffness. In this equation, the elastic strain εe is also 

considered as an indicator of the applied stress level, 

while the fracture parameter K is used to account for the 

influence of loading history (El-Khasif and Maekawa 

2003). These two equations are to be determined in the 

later part of this paper using the method proposed in the 

previous section. 

 

3. Experimental programs 

3.1 Test setup 
A series of short-term creep experiments were carried 

out to check the validity of the proposed modeling. The 

experimental program involved the testing of fourteen 

small-scale beams in flexure and six cylinders in com-

pression. Each of the specimens was tested at a se-

quence of increasing load levels. A detailed description 

of the experimental program is given below. 

The beams were all prismatic, of rectangular section, 

50 mm deep and 100 mm wide. They were all simply 

supported over a span of 500 mm and tested under four-

point bending. The center span between the two point 

loads was 110 mm. Beams B1 to B3 and B11, taken as 

the control specimens, were loaded to failure under 

monotonically increasing displacement at a rate of 0.8 

mm/min. Other beams (Beams B4 to B9, B12, and B14) 

were subjected to cyclic loads under variable load levels. 

The following loading protocol was adopted: 

L1. The beam was first loaded to a predefined load 

level in a displacement-controlled mode at a rate of 

0.8 mm/min. 

L2. Once the intended load level was achieved, loading 

was then altered from displacement control to load 

control, allowing the load to be held constant for 

an intended time span (i.e., 10 minutes).  

L3. Loading was then switched back to displacement 

control in order to unload and then reload the beam 

to the same or a higher load level in a more accu-

rate manner. This unloading and reloading process 

took approximately one to two minutes. 

L4. Loading procedures L2 and L3 were repeated sev-

eral times until the beam failed (either due to load-

ing or creep rupture when the load was held con-

stant). 

The only exception to the Loading Procedure L2 was 

when testing Beams B9 and B14 in which the displace-

ment instead of the load was held constant (noted by R 

in Table 1).  

Table 1 summarizes the maximum load attained for 

each loading cycle in percentage of the ultimate load 

capacity of the control beams and the corresponding 

time duration in seconds. It was decided to have diverse 

time steps and load levels such that the consistency of 

the proposed method could be well verified. For Beams 

B4 to B8, the initial load level was in the range of 66% 

to 82% of the average static strength. The load level was 

kept constant for a period of time (i.e. 275 seconds; see 

Beam B4 at a load level of 69%), and was subsequently 

raised in steps when the increase in the flexural tensile 

strain was no longer significant. The test duration was 

kept in the range of about 3 to 20 minutes to provide a 

reasonable compromise between accuracy due to the 

linearization process and number of cycles that may 

induce additional damage. The load level for Beams 

B12 and B13 was set at moderate levels in order to in-

vestigate the behavior under this load level as well. 

When the increase in the flexural tensile strain was no 

longer significant the load level was subsequently in-

creased (same as the previous series), or the time dura-

tion was lengthened. 

For a comparison, six additional 100×200 mm PVA-

ECC cylinders were tested to investigate the time-

dependent nonlinearity in compression under high stress 

levels. Cylinders C1 and C2 were tested under static 

displacement-controlled loads to obtain the compressive 

strength, while the other four cylinders were subjected 

to cyclic displacements using the same procedure as for 

the beams. 

 

3.2 Instrumentation 
Figure 2(a) shows the instrumentation used in the flex-

ural tests that includes load cell to record the applied 

load, two LVDTs to measure average mid-span deflec-

tion, and two cable transducers to measure surface ten-

sile strains. The cable transducers were glued on the 

bottom surface of each beam over the constant moment 

span [see Fig. 2(c)]. The cylinders were instrumented 

with a compressometer having two LVDTs to record the 

average compressive strain, and a load cell to record the 

applied load [see Fig. 2(b)]. 
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3.3 Material and fabrication 
A premixed PolyVinyl Alcohol (PVA)-ECC material 

available in the Japanese market was used in this study. 

The amount of materials for one batch of 32 liters, 

which includes the amounts of the premix products, 

water, chemical admixtures (Polycarboxylic-acid based 

SP, expansive and shrinkage reducing agents, and AE 

agent), and the mixing procedure can be found in the 

Appendix of JSCE Recommendation (JSCE 2007, pp. 

129-135). A summary of the main mixture proportion is 

Table 1 Test specimens and a summary of applied loading. 

