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ABSTRACT

A hybrid experimental-numerical procedure was used to analyze the micro-
mechanics of the mixed mode, dynamic fracture of concrete. For comparison purposes, a
static analysis was undertaken simultaneously with the dynamic analysis of mixed mode
fracture of three-point bend concrete specimen with an offset precrack. For static
analysis, four beam moire interferometry was used to record simuitaneously the
horizontal and vertical displacements associated with stable crack growth. Due to the
limited resolution of the IMACON 790 ultra-high speed camera with an exposure of 2 us
and a framing rate of 100,000 frames/sec., two-beam dynamic moire interferometry was
used to record eight sequential moire patterns of either the horizontal or vertical
displacements in the dynamic analysis of rapid crack growth. The fracture event, which
lasted about 1.5 ms, was represented by a composite record of nine identical dynamic
fracture tests with various time delays in triggering the ultra-high speed camera. An
elasto-static or elasto-dynamic finite element code was executed in its propagation mode
with assumed crack closure stress (CCS) versus crack opening displacement (COD) and
crack shearing stress (CSS) versus crack sliding displacement (CSD) relations which were
adjusted to match the computed and measured COD’s and CSD's. The resultant CCS versus
coD and the CSS versus CSD relations were used to compute the dissipated energy in the
FPZ. This energy dissipation rate in the FPZ accounted for about 80% of the tota! energy
release rate throughout the dynamic fracture process. This study also showed that the
strain energy released at the crack tip and the dissipated energy in the fracture process
zone after crack kinking are due mainly to mode | crack tip deformation.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

1.1 Introduction

Since Hillerborg first advanced the concept of a cohesive zone trailing a growing crack
in a concrete fracture specimen [1] to explain the behavior observed for such specimens, this
concept has gained in popularity during the past decade [2-5]). This cohesive zone concept,
which derives its origin from an idealization of the plastic zone preceding the crack tip in a
ductiile metal, was based on a postulated fracture process zone (FPZ) where microcracks
form and coalesce ahead of a growing traclion-free macrocrack. Later studies have,
however, related that cohesive zone to the fracture surface immediately behind the crack tip
and where aggregate bridging in concrete fracture and grain bridging in fracture of
monolithic ceramics restrict crack opening. For mode | fracture, this resistance can be
characterized by a crack closure stress (CCS) versus crack opening displacement (COD)
relationship, which were inferred from cyclic load and unioad tests in the strain-softening
portion of a direct tension test [2, 3]. When incorporated into a finite etement model, these
CCS versus COD relations can be used not only to predict the overall fracture strength but
also to simulate the progressive damage process in a concrete structure [5]. Most of the
above studies [1,2,4] involved an inverse analysis where a postulated CCS versus COD
relation was varied until the computed and measured remote ioading parameters, such as the
applied load and load-line dispiacement, coincided. These remote parameters are, however,
relatively ingsensitive to small changes in the CCS versus the COD relation as will be shown
later in this report. Experimental studies involving direct measurements of the crack tip
parameters are relatively few since the COD in the vicinity of the crack tip is difficuit to
measure [4, 5, 8] and the CCS cannot be determined directly.

The authors and their colleagues have used a hybrid experimental-numerical procedure
to analyze the FPZ associated with stably and rapidly propagating cracks in concrete
fractwwe specimens under a previous AFOSR grant” (5, 7). For the previous work of the static
concrete fracture, a non-singular FPZ model, which assumes no stress singularity at crack
tip, was utilized and the maximum tensile strength was used as a fracture criterion. Yon et
al [7] recently proposed a singular FPZ model, which assumes a combined Ki— FPZ model. This
singular FPZ model was verified by a parabolic crack opening shape observed from moire

* AFOSR Grant 868-0204, 15 June 1986 through 14 December 1969.



2
interferometry. The results using the singular FPZ model were reported in numerous

proceedings and journal publications and will be referred to throughout this report.

Experimental eviences show that mixad mode, i.e. combined modes | and {l, crack
extension is not pc.sible in brittle metals and poiymers. However, aggregate bridging and
interlocking forces, which act on the crack surfaces trailing the crack tip, in concrete,
influence the otherwise dominant mode | crack tip state of stress and could resuit in mixed
m>de crack extension. For example, Swartz et al [8] measured the average totai fracture
energy under mixed mode concrete fracture and showed that it was "eight to ten times those
obtained for mode | tests on the same size concrete beam.” On the other hand, Jenq and Shah
[9,10] compared the theoretically predicted failure angles using maximum circumferential
stress, maximum energy release rate and minimum strain energy density criteria, all of
which are based on linear elastic fracture mechanics (LEFM), with those measured
experimentaily in three-point bend and four point shear mixed mode tests of concrete
fracture specimens and concluded that the differences were indistinguishable. LEFM with
modification was aiso used by Davies [11] to study shear fracture of symmetrically notched
mortar cubes and by Wong and Miller [12] to study mixed mode fracture of early aged
concrete beam specimens. Their results indicated that mode | ¢rack propagation prevailed in
concrete fracture specimens with mixed modes | and !l loading. Using mixed-mode fracture
tests of double-edge notched concrete specimens, Nooru-Mohamed and van Mier [13] observed
shear softening thus contradicting Walraven [14] and Reinhardt and Walraven [15] who
reported increased interface shear with increased slip in concrete.

In all of the foregoing studies, the starter crack was a machined notch which was
subjected to either pure mode | or mixed modes | and !l loading. Aggregate Dbridging and
interlocking in the fracture process zone (FPZ), which trails the natural crack tip, would only
be possible after growth of the crack from the machined notch. Without the influence of the
FPZ, the crack would otherwise propagate under the dominant influence of the mode | crack
tip stress field as shown by Liaw et-al. [16].

The most common mixed mode type fracture in concrete structures is the diagonal
tension failure of a reinforced concrete beam. That cracking usuaily develops from flexural
cracks generated by fracture along the tension edge of the beam. Those initial cracks extend
perpendicularly from the edge of the beam, with their depths depending on the applied
moments, and then kinks only after extending beyond the reinforcement. Since aggregate
bridging and interlocking exist in these crack prior to kinking, the kinking angie as well as
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subsequent crack extension could be influenced by the resultant interfacial crack closing and

shearing forces.

For the past decade, two of the authaors have conducted diagonal tension fracture
research of concrete beams. The objective of this research was to simulate the fracture
in reinforced concrete beams. Such fracture results in kinking or curving cracks.
Consequently, mixed mode fracture was generated in these diagonal tension fracture
tests.

Finally, dynamic loading of concrete may occur as a result of an airplane landing on
a runway, impact loading of a concrete structure by a missile, waves, gas explosions,
winds and earthquakes. The dynamic fracture properties of concrete have been studied by
many researchers [17-30]. Some researchers [19,20,31,32] suggested that dynamic
fracture of concrete, in the absence of crack curving, closely mimics dynamic ducti'e
tearing which reduces the crack driving force and hence the crack velocity in metals and
poiymers. Such similarity studies suggest that the intense plastic deformation in metals
and polymers can be replaced by microcracking, aggregate interlocking and crack bridging

in concrete.

