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a b s t r a c t 

This work investigates the influence of loading type, loading rate, and test size on the fracture energy of columnar 

freshwater S2 ice. The ice sheet in the Ice tank at Aalto University was very warm (above -0.5 ◦C) and thick 

( 0 . 34 < ℎ < 0 . 41 m). A program of nineteen mode I fracture tests using deeply cracked edge-cracked rectangular 

plates of various sizes (size range 1:39), loading types, and loading rates were carried out. Fourteen displacement- 

controlled tests (DC) were loaded monotonically to fracture, and five load-controlled tests (LC) were conducted 

with creep/cyclic-recovery and monotonic loading to fracture. Different methods for computing the fracture 

energy were applied and compared. The apparent fracture energy at crack growth initiation was obtained via 

Rice’s J-integral expression ( 𝐽 𝑄 ) modified to be applicable to the special case of a deeply cracked edge-cracked 

plate as well as via a viscoelastic fictitious crack analysis ( 𝐺 VFCM ). The work-of-fracture ( 𝑊 𝑓 ) was also evaluated. 

Both 𝐽 𝑄 and 𝑊 𝑓 were measured from the load-displacement record at the crack mouth. 𝐺 VFCM was obtained from 

the back-calculated stress-separation ( 𝜎 − 𝛿) relation within the fracture process zone. A rather good agreement 
was obtained between 𝐺 VFCM and 𝐽 𝑄 , especially for the large specimens. 𝐽 𝑄 and 𝑊 𝑓 exhibited interrelated size 

and rate effects. The 𝑊 𝑓 ∕ 𝐽 𝑄 values for the DC tests were affected by rate and confined to a narrow range of 1 to 

3. The creep-recovery loading did not affect the 𝐽 𝑄 values but led to an increase in the 𝑊 𝑓 and 𝑊 𝑓 ∕ 𝐽 𝑄 values for 
most of the LC tests. 
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. Introduction 

More than five decades ago, Weeks and Assur [1] stated that ”We

eel that an understanding of the scale effect in ice testing is essential

efore a thorough scientific basis can be developed for the utilization

f small-scale testing in engineering design problems. ” Important topics

elated to lake ice and river ice include thermal cracking, bearing capac-

ty (ice covers are often used as temporary roads, bridges, airfields, and

onstruction platforms), river ice breakup (often a precursor to ice jams

nd floods), and lake ice breakup (wind-induced or by an icebreaker).

 common theme is that the deformation mechanisms in each case are

ucleated by tensile cracking, very often as the ice temperatures have

armed significantly. The behavior of warm ice is inevitably compli-

ated by the presence of creep, especially for slower loading rates. The

ensile fracture behavior of warm columnar S2 freshwater ice is still a

elatively unexplored topic, especially as regards the influence of load-

ng type, loading rate, and test size. As Weeks and Assur implied, a large

ange in test size must be tested in this case to reveal the scale effect on

he tensile fracture characteristics. 
∗ Corresponding author. 
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To fill this knowledge gap, the present effort focuses on 1) quanti-

ying the mode I fracture energies of columnar freshwater S2 ice using

ifferent methods and 2) examining the influence of the type of load-

ng, test size and loading rate on the fracture energy. A program of nine-

een mode I fracture tests using deeply cracked edge-cracked rectangular

lates (ECRP) that varied the test sizes, loading types, and loading rates

as conducted. During the test program, in the Ice Tank at Aalto Uni-

ersity, the parent ice sheet grew in thickness from 340 mm to 410 mm.

he ice surface was slightly cooler than -0.3 ◦C while the bottom sur-

ace, the ice-water interface, manifested an ice temperature of 0 ◦C. Each

nitial notch was fabricated to be 70 − 75% of the crack-parallel dimen-

ion. The test program was divided into two parts. Fourteen tests were

onducted in displacement control (DC) and loaded with different rates

onotonically to fracture. The plates covered a size range of 1:39 with

hree plate sizes: 0.5m x 1m, 3m x 6m and 19.5m x 36m [2] . In the sec-

nd part, five tests of 3m x 6m ECRP were loaded in load control (LC)

nder creep-recovery loading and monotonic loading to fracture [3] .

reep and cyclic sequences were applied maintaining peak loads well

elow the failure loads, followed by monotonic ramps leading to com-
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lete fracture of each specimen. Full details of the LC tests is provided

n [3] . 