ID Objective 
Load pattern 

% of capacity (time in seconds) 
ID Objective

Load pattern 

% of capacity (time in seconds)

B1-B3 

B11 
Static  

capacity 
.100% (710, on average) C1-C2 

Static  

capacity 
100% (365, on average) 

B10 
Cyclic  

response 

.71%, 77%, 84%, 86%, 90%  

.95%, 98%, 98%, 90% 
C3 

60% (298, 300, 300) 

70% (300, 304, 300) 

80% (298, 300, 298) 

90% (88, 86, 86), 90% 

B4 

.69% (275), 71%(369,606,602,422) 

.81% (302, 606, 619, 609, 606, 

           612, 604, 605), 90% (106) 

C4 
75% (598, 596) 

85% (602, 598), 89% 

B5 

.68% (306, 318, 302) 

.77% (303, 298, 303) 

.82% (302, 339),.87% (302,306) 

.93% (185, 101-CR) 

C5 

60% (56), 65% (56) 

70% (58), 75% (56) 

80% (58), 85% (56) 

90% (34), 100% 

B6 
.66% (264,244,326,601, 648,601) 

.82% (305-CR) 
C6 

To  

determine 

the time- 

dependent 

properties 

of PVA-

ECC 

75% (300, R) 

90% (298, R), 100% 

B7 

.70% (1204, 1202, 1205) 

.79% (185, 1206, 1204, 1207) 

.88% (308, 305),.93% (63, 44-CR) 

B8 
.82% (183, 605, 1261) 

.85% (1804, 1806), 100% 

B9 
 72% (616,R), 84% (623,R),   

 100% (605,R),104% (631,R),108% 

B12 
.59% (606, 1220, 2412) 

.65% (324, 1706), 95% 

B13 
.55% (602, 1210, 2406, 2528) 

.70% (612, 1212, 1808, 2352), 95% 

B14 

To  

determine 

the time- 

dependent 

properties of  

PVA-ECC 

.58% (332, 604, 604) (all R) 

.73% (306, 604, 602, 600) 

.84% (304, 602, 600), 100%    

Notes: 

- CR: Creep rupture. 

- R: Displacement was held constant. 

- The load in percentage is the load level normalized by 

the average static strength obtained from the control 

specimens. 

- Numbers in the brackets are time in seconds, represent-

ing the time span when the specimen was subjected to a 

constant load.  

Load
 cell

Load cell

Specimen

Speci 

men 

LVDT
LVDT 

Compressome-
ter  
frame 

 Roller   
 support

 Cross-tilting
 roller support

Aluminum 
plate 

Wire
Cable 

transducer 

(a) Beam specimen during testing 

Fig. 2 Test setup and instrumentation. 

(b) Cylinder specimen during testing 

(c) Two cable transducers glued on the bottom surface of a beam 
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given in Table 2. 

The mixing procedure was done by first inserting all 

the dry components, water, and chemical admixtures 

into a twin shaft concrete mixer. They were then thor-

oughly mixed for 10 minutes. Immediately after this, the 

workability and air content of the fresh ECC were 

checked. The average slump flow of the fresh ECC 

measured from the standard slump flow test was about 

600 mm, while the average air content was about 11%.  

After confirming these fresh mixture properties, the 

fresh ECC was poured into the middle of each steel 

mold at once and shredded laterally. The slurry was also 

poured into plastic cylinder molds vertically in three 

layers. All the specimens were then covered with plastic 

sheets. After a day of curing period, they were all 

stripped off and then cured in a water tank in a room 

with a temperature of 18±3
o
C until the testing date of 28 

to 34 days of age.  

 

4. Test results and discussions 

4.1 Static response 
Figure 3 shows the observed responses of control 

beams and control cylinders subjected to monotonically 

increasing displacement to failure. As the figure shows, 

the four beams exhibited a highly ductile behavior. The 

beams failed in flexure at an average load of 4.68 kN, 

which was highly above the first cracking load. The 

average midspan deflection and tensile strain at failure 

were 8.31 mm and 1.74%, respectively. The control 

cylinders failed at an average compressive stress of 39 

MPa, with the corresponding peak strain of 0.38%. All 

load and strain values in the rest of this paper will be 

expressed as a percentage of these values. 

 

4.2 Cyclic response 
Figure 4 and Fig. 5 show the observed load-deflection 

(or -deformation) and corresponding deformation-time 

responses of each specimen over the observation period. 

The loads shown are normalized by the ultimate load 

capacity of the control beams. These data are presented 

in this section to give a general indication of the re-

sponses of the material under cyclic and short-term sus-

tained loads. 