1.2 Objectives

The objective of this research is to develop an appropriate experimental and
numerical procedures for studying mixed mode dynamic fracture in concrete. This goal
was achieved oy the following tasks of:

1. Deveioping an experimental setup for conducting mixed mode dynamic fracture test.
Developing a finite element model for simulating dynamic fracture of concrete.
Quantitying the energy dissipation mechanisms during mixed mode dynamic fracture.
Comparing the static and dynamic fracture behaviors of concrete.

T

Relating crack kinking to the mode | and mode |l fracture parameters.




CHAPTER 2
LITERATURE REVIEW

For ideally linear elastic brittle materials, the fracture toughness is a material
constant. However, concrete, which exhibits a nonlinear fracture response does not
usually yield a constant value of fracture toughness. The nonlinear response of concrete
is observed through its well known strain softening response.

in this review, the nonlinear fracture behavior of concrete is first discussed. Mixed
mode fracture of concrete and dynamic fracture test methods are then examined. Finally,
the displacement, strain, and crack velocity measurement techniques are reviewed.

2.1 Fracture Process Zone (FPZ)

The fracture toughening mechanisms of concrete can be mainly divided into the
frontal process zone and the trailing process zone. The irreversible energy dissipation
processes occurring in front of the advancing crack ii.clude crack deflection and multiple
microcracking. The trailing process zone is where force i8 transferred between crack
faces by aggregate interiocking and crack bridging mechanisms behind the crack tip. The
trailing process zone is the fracture process zone (FPZ) discussed in this report.
Normally the FPZ is modeled by the constitutive relation between crack closure stress and
crack opening displacement. The actual fracture behavior of concrete is highly nonlinear
[33]. The nonlinear behavior is dué to the development of debonding between the
aggregates and cement, and the progressive cracking within the cement matrix. Even
before the load is applied, there are considerable amount of microcracks existing due to
the hydration process and dry shrinkage of the hardened concrete.

A typical load-displacement curve of a three-point bend concrete fracture specimen
is shown in Figure 1. A meaningful stress-deformation relation is difficuit to obtain
from a direct tension test since the measured average deformation of the tensile
specimen has little physical significance in the presence of the localized fracture zone.
After reaching the peak load, the load curve drops smoothly in contrast to a linear elastic
fracture mechanics (LEFM) behavior of a fracture specimen, where the load drops suddenly.
This nonlinear behavior is called strain softening in contrast to the strain hardening curve
of metal which is also shown in Figure 1. Actually, "softening” may be a misnomer, for it
is this mechanism that provides “toughening”™ to the material's fracture resistance.




Cedolin and his co-workers {34] found that concrete failed at a low average strain but

that iocally high strains existed in the specimen due t0 a non-uniform strain distribution.

Strain Softening Curve of Concrete

’/ Strain Hardening of Metal

- Metal

ls— LEFM

N\

Load

Displacement

Figure 1. Comparison of the Load-Displacement Curves for a Strain Softening Concrete
(Fine Line), Metal (Thicker Line), and LEFM (Dash Line).




2.2 Fracture Models

Kaplan {35} conducted a pioneering fracture experimental study of concrete andg
found that the crack extension force was twelve limes as large as that estimated from
the surface energy. He attributed the variance of the crack extension force to siow crack
growth before fracture. Glucklick [36] extended Kaplan's work and reasoned that the crack
extension force was much larger than the surface energy because fracture of concrete
was not limited to a single crack propagation. Instead, a muititude of microcracks formed
in the highly stressed zone, and therefore the true fracture surface area was much greater
than the apparent one. Glucklick also showed that aggregates in concrete acted as crack
arrestors because they increased the energy demand or diverted the crack under higher
energy. The slope of fracture energy versus crack length curve increased until a critical
crack length was reached. This suggests that the microcracking process zone had to be
fully developed before unstable crack propagation occurred.

221 Micro Crack Softening Modet
Hillerborg [37] was the first to suggest that the actual flexural behavior of concrete
could be attributed to the following four process zones as shown in Figure 2:
1. Elastic zone where linear elastic mechanics is applicabte.
2. Microcracking zone where the stiffness of the fracture zone decreases suddenly due
to increasing microcracks.
3. Microcrack branching zone where multiple microcracks coalesce into one macro-
crack and the stitfness of the fracture zone decreases siowly.
4, Traction free zone where no stress transfer occurs across the fracture surface.
Using this micro-crack softening model, Hoilerborg then reproduced the load versus
displacement curve with strain softening in a concrete specimen.




Elastic
Zone

Micro—
Cracking
Zone

Micro—-Crack
Braonching
Zone

Traction
Free Crack

o g

Maximum Stress

Crack Visible
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Crock Visibie
to Naked Eye

Enag of
Stress Transfer

Figure 2. The Stress Distribution in the Fracture Zone of Concrete Beam (37].




22.2 Smeared Crack Band Mode!

Bazant and his co-workers [38-44] developed a smeared crack band model based on
finite element mode! of a concrete fracture specimen. In this model, microcracks were
modeled as a blunt smeared crack band. This band caused a zone of stress relief in the
surrounding concrete as well as at the crack front. The stress and strain tensors
remained uniform throughout the band width and an assumed stress-strain relationship
was applied to smear the crack band elements. Bazant described the smeared crack band
theory as a fracture theory for a heterogeneous aggregate material which displayed a
gradual strain softening due to microcracking. In his model, the material fracture
properties were characterized Dy three parameters: the fracture energy, the tensile
strength, and the width of the smeared crack band. The strain softening modulus was a
function of these parameters. They suggested that the optimum value of the crack band
was three times the aggregate size.

This model was also applied to the analysis of reinforced concrete members by
using an energy release rate criterion [39-45]). Later, the non-local smeared crack model
{46, 47] was introduced to overcome spurious mesh sensitivity in finite element analysis.
The same approach was used by Rots et al. [48, 49] and by Borst [50] who incorporated
dissipative bulk behavior and triaxial etfects.

Although the smeared crack band modeis have been successfully applied to describe
the global responses of certain concrete specimens, they lack a theoretical foundation.
There is no direct experimental evidence that a constant crack band width of uniform
strain exists in concrete. Furthermore, the band width does not have any physical
significance, since the numerical predictions are essentially insensitive to band width.