The apparent fracture energy at crack growth initiation is computed

ia Rice’s J-Integral expression ( 𝐽 𝑄 ) modified to be applicable to the spe-

ial case of a deeply notched edge-cracked plate [4] and via a viscoelas-

ic fictitious crack model ( 𝐺 VFCM 
) [2] . The work-of-fracture ( 𝑊 𝑓 ) as in-

roduced by Nakayama [5,6] and Tattersall and Tappin [7] is also cal-

ulated. 𝐽 𝑄 and 𝑊 𝑓 were directly evaluated from the load-displacement

ecord at the crack mouth (CMOD). 𝐺 VFCM 
is computed from the stress-

eparation ( 𝜎 − 𝛿) relation within the fracture process zone. 𝐽 𝑄 , 𝐺 VFCM 

nd 𝑊 𝑓 are analyzed with respect to the loading type, rate, and speci-

en size. 

The rest of the paper is structured as follows. In Section 2 , a descrip-

ion of the experimental details is presented. Section 3 introduces the

racture energies and explains how they are obtained. In Section 4 , the

omputed results are summarized and analyzed. Section 5 concludes the

aper. 

. Experimental details 

A 40m x 40m sheet of columnar freshwater S2 ice was grown in the

ce Tank of Aalto University. The ice thickness was very homogeneous

ut increased from 340 mm to 410 mm during the test program that

asted a few weeks. A deeply cracked edge-cracked rectangular plate

ECRP) configuration loaded at the crack mouth was used ( Fig. 1 (a)).

he ice had a near-linear temperature gradient and a mean grain size

f 6.5 mm. The ice temperature at the top surface of the ice sheet was

0 . 3 ◦C; at the bottom of the ice sheet the ice temperature was 0 ◦C. A
ong tip-sharpened edge crack of length 𝐴 0 ( 𝐴 0 ≈ 0 . 7 𝐿 for the 0.5m x 1m

nd 3m x 6m plates and ≈ 0 . 75 𝐿 for the 19.5m x 36m plates) was fabri-

ated in each ice specimen. A long crack length was selected to achieve

rack path stability and ensure that the crack propagates straight be-

ween the LVDTs (NCOD2 and NCOD3, Fig. 1 (a)) to the far plate edge,

s shown in Fig. 2 . Any crack healing before the experiment was avoided

y constantly running a hand saw through the precrack. The response

f the ice at different positions along the crack was monitored by us-

ng surface-mounted linear variable differential transducers (LVDTs),

abelled in Fig. 1 (a) as CMOD (at the crack mouth), COD (midway of
2 
he crack), NCOD1 (10 cm behind the tip), NCOD2 (6–10 cm ahead of

he tip), and NCOD3 (20 cm ahead of the tip). A hydraulically operated

losed-loop device was inserted in the mouth of the pre-crack to load the

pecimen, with a contact loading length of 150 mm, denoted by 𝐷 in

ig. 1 (a). Fig. 1 (b) shows the in-situ experimental setup of a 0.5m x 1m

pecimen. A detailed description of the experimental setup, ice growth,

icrostructure, and fractographic analysis is provided in [2] . 

. Fracture energies 

.1. Fracture energy at crack growth initiation ( 𝐽 𝑄 ) 

The J-integral, formulated by Rice [8] , approximates the crack-tip

tress-strain fields in a linear or nonlinear elastic material, and thus be-

omes more difficult to interpret once unloading occurs in the speci-

en. Consequently, the J-integral is used for specimens at the initiation

f crack growth [9,10] . Therefore, Rice’s J-integral gives the apparent

racture energy at crack growth initiation ( 𝐽 𝑄 ), i.e. the energy required

o initiate fracture. 