The test results shown in Fig. 4(a) and Fig. 4(b) indi-

cate that the effects of cyclic and short-term sustained 

loads on the static capacity and ductility of the beams 

and the cylinders are minor. Except for Beam B6 that 

failed prematurely at about 83% of its static capacity, all 

other beams were able to sustain a maximum load of 

approximately 90% of their short-term static capacities. 

No appreciable differences in ductility were evident in 

all of the beams tested and even a slight increase in duc-

tility was observed in the cylinders. Moreover, the ex-

perimental results constantly display significant residual 

deflections and plastic strains accumulating through 

each loading cycle. Similar observations were made for 

specimens subjected to cyclic tension by Jun and 

Mechtcherine (2010).   

From the deformation versus time plots in Fig. 5(a) 

and Fig. 5(b), it can be inferred that the observed tensile 

and compressive strains under a constant applied load 

increase with time, implying that the strain is time-

dependent. At lower load levels, for instance see the 

responses of Beams B12 and B13 and Cylinder C3, the 

increasing rate is seen to drop off quickly with time and 

hence the strains tend to level off. They start to increase 

again once the load levels are increased. At higher load 

levels, the strains are seen to keep increasing over the 

time period investigated (see Beam B7 and Cylinder C4, 

for instance).  

Furthermore, it is interesting to note that although the 

observed strains under a constant compression stress 

Table 2 Mix proportion for PVA-ECC (JSCE 2008). 

W/(C+FA) 

(%) 

Water 

(kg/m3) 

S/(C+FA) 

(%) 

PVA Fibers

(%), in vol.

42.2 350 70 2.0 

Note: W is water, C is ordinary Portland cement, FA is fly ash, and S 
is fine sand.  

PVA fibers: diameter is 0.04 mm, length is 12 mm, and tensile strength 

is 1,600 MPa. 
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always exhibit a gradual increase, the tensile strains 

sometimes show a sudden increase possibly due to ei-

ther the formation of a new crack or the mergence of 

pre-existing cracks, forming a single through crack 

throughout the beam width. 

With these data at hand, attempts were then made to 

extract the parameters that are associated with the plas-

ticity (elastic strain εe, plastic strain εp, and plasticity 

rate dεp/dt) from the time-deformation responses, and 

the parameters that are related to fracturing (elastic 

strain εe, fracture parameter K, and fracturing rate dK/dt) 

from the load-deformation responses. The procedures 

outlined in Section 2 were used and the results are pre-

sented in the following section. 

 

4.3 The evolution of plasticity and damage  
To establish a clear relation of the parameters represent-

ing the states of plasticity and fracturing, all the data 

obtained from the cyclic tests are plotted on the same 

figure in Figures 6(a)-(d) according to the types of 

loading. Figure 6(a) and Fig. 6(b) show the observed 

plastic strain rate versus the normalized plastic strain 

from the results of bending and compression tests, re-

spectively, while Fig. 6(c) and Fig. 6(d) shows the cor-

responding fracturing rate versus the fracture parameter 

extracted from the test results. The fracturing rates 

shown are multiplied by 10
4
 to make them in the same 

order of magnitude to the plasticity rate. The markers 

indicate the experimental data, while the lines indicate 

best-fit curves that will be discussed in the next subsec-

tion. The data corresponding to nearly the same magni-

tude of elastic strain (± 75-100 micron) were plotted in 

the figures using the same markers. The numbers on the 

lines having the same color with the markers indicate 

the corresponding normalized elastic strains. It is inter-

esting to note that when the data from individual load 

cycles were clustered according to the magnitude of the 

elastic strain, these data cluster reasonably well into a 

trend, particularly those at smaller elastic strain values. 

The following paragraphs summarize the trend observed. 

From the extracted plasticity data shown in Fig. 6(a) 

and Fig. 6(b), there is a notable trend of decreasing 

plastic rate with increasing plastic strain for the same 

elastic strain value. Since the increasing rate in plastic 

strain under a constant load is generally higher than that 

in elastic strain, plasticity under sustained load can thus 
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(a) Responses under 4-point bending (b) Responses under compression 

(a) Time-strain responses under 4-point bending (b) Time-strain responses under compression 
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be expected to proceed at a decreasing rate. It is also 

apparent from the figures that the curves related to large 

elastic strains have steeper gradients. As the elastic 

strain can be considered an indicator of the load level 

applied, it can be inferred that the rate of plasticity 

should decrease more slowly with increasing load level. 