223 FPZ Modei

As mentioned previously, the region where forces are transferred through the crack
faces is called the fracture process zone (FPZ). The first FPZ model, which was modified
from the Dugdale-Barenbiatt modél [51, 52], was proposed by Hillerborg and his co-
workers [1]. Following Hillerborg, considerable variations of the Dugdale-Barenblatt
model were suggested [53-61]. These models ditfered in fracture criteria, experimental
procedures for determining the FPZ, and the assumptions regarding the constituency of the
FPZ

Hillerborg, Modeer, and Petersson [1] assumed that the stress did not fall to zero

immediately as the crack opens, but decreased with increasing crack width. Tensile




strength of the concrete specimen was used as a fracture criterion. The concrete was
assumed to be isotropic and linear elastic outside the FPZ. inside the process zcone, a
constitutive relation governed the crack opening displacement, w, and crack closure
stress, 0ccg. @8

Ices = f(w) (1)
The descending portion of the stress with increasing strain was called stress-softening
curve and was assumed to be a material property. They also defined a characteristic
length L.p to characterize the brittleness of the materials as:

_GcE
La =1 (2)

1

where G¢ is the energy absorbing rate, E is the elastic modulus and f, is the tensile
strength of the concrete. They concluded that the maximum COD for FPZ was less than
0.2Lch.

The amount of energy absorbed per unit crack area in widening the crack from zero
to wy is

"

Ge = [ocesdw (3)
]

Standard test procedures for the experimental determinations of the fracture energy
density of concrete were discussed by Hillerborg and Mindess [55-57]. The total external
energy needed to quasi-statically fracture a specimen was simply the fracture energy
density of concrete times the surface area of the crack that was formed.

Later, the same model was applied to design the concrete pipes and beams by
Gustafsson and Hillerborg [58]. A similar model was proposed by Visalvanich and Naanman
[59] for fiber reinforced concrete. Ingraffea and Gerstie [60] utilized the FPZ model to
study mixed mode fracture problems. Wecharatana and Shah (3] fitted the computational
results to the measured crack mouth opening displacement with FPZ model. in Reinhardt's
model [61], the crack closure stress was described by a power function, which was
independent of crack opening displacement.

Carpinteri and his co-workers [62, 63] numerically anaiyzed the effect of
parameters involved in FPZ model. After inspecting the influences of elastic moduli,
tensile strength, fracture energy, specimen depth and initial crack tength, they suggested
the use of a dimensioniess number to describe the brittleness of the material. That
number is

fd (5)




where d is the specimen depth.

Wecharatana and Chiou (64] introduced a simple test specimen for observing the
post-peak uniaxial tensile response of concrete. The test was conducted by using a
closed-loop strain control and a simple self-interlocked grip. The complete load-
displacement curve was monitored until the post-peak stress dropped to zero. The value
of the maximum post-peak displacement, which was assumed to be the critical COD, was
used for normalizing the post-peak stress-displacement relation. This normalized
stress-displacement relationship was observed to be unique and might be considered a
material property. The fracture energy was also calculated and seemed to be a specimen-
dependent. They implied that this direct FPZ measurement method was not consistent.

Li and his co-workers [65-67] developed an indirect procedure to determine the
crack closure stress versus crack opening displacement curve. The relation between
crack closure stress and J integral derived by Rice [68] was utilized, although the
applicability of J integrai on concrete is stili uncertain.

FPZ model was also used by Kobayashi, Hawkins and their co-workers [5,69-72]. The
constitutive relation between CCS and COD was developed through a hybrid experimental-
numerical analysis and an inverse procedure. The FPZ mode! was applied to crack line
wedge loaded, double cantilever beam (CLWL-DCB) specimens and three point bend (3-PB)
specimens. Both singular and non-singuiar FPZ modeis were proposed. The normal stress
distribution around the FPZ for a singular model is shown in Figure 3. The area in front of

the crack tip is the elastic deformation zone. The siresses right ot the crack tip
possesses a 71-; singularity. The fracture surface behind the crack tip is divided into the

microcracking zone, transition zone, aggregate bridging zone and traction free zone. The
boundaries of the transition zone are not well defined. The maximum crack closure stress
in the FPZ is less than the tensile strength of the concrete. That means there is a sudden
drop of stress past the crack tip. Both static and dynamic mode | fracture were
investigated using this FPZ model. Mixed mode | and mode I, quasi-static fracture was
also studied by Imposing a diagonal compressive loading on the CLWL-DCB specimen. They
conciuded that the energy dissipated in the trailing FPZ was a major sink in the fracture

process of concrete.
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Figure 3. Normal Stress Distribution Around Fracture Process 2one for the Singular Mode!.

2.3 Dynamic Fracture of Concrets

Dynamic fracture mechanics has been a subject of active research for the past two
decades. Most of these studies have besn confined to traditional metallic structures or
polymeric materiais. Although only limited researches were done on dynamic tracture ot
concrete {17-30], there is an increasing interest in studying the eftects of strain or
loading rate on the strength and fracture of concrete. Experimental evidences [73-76]
indicates that the apparent Strength of concrete increases with an increase in loading
rate.
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2.4 Mixed Mode Fracture of Concrete

Various models, such as maximum circumferential stress; maximum strain energy
release rate; minimum strain energy density etc., have been proposed !0 predict the
direction of crack propagation under mixed mode loading. Existing mixed mode fracture
criteria are based on linear elastic, ideally homogeneous materials and a mixed mode
fracture criterion for concrete-like heterogeneous material is not available.

Swartz et al. [77] measured the average total fracture energy under mixed mode
fracture and showed that it was eight to ten times those obtained for mode i fraclure.
Jenq and Shah [78,79] compared the theoretically predicted failure angles of crack kinking
under combined modes | and 1l loading using the maximum stress, the maximum energy
release rate and the minimum strain energy density criteria with those measured
experimentally in three-point and four point bend and shear, mixed-mode fracture tests
and conciuded that the differences were indistinguishable. Astro-Montero et al. {80]
ulilized the center-notched, diametrically loaded disc specimens to investigate the mixed
mode FPZ in mortar. They defined the FPZ as the zone of deviation from linearity
exceeding 60 microstrains and found the size of the FPZ in mixed mode was smaller that
in mode | for short crack lengths. For longer crack lengths, after the crack adopted a
straight line trajectory, the FPZ in the_ mixed mode specimen approached the dimension of
the FPZ in mode |.

Maji et al. [8!,82] studied crack propagation in rectanguilar blocks of mortar
containing a central notch and subjected to uniaxial compression. Holographic
interfa‘romatry was used to observe crack initiation and propagation, and to measure
crack opening and sliding displacements (COD and CSD). Crack initiation theories were
employed to study their relative merits for predicting crack initiation angles and loads.
They found that while crack initiation was predicted well by some of the theories, it was
necessary to account for the traction forces on the crack surface before any propagation
criterion could be identified. They concluded that the Maximum Hoop Stress Criterion was
reasonable and K, stress intensity factor at the crack tip was dominant in the failure
mechanism.