Later, Rice et al [4] derived the J-integral expression for a deeply-

otched edge-cracked plate. His approximation is essentially exact if the

abricated notch is deep enough, with just a short ligament subjected to

ending: 

 𝑄 = 

2 
ℎ ( 𝐿 − 𝐴 0 ) ∫

𝛿crack 

0 
𝑃 𝑑𝛿crack (1)

here ℎ is the plate thickness, 𝐿 − 𝐴 0 the remaining uncracked ligament

see Fig. 1 a), 𝑃 the applied load, and 𝛿crack is the crack-mouth-opening-

isplacement (CMOD). The integral is simply the area ( 𝐴 𝐽 𝑄 
) under the

oad-CMOD curve up to crack growth initiation. It represents the work

one in loading; where the elastic deformations with no crack present

hould be eliminated from the calculations in Eq. (1) . 𝐽 𝑄 has been used

xtensively in metals [10–18] , concrete [9] , and ceramics [19] . Appar-

ntly, few attempts have been made to estimate this quantity for any ice

ype. To our knowledge, the first effort for freshwater ice was reported

y Li et al [20] . They used the photoelastic method and the speckle

echnique to measure the stress and displacement fields necessary to
Fig. 1. (a) Specimen geometry, edge cracked 

rectangular plate of length 𝐿 , width 𝐻 , and 

crack length 𝐴 0 . (b) In-situ experimental setup 

of a 0.5m x 1m ice specimen. 

Fig. 2. (a) 0.5m x 1m and (b) 3m x 6m spec- 

imens at the end of the experiment. The crack 

path through the ligament area is shown. 



I.E. Gharamti, J.P. Dempsey, A. Polojärvi et al. Materialia 20 (2021) 101188 

Fig. 3. Description of the area used for (a) 𝐽 𝑄 
( 𝐴 𝐽 𝑄 

) and (b) 𝑊 𝑓 ( 𝐴 𝑊 𝑓 
) calculations. Load ver- 

sus crack mouth opening displacement for (c) 

RP4 and (d) RP12, illustrating the 𝐴 𝐽 𝑄 
and 𝐴 𝑊 𝑓 

areas. 
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Fig. 4. VFCM: (a) idealization of the cohesive crack; (b) stress distribution in the 

PZ before, and (c) after the development of a FDPZ; (d) stress-separation curve 

(Adapted from [2,23] ). 𝛿𝑣 ( 2 𝑈 𝑣 ) and ̇𝛿𝑣 are the crack-opening-displacement and 
the rate of crack opening, respectively. The subscript 𝑣 indicates the viscoelastic 

characterization. 
btain the J-integral. Unfortunately, they could not test for the critical

 because of limitations of the testing device. 

Eq. (1) is a good approximation for the current tests because the

nitially-sharpened crack length is sufficiently long: 𝐴 0 ≈ 70% 𝐿 (0.5m x

m and 3m x 6m plates) and ≈ 75% 𝐿 (19.5m x 36m plate). The elastic

isplacements of the load points of the uncracked specimen are negligi-

le compared to the displacements due to the crack [4] . Therefore, the

otal raw area under the load-CMOD curve up to the maximum load is

onsidered, as portrayed in Fig. 3 a. 

.2. Work-of-fracture ( 𝑊 𝑓 ) 

The work-of-fracture ( 𝑊 𝑓 ), as used by Nakayama and others

5,7,10,19,21,22] , represents the fracture energy required to propagate

 crack completely through a specimen. It is calculated from the total

ork done in splitting the plate, as determined from the area under the

ntire load-CMOD record ( A 𝑊 𝑓 
, see Fig. 3 b), i.e. 

 𝑓 = 

A 𝑊 𝑓 

ℎ ( 𝐿 − 𝐴 0 ) 
(2)

It is worth noting that 𝐽 𝑄 and 𝑊 𝑓 provide a more accurate analysis

han the apparent fracture toughness ( 𝐾 𝑄 ) [2] . The 𝐾 𝑄 value depends

nly on the peak load; however, evaluation of 𝐽 𝑄 and 𝑊 𝑓 depends on

he peak load and the shape of the load-CMOD curve. Nevertheless, it

as shown in [2] that 𝐾 𝑄 is not a valid parameter for warm columnar

reshwater ice except for very fast tests with failure times of less than

 seconds. Accordingly, any general analysis with 𝐾 𝑄 is not applicable

23] . The ratio of the work-of-fracture to the apparent fracture energy

t crack growth initiation gives information about the energy absorbed

uring crack extension. 