This explains the quick dropping off of strain rate with 

time at the early stages of loading of Beams B12 and 

B13, when subjected to lower load levels [see Fig. 5(a)]. 

Finally, it is also evident from the two figures that a 

greater part of the short-term strain in bending is highly 

irrecoverable, while a greater part of the short-term 

strain in compression is highly recoverable. At high 

stress levels, for instance, the normalized tensile plastic 

strains are 0.5 to 0.6 of the static tensile strain capacity, 

while the plastic compressive strains are only about 0.2 

to 0.3 of the static compressive strain capacity. 

From the fracturing data shown in Fig. 6(c) and Fig. 

6(d), it appears that the fracturing rate decreases with 

increasing damage (decreasing fracture parameter K) 

when the elastic strain is held constant. It can also be 

seen from the two figures that the data having nearly the 

same magnitude of elastic strain form curves with a 

somewhat similar gradient, implying that load level has 

a minor influence on the fracturing rate. The only ex-

ceptions are the flexural responses at lower stress levels 

represented by the curves corresponding to normalized 

elastic strains of 0.065 and 0.085 that show a notably 

steeper slope, possibly due to more intense formation of 

multiple cracking at this stress range. Finally, as also 

apparent from the two figures, the fracture parameters K 

in flexure appear to be lower than about 0.25, over the 

range of the load investigated, while those under com-

pression are in the range of 0.6 to 0.9. The small values 

of K in flexure over the range of stresses studied indi-

cate that the ECC underwent sudden change of stiffness 

soon after experiencing state changes from uncracked to 

cracked. 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0
0.01 0.1 1 10 100

N
o

rm
a

liz
e

d
 t
e

n
s
ile

 p
la

s
ti
c
 s

tr
a
in

ε tp ε tu
N

o
rm

a
liz

e
d

 t
e

n
s
ile

 p
la

s
ti
c
 s

tr
a
in

ε tp ε tuε tp ε tu

Tensile plastic strain rate           (micron/sec)
dεtp

dt

ε
te ε

tu= 0.270

ε
te ε

tu= 0.270

0.315
0.315

0.235
0.235
0.2250.225
0.2150.215

0.1950.195
0.1850.185
0.1750.175
0.1650.165
0.1550.155
0.1400.140
0.1350.135
0.1250.125
0.1150.115
0.1050.105

0.0650.065
0.0850.085 0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0
0.01 0.1 1 10 100

Compressive plastic strain rate        (micron/sec)
dεcp

dt

N
o

rm
a
liz

e
d

 c
o

m
p
re

s
s
iv

e
 p

la
s
ti
c
 s

tr
a

in
ε cp ε c’

1
.2

5
0

0.450

ε
ce ε

c = 0.775

’

0.585

0.6850.650

0.550

0.375

0.4250.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0
0.01 0.1 1 10 100

Compressive plastic strain rate        (micron/sec)
dεcp

dt
Compressive plastic strain rate        (micron/sec)

dεcp

dt

N
o

rm
a
liz

e
d

 c
o

m
p
re

s
s
iv

e
 p

la
s
ti
c
 s

tr
a

in
ε cp ε c’

N
o

rm
a
liz

e
d

 c
o

m
p
re

s
s
iv

e
 p

la
s
ti
c
 s

tr
a

in
ε cp ε c’

1
.2

5
0

1
.2

5
0

0.4500.450

ε
ce ε

c = 0.775

’

ε
ce ε

c = 0.775

’

0.585
0.585

0.685
0.6850.650

0.650

0.550
0.550

0.3750.375

0.4250.425

0.01 0.1 1 10 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

εte
εtu= 0.270

0.315

0.2350.225
0.2150.195
0.1850.175
0.1650.155

0.1400.135
0.125
0.115
0.105

0.065

0.085

F
ra

c
tu

re
 p

a
ra

m
e
te

r 
K

dΚ
0.01 0.1 1 10 100

0.00

0.05

0.10

0.15

0.20

0.25

0.30

εte
εtu= 0.270εte
εtu= 0.270

0.3150.315

0.2350.2350.2250.225
0.2150.2150.1950.195
0.1850.1850.1750.175
0.1650.1650.1550.155

0.1400.1400.1350.135
0.1250.125
0.1150.115
0.1050.105

0.0650.065

0.0850.085

F
ra

c
tu

re
 p

a
ra

m
e
te

r 
K

dΚ
0.01 0.1 1 10 100

0.0

0.2

0.4

0.6

0.8

1.0

F
ra

c
tu

re
 p

a
ra

m
e

te
r 

K

dΚ

1.250

0.450

εce
εc = 0.775’