Carpinteri et al. [83) studied the single edge notched specimen subjected to four
point shear. They showed that energy dissipation on the curvilinear fracture surtace
prevailed over energy dissipation in the bulk cementitious material, due to permanent
deformation, friction and interlocking, when relatively small aggregates and large
structural elements were considered. Mixed mode fracture energy was 16% higher than
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mode | fracture energy with small aggregates and 33% higher with large aggregates. They
attributed this i~~rease in fracture energy to the additiona! energy dissipation by friction
and interlocking, which was higher with larger aggregates, at the crack surfaces. They
aiso observed that the interlocking effect increased with decreasing specimen size.

Mier et al. {84,85) studied mixed mode fracture tests of double-edge notched
concrete specimens and found that the crack grew under mode |, even when the external
loading was of mixed mode. Shear softening was also observed in their experiments.

Liaw et al. [16] used a crack line wedge (oaded-double cantilever beam (CLWL-DCB)
specimen subjected to diagonal compression loading to develop crack closure-shear
transfar model of the FPZ of concrete. The model was used to predict the maximum load-
carrying capacity and post fracture behavior of concrete specimens in which the cracks
kinked under mixed-mode loading. The mode | FPZ was characterized by a trilinear crack
closure stress (CCS) versus COD relationship, with the value of the maximum CCS at the
physical crack tip equaled to the concrete tensiie strength. To account for shear transfer
in mixed-mode fracture, a linear regression analysis was performed on the published data.
Their finite element computations showed that the effect of incorporating shear-transfer
model on the global deformations and forces predicted for the CLWL-DCB was negligible.
This may be due to the specimen geometry and loading condition, which generated straight
crack trajectory. For a straight crack, slip on the rough crack surfaces is reduced since
the crack opens through mode | displacements. For a curved crack, pure mode | opening
cannct exist along the entire crack surface and the transfer of shear forces is inevitable.
The simulation modei was applied to Ingraffea and Gerstle's data [60), and showed that
shear-transfer effects must be considered for certain loading and crack configurations.

In all of the above mentioned studies, the starter crack was a machined notch which
was subjected to either pure mode Il or mixed modes | and il loading. Aggregate
interlocking in the FPZ, which trails a stably extending crack, would only be possible
after growth of the FPZ crack tip, thus reducing the influence of FPZ on the crack which
would otherwise propagate under the dominant influence of the mode | crack tip stress
field. The FPZ and the associated energy dissipation in a concrete fracture under mixed
modes | and |l loading have been studied by Guo et al. [72]. The constitutive equations,
which governs the fracture process zone, were represented in terms of the CCS versus
COD and crack shearing stress (CSS) versus crack sliding displacement (CSD). They found
that the dissipated energy rate at the FPZ increased with increased interlocking force
despite the fact that the kinked crack propagated primarily as a mode | fracture. The
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dynamic extension of the above mixed mode FPZ analysis in concrete fracture was studied
in this AFOSR research grant.

2.5 Dynamic Fracture Test Methods

251 __Charpy Impact Test

The Charpy impact test, in which a pendulum with a tup swings through a notched
bar specimen, is recommended as standard impact testing of metal [86]. The total energy
absorbed in fracturing a specimen is measured by the height of the pendulum before and
after the impact. This method can not yieid the very useful properties such as ultimate
strength or fracture toughness. Furthermore, Abe et al. [87], while testing rate-
insensitive silicon-carbide specimens with a detailed energy balance, have shown that
energy absorbed by the specimen was only of the order of 30 percent of the total energy
recorded in the Charpy test.

The instrumented impact test, which was introduced by Hibbert [88], is abie to show
the continuous load and energy histories. More recently, Shah and his co-workers [89-91)
have conducted a series of tests on piain concrete and fiber reinforced concrete
specimens with the modified instrumented impact test.

2.5.2 Split Hopkinson Bar Tast

The pressure Hopkingon bar was originally designed to obtain compressive dynamic
stress strain curves. The tension Hopkinson bars have been developed [92-95]. In the
split Hopkinson bar test, the specimen is sandwiched between two coaxial elastic bars.
The input stress wave pulse is normally generated by air gun or explosion. Upon impact of
the two bars, compressive waves propagate away from the impact face in either direction.
The compressive wave reflects in tension from the free ends. The force acting on the
specimen is calculated by measuring the pulse at two points on either side of the
specimen, and the strain in the specimen is measured by means of strain gages mounted on
the specimen. This method is able to provide a large range of strain rate. Reinhardt et al.
[98] and Jawed et al. [97] employed this method to study the strain rate effects in
concrete. Jawed found that the ultimate stress increased with increasing strain rate
first and then reached a plateau value at a strain rate of about 250 sect.
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253 Conatant Strain Rate Test

The constant strain rate test is usually pertormed by a servo-controlled loading
machine. Although it is limited by the conventionai machine loading speed, this method
has been .'sed for some dynamic fracture tests at intermediate strain rates. K. Kobayashi
and Cho [98] used displacement-controlled constant strain rate tests to obtain load-
deflection curves for polyethylene fiber reinforced concrete beams. They observed that
the loading velocity affected both the peak load carrying capacity and the corresponding
deflection. Yon et al. [99] aiso used a displacement-controliled machine to conduct
constant strain rate tests or three-point bend and CLWL-DCB concrete specimens. The
strain rate sensitivity of concrete was fully discussed.

254 _ Drop-Weight Test

The drop-weight tast has been recommended by the American Concrete Institute
(ACl) committee 544 for evaluations of the impact resistance of fiber reinforced concrete
[100). The impact force and energy are determined by the drop weight and height. But
similar t0 the problem of the Charpy impact test. this energy alone cannot provide enough
information on fracture toughness. Therefore, the instrumented drop-weight test was
introduced to measure the load, deflection, strain and energy histories during the impact
event. With these data, the energy absorbed and dynamic fracture toughness can be
derived.

2.6 Measurement Techniques

The popular optical methods for determining the dynamic stress intensity factors at
room temperature, such as photoelasticity [101] and caustics [102]., cannot be used for
concrete due to the opaqueness and low Poisson's ratio, respectively. As for crack length
measurements, the traditional photographic and crack gage techniques for monitoring
crack propagation are inaccurate due to the small crack opening displacement in concrete.
These physical constraints require a better fracture testing procedure which can
circumvent some of the above difficulties in characterizing the fracture responses of
brittle composites. The moire technique with its high sensitivity seems to fit in very
well,

Moire interferometry is an attractive tool for whole-field displacement
measurement. In addition to the wide application range, moire interferometry has
following advantages [103]: high sensitivity; excellent fringe contrast; high spatial
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resolution; extensive range; and real time response. Therefore, this method was utilized
in the dynamic fracture tests in this research to determine the whole field displacement
field.

