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ABSTRACT

A new concrete fracture geometry is presented, which can quantify multiple fracture
properties from a single specimen test. The disk-shaped compact tension (DCT) geometry
allows specimens to be fabricated from laboratory cylinders or field cores. The DCT fracture
test characterizes the concrete’s critical stress intensity factor, K|c, critical crack-tip opening
displacement, CTOD,, and initial fracture energy, G5 as well as the specimen-dependent
total fracture energy, G- The DCT-based fracture properties have the same experimental
variation as the single-edge notched beam test. The experimentally derived fracture
parameters were implemented into a cohesive zone model, which enabled estimation of
concrete tensile strength from field-extracted cores.

Keywords
concrete fracture, inverse analysis, concrete characterization

Introduction

Current design practices for concrete structures are usually based on strength criteria, e.g., com-
pressive, flexural, or tensile strength, without consideration of size and geometric effects. Fracture
mechanics provides a method to characterize a concrete material so that the properties are
independent of size and geometry. These fracture properties can be used in advanced numerical
models to accurately predict the behavior of a concrete structure. Current impediments to using
fracture mechanics in civil engineering are the selection of the test specimen geometry, the avail-
able equipment to run the test, and the analysis and design tools to widely apply the fracture
properties.

Copyright © 2015 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 625
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One of the first specimen geometries used for concrete
fracture testing was the three-point or single-edge notched
beam (SEN(B)) [1]. Beams are readily cast in a laboratory set-
ting and preparation only involves cutting a notch, which has
led to extensive testing with SEN(B) specimens. With the
need to evaluate the in situ load capacity of a structure, field-
extracted samples are desired. Although SEN(B) specimens are
manageable in the lab, attempting to extract beams from the
field is difficult and costly. Alternatively, cores can be easily
extracted from a concrete structure. Motivated by previous
work on asphalt concrete specimens [2], a geometry was cho-
sen that is simple to fabricate and produces consistent and
accurate results. The disk-shaped compact tension (DCT)
geometry has been used extensively in the metals and ceramic
field [3,4], as well as with asphalt concrete [5-7] materials
with consistent and accurate results, allowing for a direct
comparison between different mixtures. The DCT geometry
for asphaltic materials is also adopted as a standard now in
ASTM D7313-13 [32]. Past researchers have used a compact
tension (CT) geometry for concrete [8-11] or a round double-
beam geometry [12], but the use of the DCT specimen for
concrete has not been explored. The main advantage of the
DCT specimen geometry, and the primary motivation for this
work, is that it can be easily fabricated from a laboratory
cylinder or field core.

Research Objective

The objective of this research is to develop a test procedure for
determining the fracture and strength properties of concrete
using the DCT specimen. Geometric correction factors for the
DCT test configuration are required to extract the fracture
parameters from the experimental data. The calculated fracture
parameters can then be input to a cohesive zone model (CZM)
to predict the entire fracture behavior of DCT specimens with
different concrete mixtures. Inverse analysis with a validated
CZM can be used to estimate the in situ tensile strength of a
concrete structure.

Experimental Procedures

A preliminary DCT specimen geometry taken from Tada et al.
[13] was adopted because it had existing geometric correction
factors published that could easily implemented for concrete
[14]. However, it had a significantly shorter ligament length
than the newly approved ASTM D7313-13 [32] geometry. To
increase the size of the fracture area, the longer ligament length
in the ASTM geometry was chosen for this study. The newly
proposed DCT geometry is illustrated in Fig. 1 and summarized
in Table 1. This DCT geometry can be prepared from standard
6-in. (152-mm) diameter cores or cast using 6 in. (152 mm) by
12 in. (304 mm) cylinder molds.

FIG.1 DCTgeometry (a) and test setup configuration (b).