0.685

0.585
0.550

0.375
0.425

0.01 0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

F
ra

c
tu

re
 p

a
ra

m
e

te
r 

K

dΚ

1.2501.250

0.4500.450

εce
εc = 0.775’εce
εc = 0.775’

0.6850.685

0.5850.585
0.5500.550

0.3750.375
0.4250.425

Fracturing rate         (x10
-4

 1/sec)dK 
dt 

Fracturing rate         (x10
-4

 1/sec)dK 
dt 
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4.3 Empirical formulations 
In this section, empirical relations that were chosen to 

fit with test data shown in Fig. 6(a) and Fig. 6(b) are 

presented. In accordance with Equation 7, the following 

empirical equation is proposed to provide a measure of 

the plasticity rate:  

1
b

p

p

u

d a

dt

ε
ε

ε

⎛ ⎞
⎜ ⎟

= ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

 (9) 

where a and b are two parameters that depend on the 

magnitude of elastic strain. In this equation, the parame-

ter a is used as an indicator of the extent of plastic strain 

εp that has been accumulated in the ECC [this is associ-

ated with the position of the curve along the vertical 

axis of Fig. 7(a)], while the parameter b is used to con-

trol the degree of plastic strain increment [this is related 

to the slope of the curves in Fig. 7(a)]. The following 

equations are proposed to express the two: 
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Note that, for tension, εte is normalized with εtu, while 

for compression εce is normalized with the strain corre-

sponding to compressive strength εcu). 

To provide an estimate of the fracturing rate dK/dt, 

the following expression is proposed in accordance with 

Equation 8:  

1

4

1

110

qdK p

dt K

⎛ ⎞= ⎜ ⎟−⎝ ⎠
 (12) 

where p is a damage indicator that controls the degree of 

fracturing K and q is a power term that controls the de-

gree of fracturing increment, with p and q being a func-

tion of the normalized average elastic strain. The p pa-

rameter determines how the curve moves vertically in 

Fig. 7(c) and Fig. 7(d), while the q parameter controls 

the slope of the curves. These two parameters were cali-

brated against the test data, and the following expres-

sions are proposed: 
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It should be noted that all the parameters obtained 

above are suitable for PVA-ECC with the mixture pro-

portion listed previously in Table 2 and shall be cali-

brated for a different ECC, as more information be-

comes available. The parameters for flexure might be 

sensitive to the amount and type of fiber used (particu-

larly if the fibers do not form chemical bond and form 

only frictional bond with the ECC matrix), while the 

parameters for compression might be less sensitive to 

this issue. Future research in this area is needed. 

 

5. Predictions of the time-dependent creep 
under high stress levels 

Having obtained the empirical equations (Equations 9 to 

14) and Fig. 6, one can thus use either one to estimate 

the time-dependent creep of ECC. A flowchart describ-

ing the step-by-step calculation procedure is given in 

Fig. 7. For a given stress level, one should firstly obtain 

the values of immediate strain and fracture, and then 

assume a time increment Δt. Since creep is logarithmic 

in nature, it is best to start with a very small time incre-

ment (e.g. 1 second), especially if there is a rapid 

change in plasticity or fracturing such as after the load is 

held constant or increased to a new level. As time pro-

gresses, the time increment can be increased, if neces-

sary. One can then use Fig. 6(a) to Fig. 6(d), if the use 

of chart is preferable, start at the vertical axis of the fig-

ures, move horizontally to the graph line, and then 

across to the horizontal axis to get the plastic-

ity/fracturing rate, or otherwise, directly use Equations 9 

and 12. Afterward, Equations 16 to 18 can be used to 

update the values of the strains and fracture, and thus 

the total strain at the current time step (Equation 19). 

This process can be repeated as necessary or until fail-

ure occurs. In the calculation, creep rupture is distin-

guished by a rapid increase in total strain as the rate of 

elastic strain becomes infinitely large, while the rate of 

plastic strain remains comparatively small. In general, 

this whole calculation process is tedious, if performed, 

by hand, but is relatively straightforward with an Excel 

spreadsheet. The following sections present results ob-

tained from the predictions. 

 

5.1 Short-term creep under variable load levels 
This section presents results obtained for the prediction 

of the test beams subjected to variable load levels. In 

order to simplify the prediction, the following assump-

tions were made to take into account the changes in the 

load level:  

1. The increase in creep strain at intermediate stress 

levels during unloading and reloading process is 
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negligible. 