The term moire comes from a France word referring to the visual interference
effect of watered silk. In optics, moire refers t0 a phenomenon that occurs when two
repetitious patterns are superimposed and deformed in relation to each other. A series of
black and white bands termed *moire fringes” is then formed. Typically one grating (the
specimen grating) is deformed while the other grating (the reference grating) is
undeformed [104]. Moire is the interference between the specimen grating and reference
grating or more generally between two set of lines. These lines can be generated by
geometrical bar-and-space gratings or optical interference. The former is called
geometrical moire {105], and the later is called moire interterometry [103]. The moire
interferometric technique was used in this research for the experimental measurements.

Due to the previously mentioned advantages of moire interferometry, especial the
whole-field information, real time response, and high sensitivity, this technique was used
in mixed mode dynamic concrete test. Refersnce grating of 1200 lines/mm was used in
this dynamic concrete tests, and the dynamic moire pattern was recorded.

26,1 _Four Beam Moire Interferometry

in two beam moire interferometry, a virtual reference grating of two times of the
specimen grating was obtained by interfering the 4+ first order diffractions from this
specimen grating. The relation between the dispiacement, u, and the fringe order, N, is

N
UsF (8)

where F is the virtual grating frequency.

Two beam moire is only good for a singlie direction displacement measurement. For
mixed mode fracture analysis, both u and v directional displacements are necessary. A u-
v mirror set, which was desighed by M. Tuttle! and modified by F. X. Wang2, was used 0
generate moire interferometry. As shown in Figure 4 (a) two beams from the horizontal
mirrors interact to generate the u displacement moire pattern. Similarly in Figure 4 (b)
another two beams at vertical positions are used to generate the v displacement moire
pattern. These two patterns both diffract to the central mirror and then refiect to the

' M. Tuttie: Professor in Mechanical Engineering Department, University ol Washington.

2 F.X. Wang: Visiting Scientist in Mechanical Engineering Department, University of Washington, 1988
1991. Protessor of Nan Chang institute of Aeronautical Technology.
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camera. u- and v-displacement moire patterns can be separated optically, but at the time
these tests were conducted, the technique had not been developed yet. Therefore, u- and
v- field patterns were recorded separately. The u-displacement and v-displacement
fields were recorded at different delayed time and for different specimens. It was thus

necessary to test many specimens in order 10 provide sufficient data for analysis.
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CHAPTER 3
EXPERIMENTAL AND NUMERICAL PROCEDURES

As mentioned previously, the main objectives of this concrete research are to
analyze the mixed mode static and dynamic fracture of concrete and to identify the
dominant energy dissipation mechanism. The procedure for mixed-mode, dynamic concrete
fracture analysis are as follows:

1. Cast 3-point bend concrete specimens.

2. Cut a machine notch of 0.75 inch (19.1 mm).

3. Precrack the specimens to 1.25 inches (31.8 mm) length by using mode | static
fracture.

4. Offset the load of the specimen for generating a mixed mode static/dynamic fracture
test.
Run an inverse finite element analysis t0 determine the constitutive relations in FPZ.
Compute the energy release rate and energy dissipation rate in the FPZ.

7. Verity the crack kinking criterion in mixed mode fracture.

The details of each step of the above are described in subsequent sections.

3.1 Specimen Preparation

All the specimen used in this research were cast in the University of Washington,
Department of Civil Engineering shop. The same cement, sand, water and aggregate
gradation are used for all specimens for uniformity. Table 1 shows the average
gradations for coarse and fine aggregates. The cement is a type I, high early strength
Portland cement, and the sand and gravel were obtained locally. The same mix proportions
shown in Table 3 were used for ail specimens.

Table 1: Average Gradation of Aggregate

Sieve No. 4 No. 8 No. 16 | No. 30 |No. 50 | No. 100
Size
% Left 1.50 165.79 [28.87 43.88 78.54 97.50

19




Table 2: Concrete Mix Proportion by Weight

Cement Sand Gravel Water
1.0 3.0 2.0 - 0.4-0.5

The specimens were cast in a horizontal position in an oil-lubricated, steel form.
Each specimen was compacted with a mechanical form vibrator that moves across the top
of the specimen. Control cylinders were aiso cast with each batch of fracture specimens,
and each control cylinder was fabricated in three layers, where each layer was compacted
with an one inch diameter electric immersion vibrator. The average compressive strength
of concrete from the cylinder tests was 47.2 MPa. The estimated average tensile strength
was 3.14 MPa.

Right after casting, the specimens and cylinders were covered with poiyethylene
sheets and stored at room temperature. The forms were stripped two days later, steel
inserts were carefully removed from the specimens, and then both specimens and
cylinders were immediately placed in a moist room. The surface of the specimen was
manually polished with a carborundum stone at the early age of curing. This polishing
step is necessary for transferring the moire grating and bonding the strain gages.

All the specimens were kept in the moist room for at least 28 days before testing.
The specimen was removed from the moist room three days before testing. After it was
dried for one night, the specimen was then notched by a slicing machine with a six inch
diamond blade. The machine notch was 0.75 inch (19.1 mm) deep. After machining, the
specimen was then cleaned and dried for another half day. Before the specimen grating
was transferred, a layer of PC-10 cement was put on the specimen surface to fill out all
the surface holes. One day later, the procedure described in [103] was used to transfer an
orthogonal ditfraction grating of 600 lines/mm to the specimen surface.

3.2 Static Precrack for Dynamic Analysis

The specimen was precracked to form a sharp precrack from the machine crack. An
u-v mirror set shown in Figure 5 was utilized to generate the u and v fieid moire
interferometry patterns. A manual screw driven loading fixture (Figure 6}, designed by F.
X. Wang, was used for mode | static precracking. Four beam moire interferometry as
shown in Figure 4 was utilized during static precracking. The moire interferometry
pattern on the specimen, which was recorded by a Nikon F-3 camera , was used to locate
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the crack tip position. The static precrack length was 0.5 inch (12.7 mm) and the total

initial crack length was thus increased to 1.25 inches (31.8 mm). The moire pattern prior
to static precracking also provided the information for the determining of static moduius

of elasticity.

Figure 5. u-v Mirror Set




Figurea 6. Loading Fixture for Precracking.
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3.3 Test Procedure for Static Analysis

Mixed mode loading was then applied by rearranging the loading points in Figure 6 so
that the notch was offset from the central loading point by 50.8 mm. The test procedure
consisted of applying an incrementally increasing load-point displacement, photographing
the moire fringes by two Nikon F-30 cameras and recording the applied load and
dispiacements. The four beam moire interferometry setup, described previously, was used
to record the horizontal, u, and the vertical, v, displacements in a 95 x 95 mm area
surrounding the stably growing crack. The reflected first order diffraction from the
oblique incident light of 18° provided a fringe multiplication of two and thus an effective
sensitivity of 1200 lines/mm was achieved in this setup. The crack opening and crack
sliding displacements (COD and CSD) along the slanted crack ware computed from the
moire patterns corresponding to the horizontal and vertical displacements. Load-point
displacements were increased until the migrocrack tip, which was located using the
moire fringe pattern, had almost penetrated through the depth of the specimen.