.3. 𝐺 VFCM 

𝐺 VFCM 
represents the fracture energy at crack growth initiation ob-

ained via a viscoelastic cohesive analysis. According to the cohesive

rack model [2,23,24] , a PZ grows ahead of the traction-free crack tip
3 
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Table 1 

Specimen dimensions, measured data, and results computed for the DC and LC tests. 

Test Type 𝐿 𝐻 𝐴 0 ℎ 𝑃 max 𝑡 𝑓 𝐺 VFCM 𝐽 𝑄 𝑊 𝑓 𝑊 𝑓 ∕ 𝐽 𝑄 
m m m mm kN s N/m N/m N/m 

RP1 DC 0.5 1 0.35 350 1.7 55 - 1.2 3.3 2.6 

RP2 DC 0.5 1 0.35 350 2.3 52 5.0 2.4 3.7 1.5 

RP3 DC 0.5 1 0.35 371 1.6 2 1.7 1.4 3.3 2.3 

RP4 DC 0.5 1 0.35 376 1.9 21 3.4 1.3 3.9 2.9 

RP5 DC 0.5 1 0.35 402 2.1 572 1.0 1.2 3.2 2.7 

RP6 DC 0.5 1 0.35 411 2.4 811 3.6 2.0 4.9 2.4 

RP7 DC 3 6 2.1 345 4.6 87 4.2 3.8 4.1 1.1 

RP8 DC 3 6 2.1 345 3.0 3 1.8 1.5 3.2 2.1 

RP9 DC 3 6 2.1 345 5.2 148 5.5 5.1 7.8 1.5 

RP10 DC 3 6 2.1 345 4.8 222 - 3.7 4.2 1.1 

RP11 DC 3 6 2.1 360 4.2 15 - 2.4 5.4 2.3 

RP12 DC 3 6 2.1 372 6.8 702 8.2 8.3 8.8 1.1 

RP13 DC 3 6 2.1 376 5.7 1027 5.7 7.3 5.9 0.8 

RP14 DC 19.5 36 14.6 350 10 214 5.8 5.7 5.3 0.9 

RP15 LC creep 3 6 2.1 364 6.0 68 - 6.5 19.1 2.9 

RP16 LC creep 3 6 2.1 385 3.8 43 - 2.5 14.0 5.6 

RP17 LC cyclic 3 6 2.1 407 4.6 49 - 2.5 16.4 6.5 

RP18 LC cyclic 3 6 2.1 408 4.0 40 - 2.5 14.2 5.7 

RP19 LC cyclic 3 6 2.1 412 6.4 53 - 3.1 1.6 0.5 
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 𝐴 0 , Fig. 4 a). The cohesive tensile stress ( 𝜎coh ) carried at a particular

oint within the PZ over the distance ( 𝐴 − 𝐴 0 ) is a function of the sep-

ration of the PZ at that point. The points lying within the PZ first

ransmit the full tensile strength ( 𝜎𝑡 ), but then the stress transmitted

oftens with crack opening ( Fig. 4 b). The total separation between the

pper and lower crack surfaces is denoted by 𝛿 = 2 𝑈 ; 𝑈 is half of the

rack opening. At some critical separation ( 𝛿𝑐 , Fig. 4 c), no tensile stress

an be transmitted and the PZ is termed a fully developed process zone

FDPZ). 

A viscoelastic fictitious crack model (VFCM) was applied to model

he experimental data of the monotonic tests [2] . The VFCM models the

tress softening within the fracture process zone by a stress-separation

 𝜎 − 𝛿) curve ( Fig. 4 d), with the assumption that the behavior of the

ulk material is linearly viscoelastic. The VFCM was coupled with an

ptimization procedure to match the data from the model and the exper-

ments. Details of the modelling with other related references are given

n [2] . The outcome of this approach is a back-calculation of the 𝜎 − 𝛿

urve and the fracture energy consumed in each experiment. 𝐺 VFCM 
is

easured from the area under the 𝜎 − 𝛿 curve attained in each experi-

ent. 