2. The increase in load level is proportional to the 

elastic strain as given by: 

j+1

1

j

ej ej

P

P
ε ε+ =  (20) 

where, Pj+1 and Pj indicate the current and previous load 

levels, and εej+1 and εej are the corresponding strains, 

respectively. The strain εei+1 obtained from Equation 18 

can be used as input for εej. 

3. The increase in plasticity and fracturing when the 

load is increased occurs at once while the load 

change is taking place. To take into account this ef-

fect, the second part of Equations 17 and 18 is re-

placed with a lump sum additional plastic strain or 

fracture. These values were approximated from the 

load cycles before and right after the increase in 

load. 

Figure 8 compares the predicted and observed re-

sponse of selected test beams. Note that the unloading 

and reloading response from the observed response was 

ignored and hence the observed responses plotted in the 

figure are the compressed version of that shown previ-

ously in Fig. 5(a). In general, there is a reasonable 

agreement between the generated creep strains and the 

experimentally observed strains. The following two 

paragraphs summarize the comparison. 

For Beam B4, the agreement of the two is reasonable. 

The predicted strain over this first loading stage repli-

cates the observed strain well. The predicted strain over 

the second load stage was, however, smaller than the 

observed strain. The agreement over the next load stages 

appears to be reasonable, although the analysis slightly 

overestimates the strain rate during the later parts of the 

third loading stage. The analysis successfully predicts 

the creep failure soon after the load is increased to about 

90% of its static capacity. For Beam B5, the agreement 

Obtain initial values of strains and fracture 

from the 1
st
 loading cycle, εe, εp, and K 

Determine time increment,  

i.e. Δt =1 sec 

From  εe  ̶  εp   ̶        relationship:  
 

Obtain plastic rate        from given εei and εpi 
dεp 

 dt 

dεp 

 dt 
From  εe  ̶  Κ   ̶        relationship:  

 

Obtain fracturing rate        from given εei and Ki
dK 

 dt 

dΚ 

 dt 

Update the plastic strain value, εpi+1  
 

εpi+1 = εpi +        dt 
dεp 

 dt 

Update the fracture value, Ki+1  
 

Ki+1 = Ki  ̶         dt 
 

Update the elastic strain value, εei+1  
 

εei+1 =        εei  

dK 

 dt 

STEP i=1:  ti=0 min, εti=εei+εpi 

Ki 

Ki+1 

Calculate the total strain from the updated elastic and 

plastic strains, εti+1=εei+1+εpi+1 

A 

Failure? 

εei+1 → ∞ 
A Plot εti+1 and ti+1 

END 

Y 

N 

(16) (17)

(18)

(19)

(15)

Fig. 7 Procedure for computing time-dependent strains under sustained load. 
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of the two is also reasonably good. Although the analy-

sis tends to underestimate the observed strain rate over 

the first loading stage, it replicates the general pattern of 

the observed response over the remainder load stages 

well. The lifetime was somewhat overestimated by 

about 15 minutes possibly as a result of neglecting the 

loading and reloading process (note that this specimen 

was subjected to more cycles, but shorter in time, and 

hence time taken during the cyclic process was rela-

tively more significant). For Beam B6, the agreement of 

the two is worse. A significant underestimation of strain 

at early to intermediate stages and a significant overes-

timation of the time to failure can be observed. Unlike 

the observed strain that increases rapidly after loading 

possibly due to either the development of a new crack or 

the mergence of existing cracks, the predicted strain 

appears to increase more gradually. It is likely that if the 

extensive cracking did not happen, this beam would be 

able to sustain the increased load longer, as found ana-

lytically.  

For Beam B7, there is an excellent agreement be-

tween the predicted and observed strains. The predicted 

response appears to follow the trend of the observed 

response very well. An excellent agreement can also be 

seen between the predicted and observed responses of 

Beam B8, given that this specimen was subjected to 

high load levels from the very beginning. From the 

comparison of predicted and observed response of 

Beam B13, it appears that the predicted strain underes-

timated the observed strain over the two loading periods 

applied. This warrants further investigations into the 

time-dependent behavior under low to intermediate load 

levels. 

Figure 9 compares the predicted and observed re-

sponse of selected test cylinders. Similar to the previous 

figure, it should be noted that the observed creep strains 

plotted in the figure are the compressed version of those 

shown in Fig. 5(b). As can be seen from the figure, the 

 
Fig. 8 Comparison of predicted and observed short-term responses of selected beams. 