3.4 Drop Welght Test tor Dynamic Analysis
After the precrack, three strain gages were mounted along the predicted crack path
to verify the crack veiocity obtained from the moire interferometry patterns. The strain
data prior to the passage of crack tip, provided the information for computing the dynamic
modulus of elasticity.
The strain gages and associate instrumentation were selected for a frequency
response of 70 KHz. The setup consisted of the following:
1. An IMACON 790 ultra speed camera and 1/5 T plug-in with a framing rate of 100,000
frames per second and an exposure time of 2 usec. for dynamic analysis.
2. A high speed electric shutter (acousto-optic modulator) with an exposure time of 7
msec to shield the image tube of the camera from prolonged exposure to the argon
laser light source.
A five watt argon ion laser from Spectral Physics.
A triggering circuit to initiate data acquisition.
A dynamic non-contact dispiacement gage.
A dynamic load cell with power supply.
A dynamic strain gage conditioner for three strain gages.

© N o v roW

Three oscilloscopes to record the ioading history, the load point displacement and
dynamic strains.




9. A Macintosh llci personal computer for data processing and storage.
10. A drop weight loading fixture as shown in Figure 7.

The impactor weighs 98.8N and the height of drop was 0.4 m. A specimen grating of
600 lines/mm and a reference grating of 1,200 lines/mm were utilized for moire
interferometry. The incident angle of the two collimated laser beams are about 18
degree.

The entire dynamic system setup is shown in Figure 8. The same u-v mirror set used
in precracking was utilized to produce a moire pattern. When the impactor hit the top of
the load block, it closed a circuit and sent a signal to the trigger box, which delivered
three triggering signals. The first triggering signal was sent to a delay generator. After
a specified delay time, another signal was generated by the delay generator and triggered
the IMACON 790 camera. The second signal was sent to the oscilloscopes to record the
load history, load point displacement, and three dynamic strain data. The last signal was
sent to acousto-optic modulator (AOM) driver. The AOM worked like a shutter of the laser
for protecting the image tube of the high speed camera from iong exposure to a laser fight.

For each three-point bend test, the following experimental results were obtained:

—h

Horizontal displacement or vertical displacement from the moire patterns.
Crack velocity from the sequence of moire patterns.

Load history.

Load-line displacement history.

w ok oDbd

Three strain histories at three strain gage locations.

The data measured by the oscilloscopes were later transferred to a Macintosh lici
personal computer for data manipulation and storage. A program developed by L. G.
Deobald and modified by Z. K. Guo and the author was utilized to transfer the data. The
program is written in Quick Basic. The commercial program Excel3 and DeltaGraph* were
used for data manipulation and plotting, respectively.

3 Microsoft excel for Apple Macintosh, Microsoft Corporation, One Microsoft Way, Redmond, WA 98052-
6399
4 DeltaGraph, DeltaPoint, inc., 200 Heritage Harbor, sulte G Montsrey, CA 93940
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3.5 Dynamic Moire Interterometry

As mentioned before, one of the merits of moire interferometry is its real time
response which is suitable for dynamic fracture tests. The technical challenge is to
record the dynamic moire pattern in a very short time. An IMACON 790 ultra high speed
camera was utilized in this experiment for recording. With the 1/5 T plug-in, the camera
had the ability to take piétures at the speed of 100,000 frames per second for an exposure
time of 2 usec per frame. Using a five watt argon ion laser and appropriate triggering
circuit, the dynamic moire interferometry patterns were recorded.

Since the exposure time is short, a high power argon ion laser was necessary to
provide the necessary light intensity. The appropriate triggering system was aiso very
important for recording the crack propagation process at the right moment.

The number and size of the images are restricted by the camera where larger number
of frames result in smaller picture size. IMACON 790 can record four to twenty frames
per positive photo sheet. For good resoiution and a sufficiently long period of recording,
eight frames were taken per specimen during a period of 70 usec. Different period of
recording time can be chosen by using a delay generator. By combining all the data from
different specimens for different delayed time, a composite picture of the fracture
process in a concrete specimen was obtained.
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CHAPTER 4

FINITE ELEMENT ANALYSIS

4.1 Hybrid Experimentai-Numerical Analysis

A hybrid experimental-numerical analysis [106] was used to determine the
constitutive relations of CCS versus COD and CSS versus CSD. The load history and crack
velocity from the experiment were used as input to a two-dimensional finite element
mode! of a concrete 3-point bend specimen. The boundary conditions plus the assumed
constitutive relations were also part of the model. An inverse analysis was used to
compare the computed, which was based on assumed constitutive equations governing the
FPZ, with experimental COD's and CSD's. A flow chart for this inverse analysis is shown
in Figure 9.

4.2 Finite Element Modeling

A 2-D finite element model was used to simulate mixed mode dynamic fracture of
concrete. Figures 10 and 11 shows the model mesh and boundary conditions. Finer
triangular elements are used along the average crack path.

4.3 Statlc Analysis '

The entire specimen had to be modeled for this mixed mode fracture analysis, as in the
analysis by Liaw et al [16}, due to the lack of symmetry in the loading geometry. Since the
boundary conditions were completely prescrived from the experimental data, the soiution to
this finite element boundary value problem should have provided the desired answers
directly as in the analysis by Guo et al. [72]. In practice, the relative displacement fieid
obtained from the finite-sized moire grating did not provide the absolute displacements
which had to be prescribed along the FEM model of the kinked crack. Thus the time consuming
inverse analysis was used in this study.

The numerical procedure then was used to determine the crack closing stress (CCS) due
to aggregate bridging and the crack shearing stress (CSS) due to aggregate interlocking under
a prescribed load. Through a trial and error process, the computed COD's and CSD's during the
kinked crack extension were matched with their measured counterparts. The resultant CCS
versus COD and the CSS versus CSD relations are the constitutive relations which govern the
FPZ trailing the tip of the stably growing crack. The sum of the work done by the CCS acting
on the COD and the CSS acting on the CSD for unit crack extension represents the energy

dissipation rate in the FPZ.
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The energy release rate was computed directly by incrementing the crack tip one finite

element node and then computing the difference in elastic energies stored in the specimen
prior to, and after, that incremental crack extension.

The modes | and 1l stress intensity factors, K| and K;;, were computed from the strain
energy release rate and the crack tip COD and CSD. First, the finite element model was
numerically calibrated for accurate stress intensity factor determination by using known K;
and Ky solutions. Then the strain energy release rate, G, was obtained from finite element

analysis. This G is related to K; and K by

Kj2(1-v?) . Ku2(1-v2) _ a

E E (7)
where E and v are the modulus of elasticity and Poisson ratio, respectively.
Kj and Kj; are also related to the crack tip COD and CSD through
K _coo (8)
Ky~ CSD

These two equations were used o compute the resistance curves for K| and Kn or
the changes in K| and Kj with stable crack growth.