. Results and discussion 

Table 1 gives the dimensions of the ice samples together with the

easured ( 𝐿, 𝐻, 𝐴 0 , ℎ, 𝑃 max , 𝑡 𝑓 ) and computed ( 𝐺 VFCM 
, 𝐽 𝑄 , 𝑊 𝑓 , 𝑊 𝑓 ∕ 𝐽 𝑄 )

esults. 𝑃 max is the maximum load and 𝑡 𝑓 is the time to failure. 

Fig. 5 shows the load-CMOD records for the 0.5m x 1m DC tests

 Fig. 5 a), 3m x 6m DC tests ( Fig. 5 b), 19.5m x 36 m DC test ( Fig. 5 c),

nd the 3m x 6m LC tests ( Fig. 5 d). The area under the load-CMOD curve

hanged with size, rate, and loading type. The area under the monotonic

amp up to maximum load and up to complete fracture was used to com-

ute 𝐽 𝑄 and 𝑊 𝑓 , respectively (see Fig. 3 ). It is important to note that

he area used here for evaluating 𝐽 𝑄 differs from the area defined in Fig.

1.2 of ASTM E1820-20b [25] and used for the 𝐽 𝑄 calculation of metal-

ic materials. The used area ( Figs. 3 c and 3 d) matches the area applied

or other quasi brittle materials such as concrete and ceramics [9,10] .

here is a remarkable difference between the load-CMOD plots mea-

ured for columnar freshwater ice and quasi-brittle materials in general

nd those that typically occur for metallic materials. 
4 
Fig. 6 a shows the upper-half crack profiles over the normalized crack

ength ( 𝐴 ∕ 𝐿 , Fig. 4 a) for the 3m x 6m and 19.5m x 36m specimens from

he experiment (defined by CMOD, COD and NCOD1, Fig. 1 (a) and the

FCM ( Fig. 6 a). The optimized values generated by the model were rel-

tively close to the measured values. The modelling worked better for

he faster tests (RP7 and RP8), especially at the crack mouth. However,

or slower tests (RP12, RP13 and RP14), the model underestimated the

MOD, COD and NCOD1 values. This clearly gives evidence on some

ffects that were more pronounced in slow tests than fast tests, and

hese effects are not accounted for in the model. The data-model misfit

s mainly due to the very high homologous test temperatures, liquid-

ty on the gain boundaries, and the inevitable grain boundary melting

26] which have a significant influence at slow loading rates [27] . As

iscussed by Bell and Langdon [27] , under conditions of slow rate of

train, grain boundary sliding can play a very important role in the over-

ll deformation. This concludes that the VFCM, which does not account

or grain boundary sliding, works well for a range of relatively fast load-

ng rates; slower than which results in a misfit between the measured

ata and the model. 

Figs. 6 b shows the upper-half PZ profiles by the VFCM model for the

m x 6m specimens and the 19.5m x 36m specimen as function of the

istance along the crack from the traction-free tip ( 𝑋 = 𝐴 0 ). According

o the VFCM, the crack-opening profile has a cusp shape with a zero

radient at 𝑋 = 𝐴 , with 𝑋 being the position along the crack. Fig. 6 b

lso gives the process zone size achieved in each experiment, as reported

n Table 2 of [2] . 

Fig. 7 displays the 𝜎 − 𝛿 curves describing the real process zone be-

avior of the 0.5m x 1m ( Fig. 7 a) and the 3m x 6m and 19.5m x 36m

 Fig. 7 b) specimens at the testing conditions. On the other hand, Fig. 8

n [2] represents the unattained 𝜎 − 𝛿 curves of fully-developed process

ones. As discussed in [2] , none of the experiments achieved a fully-

eveloped process zone (FDPZ), i.e. consumed the full fracture energy.

rack growth initiation occurred when the crack was in the state shown

n Fig. 4 b. The crack did not achieve the fully-developed state shown

n Fig. 4 c; the cohesive stress ( 𝜎coh ) did not drop to zero and the crack

pening displacement ( 𝛿𝑣 ) did not reach the critical displacement ( 𝛿𝑐 ).

he area under the 𝜎 − 𝛿 curves gives 𝐺 VFCM 
in Table 1 . 𝐺 VFCM 

corre-

ponds to 𝐺 𝑎𝑐 in Table 2 of [2] . 