20 mm

(b)

DCT specimens are tested at room temperature using a
closed-loop servo-hydraulic testing frame. A seating load of
0.2kN is applied and the test is controlled using a crack mouth
opening displacement (CMOD) rate of 0.001 mm/s. After the
peak load is reached, the specimen is unloaded at a rate of
0.5kN/s to the seating load of 0.2kN to capture the unloading
compliance. The specimen is then immediately reloaded monot-
onically at the original CMOD rate of 0.001 mm/s until the
specimen reaches a final capacity equal to the seating load.
Though the geometry is different, the loading and unloading
compliances are measured in the same manner as in the
SEN(B) procedure [15]. The loading compliance is the inverse
of the slope of the initial loading portion of the test (up to 50 %

TABLE1 DCTgeometry dimensions.

Dimension Value, mm Value, in.
D 152.0 6.0

w 110.0 4.3

Z 35.0 1.4

d 25.0 1.0

a 27.5 1.1

r 12,5 0.5

B (specimen thickness) 51.0 2.0

n (saw-blade thickness) 1.3 0.05

h (knife-edge thickness) 3.0 0.1
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FIG. 2 Typical loading and unloading compliances of DCT specimen.
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of the peak load). The unloading compliance is the inverse of
the slope of the unloading portion from 80 % to 20 % of the
peak load. An example data set is provided in Fig. 2 to illustrate
the loading and unloading procedure.

Different concrete mixes, as detailed in Table 2, were
utilized for fabricating the DCT specimens from cored or cast
cylinders. Mixture S-1 is a concrete paving mixture used in an
outdoor pavement test section. The S-2 mixtures were used for
a slab load testing comparison between concrete containing
virgin aggregates (S-2a) and recycled concrete aggregate (RCA)
(S-2b). The S-3 concrete mixtures were comparing a virgin
aggregate (S-3a) with a fractionated reclaimed asphalt pavement
(FRAP) mixture (S-3b). Finally, mixture S-4 is a concrete mix-
ture containing virgin aggregates and ground granulated blast
furnace slag (GGBES).

As noted in Tables 2 and 3, the mixtures and test specimens
were obtained from different projects and thus were subjected
to varying curing and environmental conditions. The specimens
were selected to validate the DCT test method over a range

of concrete mixture proportions and curing conditions.
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TABLE 3 Environmental and curing conditions along with specimen
preparation technique for the various DCT test sets.

Factor S-1 S-2 S-3 S-4
Testing 710, 1578 223,591 142 40
ages, days

Curing Outdoors Outdoors, Moist room Lime bath
condition lime bath

Specimen Cored Cored, cast Cast Cast
preparation

Furthermore, several of the specimens were prepared from
field-extracted cores, whereas others came from cast cylinders
(see Table 3). The initial specimen age at testing was selected to
avoid time-dependent concrete fracture properties. A longer
testing age was selected for a few mixtures to determine the
fracture and strength properties of a more mature concrete

pavement.

Calculation of Fracture Properties

The first step in determining the concrete fracture properties
from the DCT specimen is to find the critical crack length ratio
based on the specimen’s peak load, compliance measurements,
and geometric factors. The crack length ratio, «, is given by
Eq 1, which corrects for the gauge point thickness (k).

e a+h
T W+h

(6%}

Because the critical crack length ratio (o) at the peak load is
not known, the measured loading and unloading compliances
are used to determine this unknown parameter. The elastic
modulus (E) of the bulk concrete is assumed to remain constant
after the initial crack length (a,) propagates. The elastic
modulus can be calculated by Eq 2, where C;, is the compli-
ance, either loading or unloading, of the specimen and
Vemon(@) is the DCT crack opening geometric correction fac-
tor defined by Eq 3. The correction factor was determined from

TABLE 2 Mixture designs for all DCT specimens tested, Ib/yd® (kg/m®).