4.4 Dynamic Analysis

There are total 783 node points, 645 four point elements, 90 three point elements,
and 52 spring elements in the FEM model used in dynamic analysis. Inputs to the finite
element model include loading history, measured crack velocity, and assumed constitutive
relations in FPZ. Nonlinear spring elements are used to modet the FPZ as in the FEM model
for caramics. The difference is that the mixed mode | and mode 1l fracture requires the
use of two sets of springs for each pair of fracture nodes in the concrete model. One set
of spring models the crack closure stress, and the other set models the crack shearing
stress. Both sets of springs had negative stiffnesses of decreasing reaction force with
increasing displacement.

The quasi-static and rapid crack extensions were controlled by using a user defined
subroutine to release the multi-points-constrains at specified time. Another subroutine
was implemented to provide a function for gradual release of nodal force. Otherwise,
sudden release of two nodal constrains will generate an impulse of stress waves. The

time dependent nodal force release mechanism involves linearly decreasing the nodal



force from the tensile strength to zero as crack propagates to next node point. This
mechanism smoothed the crack propagation process and removed the unrealistic
fluctuating stress waves.

The outputs of finite element program inciuded histories of COD's, CSD's, and

various energy contributions.

4.5 Fracture Process 2Zone Characterization

The FPZ in mixed mode dynamic fracture consists of two constitutive reiations. One
is the CCS versus COD, and the other is the CSS versus CSD. Both closure stress and shear
stress are the products of crack bridging and aggregate interlocking. In the 2-D finite
element modeling, the FPZ is simulated by two sets of nonlinear springs. Due to crack
kinking, a local coordinate system is necessary for applying the crack closure stress and
shear stress at the right directions. The energy dissipated in the FPZ then can be
calculated numaerically by using the two constitutive relations and the crack opening
shape.

4.6 Fracture Resistance Curve

One of the advantages of the hybrid experimental-numerical analysis is that a
wealth of information is obtained through a single analysis. This analysis provides the
history of the changes in energy partition with crack extension. The change in the driving
force is obtained through the totai energy reiease rate.

Energy balance per unit thickness in dynamic fracture can be written in terms of

kinetic energy as

c-dF_dU _dT
“da da da (9)
dw
=% (10)
G=R (11)

where G and R denote the crack driving force and the crack resistance, respectively; F is
the external work done on the specimen; U is the elastic energy; T is the kinetic energy in
the component; and W denotes the energy required for crack extension. All F, U and T can
be calculated by the finite elemen: method. Therefore, the fracture resistance, R, can be

determined nun:erically.
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Note that the value of G for rapid crack propagation does not correspond 10 a unique
value of K as in the static case, where R depends upon crack speed R=R(V). According to
Broberg [107], if the surface energy is negligibly small, the crack will nucieate from an
infinitesimally small microcrack and will achieve the limiting velocity immediately.
However, a crack velocity curve including a rising portion, a peak value, and a dropping
portion was observed and used in this research.

Freund [108], using the energy flow rate formulation deveioped by Atkinson and
Eshelby [109], related the energy release rate with the dynamic stress intensity factor
for dynamic crack propagation. This relation can be written as

=I+v
E

Go K2A(V)

(12)

where A is a geometry-independent function of crack velocity, v. While Freund's solution
is based on a linear elastic condition with an unioaded crack propagating at a constant
velocity, no solution is available for a crack with a varying velocity and an accompanying
FPZ. Therefore, the crack resistance curve in this mixed mode dynamic concrete fracture
is reported in terms of energy release rates and not in terms of the dynamic stress

intensity factor.
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CHAPTER §

EXPERIMENTAL RESULTS

5.1 Static Resuits

A total of five concrete specimens were tested for stable crack growth under mixed
mode fracture. The kinked crack paths for the first batch of two concrete specimens
differed from those for the second batch of three specimens as shown in Figure 12. This
difference was attributed to the longer crack extensions generated during the mode ! loading
of the second batch of specimens. The undulations in the crack paths, which is not normally
observed in metal fracture specimens, are caused by the aggregates dispersed throughout the
thickness of the specimen. For the same reason differences of about one aggregate diameter
were observed between the crack paths for the front and the back specimen surfaces. For
FEM modeling, the averaged crack paths, as indicated by the broken lines in Figure 12, were
used in the numerical analysis. The concrete strength at the time of the test, as determined
from tests on 150 x 300 mm cylinders, was 48 MPa.

Figure 13 shows the averaged measured load versus computed load-line displacement
relations for the two batches of specimens. It was necessary to use the computed rather
than the measured load-line displacements since the latter, which was recorded on one side
of the specimen only, did not represent the actual deflections because there was uneven
local crushing at the load point that twisted the displacement device.

Figure 14 shows a typical pair of moire interferometry patterns corresponding to the
horizontal and vertical displacement fields of ux and uy, respectively of a kinked crack in a
three point bend specimen. Figure 15 is a composite figure showing the averaged COD and
averaged CSD variations along the initial and kinked crack with increasing crack extensions
for the second batch of test specimens. The COD's and CSD's are plotted in term of the
averaged distance measured along the vertical and kinked crack paths. Similar relations
were obtained for the first batch of two specimens with an averaged kinking angle of 30°.
The curves in this figure are the averaged displacements obtained from moire interferometry
results and the circles are computed results obtained from FeM modeling. The CSD's along
the kinked portion of the crack are negligible, but are appreciable along the vertical portion
of the crack. The constant CSD's for a given crack length in this region indicates a vanishing

Eyy in this free corner of the specimen.
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5.2 Dynamic Resuits

Although a considerable number of specimens were tested, nnly a handful of tests
provided the complete test information necessary for data reduction. Thus the horizontal
displacements in six 3-point bend concrete specimens and the vertical displacement data
of three 3-point bend specimens were recorded.

Cniy a short period uf the total fraciure process in concrete could be recorded in
each test due to the restricted number of high speed photography frames avaitable per
dynamic test. (n addition, the tolerable minimum frame size limited the recording event
to eight frames per test when the IMACON 790 ultra speed camera was used. The eight
frames of moire patterns transiated into a recording period of 70 usec for each test. Thus
a total of 20 specimens were tested at different delay times in order to record the whole
fracture process. Six out of sixteen specimens were used to calculate the horizontal
displacement, and three out of four specimens were used to compute the vertical
displacement. The unused test resuits in each batch had to be discarded due to poor
quality of the high speed photography or failure in the strain and load line displacement
recording. Figure 16 and Figure 17 show a typical sequence of moire patterns
corresponding to horizontal and vertical displacements in mixed mode fracture. The dark
area in the picture is a target to locate the crack tip and calibrate the length. The
experimentally determined vertical and horizontal displacements along the crack are
shown in Figures 18 and 19. The distance along the crack, /, is defined as the distance
from the crack mouth. At the crack tip, / is equal to the crack iength, a. Figure 19 is the
superposition of six specimens where the horizontal displacements aiong the crack were
determined and Figure 19 is the superposition of the other three specimens where the
vertical displacements along the crack were determined. All specimens were loaded
under the same condition but recorded at a different delay time. The combination of
Figures 18 and 19 provides a complete picture of the displacements along the crack during
dynamic crack propagation.