Fig. 8 shows the apparent fracture energies at crack growth initia-

ion 𝐽 𝑄 and 𝐺 VFCM 
as a function of the time to failure for the DC tests.
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Fig. 5. Load-CMOD records for the (a) 0.5m x 1m DC (b) 3m x 6m DC, (c) 19.5m x 36m DC and (d) 3m x 6m LC tests. 
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nterestingly, good agreement was obtained between 𝐽 𝑄 and 𝐺 VFCM 
, es-

ecially for the 3m x 6m and 19.5m x 36m specimens. Although 𝐽 𝑄 and

 VFCM 
are computed with different inherent assumptions, they gener-

ted similar results. 𝐽 𝑄 assumes a nonlinear elastic material behavior

o characterize the crack tip deformation. 𝐺 VFCM 
is based on cohesive

rack mechanics coupled with a linear viscoelastic bulk behavior. This

ndicates that the fracture energy of a deeply cracked ECRP can be an-

lyzed by two methods: Rice J-integral approximation and VFCM back-

alculation. 

Fig. 9 shows the apparent fracture energy at crack growth initiation

 𝐽 𝑄 ) and the work-of-fracture ( 𝑊 𝑓 ) as a function of the time to failure

or the DC tests. The 𝐽 𝑄 data indicates interrelated size and rate effects.

here is a size effect at long failure times, but there is no size effect

or fast tests. The results from the larger plates (3m x 6m and 19.5m x

6m) are interchangeable and higher than the results from the smallest

pecimen (0.5m x 1m). For the larger specimens, 𝐽 𝑄 is decreasing with

aster time to failure, but no significant rate effect was observed for the

mallest specimen. The 𝐽 𝑄 − 𝑡 𝑓 relations are non-linear and can be well

escribed with a power-law relation. Fig. 9 (b) displays similar size and

ate effects as 𝐽 𝑄 , but less clearly due to more scatter displayed by the
alues. f

5 
Fig. 10 shows the 𝐽 𝑄 and 𝑊 𝑓 for the 3m x 6m DC and LC tests as a

unction of the time to failure. No clear effect of the creep-recovery load-

ng on 𝐽 𝑄 was observed. However, the creep-recovery loading caused a

ignificant increase in 𝑊 𝑓 for all the LC tests excluding RP19. This can

e seen from Figs. 5 b and 5 d. The LC tests displayed a time-dependent

ehavior characterized by the gradual post-peak decline and large area

nder the load-CMOD curve. Therefore, while the creep and cyclic

equences did not affect the fracture energy at crack growth initia-

ion ( 𝐽 𝑄 ), they had a more pronounced effect on the work-of-fracture

 𝑊 𝑓 ). 

Fig. 11 displays the fracture energy ratio ( 𝑊 𝑓 ∕ 𝐽 𝑄 ) as a function of
he time to failure. The 𝑊 𝑓 ∕ 𝐽 𝑄 values for the DC tests lay in a narrow
ange of 1 − 3 . The larger test sizes showed a rate effect: At low rates,

he ratio was 1, but it increased at high rates. The 0.5m x 1m tests gave

 higher ratio with no rate effect. 

Fig. 11 reveals also the effect of loading type. LC tests RP16, RP17,

nd RP18 resulted in high 𝑊 𝑓 ∕ 𝐽 𝑄 values. However, RP15 and RP19
ere almost in the same range as the DC tests. This shows that the creep-

ecovery loading can increase the 𝑊 𝑓 ∕ 𝐽 𝑄 in some cases. This concludes
hat in the absence of any creep or cyclic loading, the 𝑊 𝑓 of columnar

reshwater S2 ice ranges between 𝐽 𝑄 and 3 𝐽 𝑄 . 
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Fig. 6. (a) Experimental and VFCM results for the crack profiles and (b) PZ 

profiles by the VFCM for the 3m x 6m and 19.5m x 36m specimens. The total 

separation between the upper and lower crack surfaces is given by 2 𝑈 𝑣 ; 𝑈 𝑣 is half 

of 𝛿𝑣 which is the viscoelastic crack-opening-displacement (see Fig. 4 ). 𝑋 = 𝐴 0 
is the coordinate of the traction-free tip, and 𝑎 0 is the normalized traction-free 

crack length ( 𝑎 0 = 𝐴 0 ∕ 𝐿 ). The number next to each curve reflects the index of 
the experiment in the Legend. 