Constituent S-1 S-2a S-2b S-3a S-3b S-4
Cement 421 (250) 484 (287) 484 (287) 380 (225) 380 (225) 335 (199)
Fly ash 140 (83) 116 (69) 116 (69) 90 (53) 90 (53) 61 (36)
GGBFS - - - 115 (68) 115 (68) 213 (126)
Limestone CA?* 1903 (1129) 1402 (832) - 1750 (1038) 1375 (816) 1307 (775)
RCA CA - - 1278 (758) - - -
FRAP CA - - - - 375 (222) -
Limestone IA® - 469 (278) 462 (274) - - 560 (332)
Natural sand 1214 (720) 1247 (740) 1234 (732) 1326 (787) 1326 (787) 1216 (721)
Water 236 (140) 238 (141) 238 (141) 245 (145) 245 (145) 226 (134)

*CA = Coarse aggregate.
“IA = Intermediate aggregate.
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a numerical analysis because there were no published factors
available for this particular geometry. Once the loading and
unloading compliances, as well as the initial crack length ratio,
o,, are determined, the critical crack length ratio, o,, is calcu-
lated by assuming equivalent elastic moduli in the loading and
unloading cycles (Eq 4).

E_ 2Vemon () o

CiuB

_ 501.80% + 22940% + 4349x + 1384
ot 4 272.203 — 139.802 — 569.30 + 433.9

Vemon () 3)

u

C Vemon (%) )

Vemon (%) =
With the critical crack length ratio known, the critical stress in-
tensity factor (Kjc) is calculated using Eq 5, where:

o = the nominal stress at the peak load,

P = the peak load, and

F(o) = the Kjc geometric correction factor (Eq 7) derived
from the numerical analysis.

The critical stress intensity factor, Kjc, describes a materi-
al’s resistance to fracture. When linear elastic fracture mechan-
ics (LEFM) are valid, the critical stress intensity factor is a
material property and is independent of the specimen geometry:

Kic = oV WF(o,) ()

P

0=—
WB

(6)
—1.4980> + 4.5690> — 1.0780 + 0.113

F =
() ot —2.4080% 4 1.7170> — 0.34670 + 0.0348

7)

For most concrete specimen sizes including this DCT geometry,
LEFM does not produce size-independent fracture properties
and, thus, nonlinear elastic fracture mechanics (NLFM) was
developed to extract multiple size independent fracture parame-
ters [16,17]. The second fracture parameter, the critical crack
tip opening displacement (CTOD,), is calculated using Eq 8,
where Verop() is given by Eq 9 and determined through
numerical analysis. The CTOD,, combined with the critical
stress intensity factor, K¢, constitute the NLFM model known
as the two-parameter fracture model [17]:
26WVcrop (o)

CTOD, = — 5 (8

6.6390 — 3.2090% + 0.41690 — 0.006899
ot — 2.4290% 4 1.89702 — 0.51370, + 0.04504

Verop(a) = ©

All three geometric correction factors (Eqs 3, 7, and 9) that
were determined numerically for the ASTM D7313-13 [32]
specimen are valid for an a/W ratio ranging from 0.22 to 0.84.
Two other useful fracture parameters, the initial fracture energy,

Gy and total fracture energy, Gp, can be determined from the
experimental data. The total fracture energy of the concrete
measures the total amount of energy required to separate two
crack surfaces [18,19] despite its known specimen-size depend-
ency. The total fracture energy is calculated from the area under
the load-CMOD curve normalized to the uncracked ligament
area [20], whereas the initial fracture energy is defined by Eq 10
for plane stress.
Kic

Gf = ? (10)

Numerical Modeling

To predict the fracture behavior of concrete with the DCT speci-
men geometry given any set of fracture properties, a nonlinear
finite-element model is created to simulate the crack growth. Pre-
vious work suggests that a cohesive zone model with a bilinear
softening relation can adequately describe the fracture behavior
of plain concrete [21-28]. Fig. 3 illustrates the finite-element
mesh used to simulate the mode I fracture of the DCT specimen.
The bulk material is modeled with linear elastic elements (Q4),
whereas the fracture behavior is captured using 2D cohesive ele-
ments. The cohesive elements are inserted in front of the initial
notch tip, along the expected mode I fracture path of the speci-
men, and have zero thickness in the un-deformed configuration.
To model the nonlinear fracture process accurately, the size of the
cohesive zone elements was determined to be 0.7 mm.