 
Fig. 9 Comparison of predicted and observed short-term responses of selected cylinders. 
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agreement between the predicted and observed com-

pressive strains is excellent. When compared to the re-

sults presented earlier, it appears that the creep behavior 

in compression is much more stable than that in flexure, 

allowing the compressive creep behavior to be predicted 

more satisfactorily. 

 

5.2 Short- to long-term creep under constant 
load levels 
In order to illustrate the usefulness of the above method, 

an example of the prediction of the creep of hypotheti-

cal ECC at high stress levels was made. Four different 

load levels were considered: 75%, 80%, 85%, and 90% 

of the static strength. Data that were not available were 

estimated by plotting the available data in Fig. 10 and 

then making best fit lines. As can be seen, the magni-

tude of strain and fracture shows a linear trend to ap-

plied load level, except for the tensile fracture that indi-

cates a quadratic trend. Table 3 summarizes the values 

of initial strains and fracture used. 

Figure 11(a) and Fig. 11(b) show the computed nor-

malized total strains versus time. The computed strains 

are normalized to static strain capacity to give a clear 

picture of their relative values. In general, it appears that 

the development of the creep strain and the lifetime are 

clearly very much dependent on the applied load level. 

The higher the load being sustained, the earlier the time 

 
(a) Flexure     (b) Compression 

Fig. 10 Measured and approximated values of initial strain and fracture parameter. 

Table 3 Input variables for prediction. 

Load Tension Compression 

level ID εte /εtu εtp /εtu Kt ID εce /εcu εcp /εcu Kc

75% P9 0.080 0.082 0.264 C4 0.494 0.052 0.894

80% P8 0.117 0.154 0.189 - 0.542* 0.082* 0.864*

85% - 0.160* 0.220* 0.149* - 0.590* 0.112* 0.834*

90% P10 0.200 0.288 0.127* C6 0.639 0.142 0.803

Note: * approximated values. 
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Fig. 11 Predicted deformations under sustained loads for various initial stresses, for hypothetical ECC beams with 2% of 

PVA fibers. 
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to failure and the smaller the strain at failure is. Over the 

range of load levels investigated, the strain at rupture is 

seen to be always larger than the short-term strain ca-

pacity, indicating the ability of the material to maintain 

its large strain capacity when subjected to sustained load.  

Figure 12 summarizes the dependence of the time to 

rupture and the corresponding strain on the load level 

applied. Regardless of the loading condition, it is pre-

dicted that the time to rupture will increase with de-

creasing load level. As can be seen in Fig. 12(a), a 

somewhat linear trend between the magnitude of load 

and logarithm of time to rupture is apparent. It is unclear, 

however, whether this linear trend would remain at 

lower stress levels. Interestingly, time to failure under 

flexural loading is seen to be almost at the same order to 

that under compression, being at 90% of the static 

strength of approximately an order of magnitude longer 

than that under compression and being that the differ-

ence between the two diminishes as the load level is 

decreased. Similar to the time to rupture, it is predicted 

that the strain at rupture will also increase with decreas-

ing load level [see Fig. 12(b)]. The load level is seen to 

be a far more significant factor affecting the creep strain 

capacity under compression than that under flexure. It is 

predicted that as the load level is decreased, the tensile 

strain capacity in flexure will increase almost linearly, 

while the compressive strain capacity will increase 

somewhat exponentially. In the load range of 75 to 90% 

of the static strength, it is predicted that the compressive 

strain capacity will be about 1.6 to 3.5 of the static 

strain capacity, while the tensile strain capacity will be 

in the range of 1.1 to 1.4 times of the static strain capac-

ity. 

To explain the notable differences in the magnitude of 

strain at rupture under the two loading conditions, the 

normalized elastic strain versus normalized elastic strain 

plot depicted in Fig. 13 is discussed. It is evident from 

this figure that the load level, for the range investigated, 

has a great influence on the magnitude of plastic com-

pressive strain, a minor influence on that of plastic ten-

sile strain, and a negligible influence on that of both 

elastic compressive and tensile strains. As the stress is 

decreased from 90% to 75% of the short-term compres-

sive strength, the magnitude of plastic compressive 

strain is predicted to increase from approximately 0.6 to 

almost 3 times of the short-term compressive strain ca-

pacity. It is thus obvious that it is this large plastic strain 

that had contributed to the large compressive creep 

strain at lower load levels observed previously in Fig. 