Fig. 8. Variation of 𝐽 𝑄 and 𝐺 VFCM as a function of the time to failure for the DC 

tests. 
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Fig. 7. The stress-separation curves for the (a) 0.5m x 1m specimens and for the (b) 

the index of the experiment in the Legend. 

6 
. Conclusion 

Nineteen mode I fracture tests were conducted on deep-notched

dge-cracked rectangular plates of S2 columnar freshwater ice for very

arm ice, warmer than -0.5 ◦C. Fourteen tests with a size range of 1:39

ere loaded in displacement control (DC) under different rates mono-

onically to fracture. Five 3m x 6m tests were tested in load control (LC)

nder creep-recovery loading and monotonic loading to failure. 

The apparent fracture energy at crack growth initiation was com-

uted in two ways: 1) 𝐽 𝑄 , via Rice’s J-integral expression for deeply-

otched edge-cracked plates using the load-CMOD record and 2) 𝐺 VFCM 
,

ia a viscoelastic fictitious crack model using the back-calculated stress-

eparation curve. The work-of-fracture ( 𝑊 𝑓 ) was obtained from the

oad-CMOD record. Values of 𝐽 𝑄 , 𝐺 VFCM 
, and 𝑊 𝑓 were analyzed and

ompared as function of specimen size, rate and loading type. 

A good match was obtained between the 𝐽 𝑄 and 𝐺 VFCM 
values, espe-

ially for the 3m x 6m and 19.5m x 36m specimens. 𝐽 𝑄 displayed a size
3m x 6m and 19.5m x 36m specimens. The number next to each curve reflects 
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Fig. 9. (a) The apparent fracture energy at crack growth initiation ( 𝐽 𝑄 ) and (b) the work-of-fracture fracture energy ( 𝑊 𝑓 ) as a function of the time to failure for 

the DC tests. In (a), first-order power-law fits were applied separately to the data for the larger specimen (3m x 6m and 19.5m x 36m) and for the smaller specimen 

(0.5m x 1m). 

Fig. 10. (a) The apparent fracture energy at crack growth initiation ( 𝐽 𝑄 ) and (b) the work-of-fracture fracture energy ( 𝑊 𝑓 ) as a function of the time to failure for 

the 3m x 6m DC and LC tests. First-order power-law fits were applied to the data for the DC tests. Note in (a), two LC tests RP16 and RP17 gave the same 𝐽 𝑄 value. 

Fig. 11. Fracture energy ratio 𝑊 𝑓 ∕ 𝐽 𝑄 as a function of the time to failure for the 
DC and LC tests. 
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7 
ependent rate effect and a rate dependent size effect. There was a size

ffect at low loading rates, but no size effect was observed at the higher

ates. For the larger specimens (3m x 6m and 19.5m x 36m), a clear rate

ffect was observed, while for the small specimen (0.5m x 1m) the rate

ffect was almost absent. 𝑊 𝑓 showed similar rate and size effects. 

The results of the DC tests were compared against the LC tests to

ndicate the effect of creep-recovery loading on the fracture energy. No

lear effect of the creep and cyclic sequences on 𝐽 𝑄 was detected. How-

ver, the creep-recovery loading caused a noticeable increase in 𝑊 𝑓 for

ost of the LC tests. 

The 𝑊 𝑓 ∕ 𝐽 𝑄 values for the DC tests lay in a narrow range (1–3). The

arger tests (3m x 6m and 19.5m x 36m) gave a ratio of 1 at low rates

nd a higher ratio at higher rates. For the 0.5m x 1m tests, the ratio was

ate independent and was higher than 1. The creep-recovery loading led

o higher 𝑊 𝑓 ∕ 𝐽 𝑄 in some cases. 
This study proves the significance of the deep-notched edge-cracked

ectangular plate geometry. Several ways of analysis can be applied.

ice J-integral and VFCM were implemented with similar results. 
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