The cohesive zone model is implemented in commercial
software (e.g, ABAQUS) as a user-defined subroutine. The
bilinear softening model, shown in Fig. 3, is used to idealize the
traction-separation relationship in front of the macro-crack tip.
The inputs to the bilinear softening model are the tensile
strength, f;; the initial and total fracture energies, Gy and G
respectively; the ratio of the kink point, ; and a parameter
defining penalty stiffness, p. The kink point [28] is located at
(wk, ¥ f]) where:

wy = CTOD, (1)

_ CTODf/

=1
2Gy

(12)

There have been many proposed locations for the stress ratio at
the kink point (1), most of which vary between 0.15 and 0.33,
with little agreement on the precise location. Park et al. [28]
showed that, by assuming the crack opening width at the kink
point to be that in Eq 11, the stress ratio could be consistently
calculated based on experimentally determined parameters. The
penalty stiffness, p, defines the ratio of the opening displacement
at the peak load, w,,, to the final opening displacement, wy The
value of the penalty stiffness is based on numerical stability con-
siderations and a parametric analysis demonstrated converged
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FIG. 3 DCT specimen with bulk and cohesive zone finite-element mesh (a)
and cohesive stress-opening relation with bilinear softening (b)
(Ref 25). Because the cohesive elements initially have zero thickness,
they are only implicitly represented, along the horizontal line ahead of
the notch tip.

SES
(a)

Oy pening

T— Penalty stiffness
f;‘

o (%5, )
Gy
G- Gy
Wer Wi Wr w

(b)

results when p < 0.01. With the measured fracture properties
and tensile strength data, the load-CMOD behavior for the dif-
ferent concrete mixtures can be predicted and compared with
the experiments.

AMIRKHANIAN ET AL. ON ANALYSIS OF CONCRETE FRACTURE

TABLE 5 Input parameters for the numerical model.

Mix Age, Days E,GPa GsN/m GpN/m f, MPa 1 p

S-2a 591 50.0 72.3 140.8 6.6 0.030 0.01
S-3a 142 36.0° 49.1 120.3 4.8 0.179 0.01
S-3b 142 30.8% 42.2 119.0 3.8 0.209 0.01
S-4 40 29.0° 32.4 111.7 4.0 0.113  0.01

Note: The elastic modulus (E) values were measured following ASTM
C469-14 [30] and the tensile strength values, f,, were measured following
ASTM C496-11 [31]. The strength values were measured at the same age
as the fracture properties.

“Estimated modulus using Eq 2.

Results and Discussion

The experimental fracture results for the various mixtures and
test ages are summarized in Table 4. The calculated fracture
parameters for the DCT specimen fall within the typical range
of normal strength concrete. The second fracture parameter,
CTOD,, has the highest coefficient of variation (COV). Addi-
tionally, the initial fracture energy, G has a high COV because
it is based on the calculated value of Kijc and E. This is not
unusual, as it has been shown in the literature that these frac-
ture parameters, determined from various fracture tests, have
COV values in this range [29].

The numerical analysis of the DCT test specimens is sepa-
rated into two parts. In the first part, the experimental load-
CMOD results are compared with the numerical results using
the measured indirect tensile strength and fracture properties.
In the second part, an inverse analysis is performed to derive
the tensile strength of the concrete given the experimental frac-
ture parameters and validated numerical model. The modeling
assumptions used in the numerical analysis are listed in Table 5.
In several mixtures, the elastic modulus was not directly meas-
ured but calculated from the DCT loading compliance using
Eq2.

NUMERICAL MODELING: FORWARD ANALYSIS
The DCT load-CMOD results from the experimental and
numerical investigations are compared in Figs. 4-6 for the five

mixture sets listed in Table 5. The results from the numerical

TABLE 4 Experimental DCT fracture results for all specimens with mean values (coefficient of variation) and number of specimens.