12 and Fig. 13. Regarding the effects on the plastic ten-

sile strain, it is predicted that the magnitude of the ten-

sile strain will only increase from about 0.8 to 1.0 times 

of the static tensile strain capacity under the same load 

range. This narrow strain range indicates that only a 

moderate change in average crack width would happen. 

Further tests need to be carried out to confirm this phe-

nomenon. Finally, the minor influence of the load level 

on the magnitude of the elastic strain can be seen from 

the marginal range of the normalized elastic tensile and 

plastic strains of approximately 0.36 and 1.1-1.2 of the 
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static strain capacity, respectively. 

Finally, it is of interest here to obtain the significance 

of plasticity and fracturing on the creep deformation 

after loading. Figure 14 shows the dependence of the 

proportion of plastic and elastic strain components on 

discrete time points after loading normalized by the time 

at rupture. As can be seen from Fig. 14(a), it is pre-

dicted that the evolution of plasticity is the predominant 

factor of tensile creep at early time, as illustrated by the 

nearly constant proportion of elastic and plastic strains 

for normalized lifetime greater than 0.2. Plasticity is 

also predicted to be the greater part of the total creep 

deformation. The influence of the stress level appears to 

be insignificant. By contrast, it is predicted that the 

compressive stress level affects the proportion of the 

two strain components quite significantly [see Fig. 

14(b)]. The contribution of the plastic strain to the total 

strain is predicted to increase as the stress level is de-

creased, particularly if the stress levels are lower than 

80% of short-term strength. At these stress levels, it is 

also apparent that the plasticity evolution progesses dur-

ing the early lifetime, as marked by the nearly constant 

proportion of the two strain components for the normal-

ized lifetime greater than 0.2. 

 

6. Concluding remarks 

An investigation into the creep behavior of PVA-ECC 

under sustained loads is presented. The investigation 

started with the attempt to trace the changes in elastic 

strain, plastic strain, and fracture in the ECC from a 

series of specimens that were tested under a sequence of 

increasing load levels. This enabled the determination of 

the rate of plasticity as a function of the strains accumu-

lated in the ECC, as well as, the rate of fracturing as a 

function the existing damage and the magnitude of elas-

tic strain. On the basis of this concept, predictions of the 

time dependence under variable and constant stress lev-

els were made. The following conclusions can be 

drawn:  

 
Short-term creep tests under increasing load levels 
(1) External load if applied below 90% of the static 

strength for few tenths of minutes was found not to 

significantly affect the strength and ductility of the 

ECC specimens. 

(2) Significant portions of short-term strains of ECC 

under compression are recoverable, while those of 

tensile strains under flexural loading are irrecover-

able. 

 
The evolution of plasticity and fracturing 
(3) When the elastic strain is held constant, plastic rate 

appears to decrease as the plastic strain increases. 

The plastic strain evolution is more significant at 

higher stress levels. 

(4) When the elastic strain is kept constant, it appears 

that fracturing rate decreases as the extent of dam-

age increases. Stress level is seen to have a minor 

effect on fracturing rate. 

 
ECC specimens under varying loads 
(5) The reasonable agreement between the predicted 

and observed response of a series of ECC speci-

mens tested under different load sequences and 

load durations indicates the viability of the pro-

posed method to characterize the short-term behav-

ior of ECC subjected to sustained loads. 

(6) It appears that the model proposed for flexural 

tensile creep performs better at higher stress levels. 

The correlation between the predicted and ob-

served flexural tensile strains is reasonably good. A 

better correlation is seen from the predicted and 

observed responses in compression. Based on the 

work presented, future works will be directed to-

ward formulating a more general model for uniax-

ial tension. 

 
Hypothetical ECC specimens under constant loads 
(7) Creep rupture is predicted to occur under load lev-

els of 75% to 90% of the static strength. The loga-

rithm of time to rupture is shown to be inversely 

proportional to the load level. Time to rupture un-

der compression at 90% load level appears to be 

approximately one order of lifetime shorter than 

that under flexure. This difference appears to di-

minish with decreasing load level. 

(8) Load level appears to affect creep strain under 

compression more significantly than that under 

flexure. As the load level is decreased from 90% to 
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Fig. 14 Predicted plastic and elastic strain components under 75% to 90% of static capacity. 
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75% of the static strength, the tensile and compres-

sive strains at rupture are 1.1 to 1.4 times and 1.6 

to 3.5 times the tensile strain and compressive 

strain capacities, respectively. 

(9) Plastic tensile strain is seen to account for a greater 

part of the total strain. The same circumstance is 

observed in compression when the applied stress 

levels are lower than about 80% of the short-term 

strength. 
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