Mix Age, Days Total Spec. Kic, MPa - m'"? CTOD,, mm G; N/m Gp, N/m

S-1 710 18 1.02 (14 %) 0.0122 (29 %) 29.9 (30 %) 125.2 (19 %)
S-1 1578 6 1.66 (10 %) 0.0254 (18 %) 72.3 (17 %) 148.0 (14 %)
S-2a 223 4 1.02 (14 %) 0.0172 (35 %) 31.8 (31 %) 114.4 (16 %)
S-2b 223 4 1.02 (14 %) 0.0256 (35 %) 433 (28 %) 162.7 (11 %)
S-2a 591 4 1.67 (13 %) 0.0212 (31 %) 72.3 (26 %) 140.8 (15 %)
S-3a 142 8 1.33 (8 %) 0.0167 (8 %) 49.1 (15 %) 120.3 (30 %)
S-3b 142 8 1.14 (10 %) 0.0176 (15 %) 422 (18 %) 119.0 (17 %)
S-4 40 3 0.97 (4 %) 0.0145 (6 %) 32.4 (12 %) 111.7 (14 %)
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FIG. 4 Experimental and numerical results from S-2 a concrete mixture at
591 days with virgin aggregates.
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FIG. 5 Experimental and numerical results from S-3 concrete mixtures at 142
days with (a) virgin aggregates, and (b) recycled asphalt pavement

aggregates.
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FIG. 6 Experimental and numerical results from S-4 concrete mixture at 40
days with GGBFS.
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model are in reasonable agreement with the experimental
results (Table 6).

Mixes S-1 (710 and 1578 days) and S-2 (223 days) had
tensile strengths measured at different ages than the fracture
properties listed in Table 7. In the case of mixture S-1, the tensile
strength values are from 28 days versus the 710 - and 1578-day
DCT test age. The S-2 (223 days) tensile strength values come
from 220-day moist cured samples, whereas the fracture speci-
mens were cored from slabs that were exposed to ambient
weather conditions that including freezing and thawing cycles.

NUMERICAL MODELING: INVERSE ANALYSIS

The initial numerical analysis of the mixes proceeded with the
assumption that all of the tensile strengths were correct for the
DCT specimens (see Figs. 7 and 8 and Table 8). There was espe-
cially significant mismatch between the experimental data and
numerical model for mixture S-2. Because the results from
Table 6 validated the numerical model and test method, the
experimental fracture data from the S-1 and S-2 mixtures at 223

days was used to perform an inverse analysis to determine the

TABLE 6 DCT peak load comparison between average experimen-
tal and numerical results.

Mix Age, Days Experimental, kN Model, kN Percent Diff.

S-1 710 2.48 2.77 11.7 %
S-1 1578 3.25 3.58 10.2 %
S-2a 223 2.09 3.42 63.6 %
S-2b 223 1.95 3.05 56.4 %
S-2a 591 3.69 441 16.3 %
S-3a 142 3.10 3.14 1.3 %
S-3b 142 2.58 2.59 0.4 %

S-4 40 2.31 2.39 33%




TABLE 7 Initial and final strength parameters used in the inverse
analysis to determine the tensile strength of the concrete
mixtures.

Mix Age,Days E,GPa Gs;N/m GpN/m f, MPa W

S-1 710 40.6* 299 125.2 4.7° 0.041
4.0° 0.184°
S-1 1578 40.6° 723 148.0 4.7* 0.174
4.2° 0.262°
S-2a 223 50.0 31.8 114.4 4.9 0.250
22° 0.405°
S-2b 223 40.1 433 162.7 4.6 0.250
2.0° 0.408°

Note: Unless otherwise noted, the strength values were measured at the
same age as the fracture properties.

*Values based on 28-day measured strengths.

Determined from an inverse analysis based on the fracture properties.

FIG. 7 Experimental and numerical results from S-1concrete mixture at (a)
710 days, and (b) 1578 days.
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FIG. 8 Experimental and numerical results from S-2 concrete mixtures at
223 days with (a) virgin aggregates, and (b) recycled concrete

aggregates.
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404 U7 T T
< ——Experimental data -
3.5 = == Model

0.0 0.2 0.4 0.6 0.8
CMOD (mm)

| L L L
4.0 — ) -
< —— Experimental data -
3.5 — == Model

0.0 0.2 0.4 0.6 0.8
CMOD (mm)

concrete’s tensile strength. Based on the experimental load-
CMOD curves of the DCT specimens, the tensile strength in the
CZM was optimized to minimize the error between the experi-
mental and numerical predictions of the peak load (see Figs. 9
and 10 and Table 8).

As illustrated in Figs. 9 and 10, and listed in Table 8, the
inverse analysis of the DCT specimen with the CZM success-
fully captures the peak load of the S-1 and S-2 mixtures if the
fracture and strength properties of the concrete are known. The
analysis shows that the S-1 mixtures had a lower tensile strength
from the 28-day value. This was not unexpected because the
fracture specimens came from cores of a test pavement section
that was exposed to the outdoor environment up until coring.
The tensile strength data measured at 28 days was from speci-
mens that were moist cured, whereas the pavement section only
had a curing compound applied to it. It has long been known
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TABLE 8 Comparison of the experimentally and numerically determined peak loads when optimizing the cohesive strength to minimizing the error in

the predicted versus actual peak load at specimen failure.

Mix Age, Days Experimental, kKN Initial Model, kN Final Model, kN Percent Difference (Initial) Percent Difference (Final)
S-1 710 248 2.77 2.59 10.5 % 42 %
S-1 1578 3.25 3.58 3.37 9.2 % 3.6 %
S-2a 223 2.09 3.42 2.05 389 % 2.0 %
S-2b 223 1.95 3.05 1.95 36.1 % 0.0 %

that standard 28-day moist cured specimens do not accurately
represent the in situ strength of a structure, especially if it was
cured in a different manner.

This discrepancy is more prevalent in the S-2 mixtures at
223 days. The tensile strength specimens for these mixtures
were moist cured for 220 days. The specimens that were cored
for fracture testing were continuously exposed to the outdoor
environment until testing and only had a curing compound

FIG. 9 Inverse analysis results of S-1concrete mixture at (a) 710 days, and
(b) 1578 days with calculated tensile strengths of 4.0 and 4.2 MPa,
respectively.
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applied to the surface. Although most agencies would not moist
cure strength specimens for 220 days, this long curing duration
shows that measured strength values are heavily influenced by
curing conditions. This further illustrates the need for an accu-
rate inverse analysis to determine the tensile strength. Until
now, the only way to confirm the in situ tensile strength was to
take a core. Measuring the tensile strength of a core can lead to
high variability and skewed answers based on how smooth the

FIG. 10 Inverse analysis results of (a) S-2a, and (b) S-2b concrete mixtures
at 223 days with calculated tensile strengths of 2.2 MPa and 2.0 MPa,
respectively.
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coring surface is. Measuring the fracture properties of the out-
door specimens provides an accurate assessment of the in situ
tensile strength.

Upon first observation, it appears that the tensile strength
of the S-2a mixture jumped from an in situ value of 2.2 MPa at
223 days to 6.6 MPa at 591 days. However, the fracture speci-
mens tested at 591 days were cast cylinders that underwent the
same curing regime as the tensile strength specimens. Because
of this fact, the measured tensile strength at 591 days for the
S-2a mixture is the true tensile strength of the fracture speci-
mens, whereas the 2.2 MPa comes from the inverse analysis of
the concrete specimens that had no moist curing and were
exposed to the outdoor environment.

Conclusions

A new test method was used to characterize concrete fracture
properties using the disk-shaped compact tension (DCT) geom-
etry. The benefit of the DCT geometry is the ability to make
fracture specimens from standard laboratory cylinders or field-
extracted cores. A variety of concrete mixtures were tested at
different ages and curing conditions. The experimental fracture
parameters and variation was similar to previously reported
tests of normal strength concrete.

Numerical simulations using a cohesive crack element were
successful in predicting the load-CMOD response curves if the
fracture properties and tensile strength of the concrete were
known with reasonable accuracy. As expected, DCT specimens
without an accurate measure of tensile strength could not repro-
duce the experimental load-CMOD curves. However, an inverse
analysis of the DCT specimen with the measured fracture
parameters was able to estimate the concrete tensile strength by
minimizing the error between the actual and predicted peak
loads. For many structures, obtaining the proper sized cores for
tensile or compressive strength determination may be difficult.
The DCT inverse analysis allows for the tensile strength of an
existing structure to be estimated from the DCT fracture test.
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