The loading history was recorded by a dynamic load cell. Figure 20 shows the
loading history of each specimen and the average loading history curve. The average load
was used as part of the finite element input.

Another input condition is the crack velocity. Figure 21 shows the crack velocities
obtained from moire interferometry. The scattering of the data is moderate considering
that Figure 21 is a compilation of data from seven specimens. There are two reasons for

the data scatter. Microscopically, concrete is not a homogeneous material. Aggregates in
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Figure 20. Loading History of Mixed Mode Dynamic Fracture Tests of Concrete.
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the crack path can retard or deflect the propagating crack thus resulting in varying crack
velocities during the fracture event. The exact precrack length is hard to contro! and thus
mixed mode fracture is initiated at a slightly different precrack length. As a result, the
kinking angle for each specimen is slightly different and affects the crack velocity.
Despite this discrepancy, Figure 22 shows that the crack paths of all specimens fall into
a narrow band width. The average kinking angle, 30.7° as shown in Figure 22, was thus
used in the finite element analysis. Figure 21 shows Inat after kinking, the crack velocity
reached a peak value and then dropped as the crack tip approached the compression side of
the three point bend specimen. The curve fitted through all crack velocity measurements,
as shown in Figure 22, was thus used to drive the dynamic crack propagation in the FEM
model.
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Figure 22. Mixed Mode Crack Paths.
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CHAPTER 6
NUMERICAL RESULTS

6.1 Static Analysis

Figure 23 shows the CCS versus COD and the CSS versus CSD relations (constitutive
relations) which provided the best fit between the measured and the computed COD's and
CSD's. The corresponding computed COD's and CSD's are the circular data points in Figure 15.
Also shown in Figure 23 is the CCS versus COD relation obtained from identical concrete
fracture specimens which were tested under mode | loading. The CCS increased with
increasing CSS for the first batch of fracture tests while a corresponding increase was not
observed for the second batch of specimens with a less severely kinked crack and a lesser
CSS versus CSD relation. It thus appears that there is additional friction generated by the
interlocking force for a more severely kinked crack path that increases the CCS.

The mode It CSD versus CSS relation, which, as apparent from Figure 23, was far from
complete due to the short FPZ in the three-point bend specimen, shows that the interiocking
forces increased with increasing kinking angle. The decreasing CSS versus CSD relation
contradicts the results of Walraven [14] and Reinhardt et al [15], in which an increasing
relation was obtained.

Both K; and K; were computed separately for the first and second batches of fracture
tests. Despite the differences in the average loads and the CSS versus CSD relations
between the two batches of specimens, the stress intensity factors for the two batches
practically coincided and thus single curves of K; and K, are presented in Figure 24. Figure
24 also shows that the K;, which was determined previously by Guo et al [72] for Mode |
loading, approaches the K;of this study and suggests a unique K; resistance curve for this
concrete fracture specimen under mode | or mixed mode ioading.

Figure 25 shows the energy partitions in the five three-point bend concrete specimens.
The differences in the crack kinking angles in the two batches of concrete specimens
resulted in the differences in the input work and hence in the partitioned energies. However,
the dissipated energies in the fracture process zones and the slopes of the released energies
in the two batches of specimens coincided.

Figure 28 shows the energy release and dissipation rates with crack extension in the
five specimens. This energy dissipation rate relates only to the FPZ and does not include
rates due to other energy sinks, such as micro-cracking ahead of the crack tip, crushing at
the load and support points and aggregate-mortar debonding. The enerQy release rate Figure
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represents the resistance curve for this mixed mode fracture process. Using the identical

concrete fracture specimens, Guo et al [110] showed that the energy dissipation rate should
remain constant after the FPZ is fully developed. Figure 26 shows that this not the case. As
shown by Guo et al. [110] or mode | concrete fracture, the energy dissipation rate at the FPZ
continues t0 be the dominant component of the energy release rate in mixed mode concrete
fracture.

Figure 13 shows two load versus load-line displacement curves for each batch of
specimens, one with and one without an FPZ. The correct curve, of course, is that with the
FPZ included in computing the load-line displacement. For comparison purposes, the
computation was repeated with the computed load-line displacement applied to the concrete
specimen without the FPZ. Figure 13 shows that the resultant load carrying capacity for a
given load-line displacement is reduced twenty percent for the peak load and in excess of
fifty percent for the strain softening region when the FPZ is not included as compared to
when the FPZ is included. This result underscores the additional role of the FPZ in increasing
the load carrying capacity and post-peak stiffness of a fractured concrete beam.

The stress intensity factors in Figure 24 were used to predict the crack kinking angle
in the presence of mixed mode loading. As shown in Table 3, the maximum circumferential

stress criterion [111] ‘provided a reasonable estimation of the crack kinking angle.

Table 3. The measured and predicted kinking angles of concrete specimens

First batch specimens |[Second batch specimens
Measured Kinking angle 30° 19°
Predicted kinking angle 3I° 21.9°
Error 3.3% 15%




6.2 Dynamic Analysis

The dynamic finite element program computes COD and CSD with rapid crack
extension. Figures 27 and 28 show the computed horizontal and vertical displacements
along the crack. Due to crack kinking, a coordinate translation is necessary to convert the
data to real crack opening and crack sliding displacements as shown in Figures 29 and 30,
respectively

A complex and tedious inverse analysis procedure shown in Figure 9 was used to
determine the constitutive relations in the FPZ. The final CCS versus COD curve and CSS
versus CSD curve are shown in Figure 31. The maximum COD for FPZ is 160 um. The
maximum GCS is 3 MPa, and maximum CSS is 2 MPa.

The dynamic finite element analysis provided the total external work, strain energy,
and kinetic energy. By using the constitutive relations, the energy dissipated in the FPZ
can be computed. Figure 32 shows the energy partition during crack propagation. The
energy rates can be obtained by differentiating the energy curves with respect to crack
length for unit crack width. Figure 33 shows that all the energy rates are rising except
the strain energy rate. The FPZ energy dissipation rate is over 80% of the energy release
rate throughout crack propagation. This implies that the FPZ acts as the major energy
sink during the mixed mode dynamic fracture of concrete.

One of the disadvantages of inverse analysis is that uniqueness of the solution is
not guaranteed. Thus, in the following, a procedure for vaiidating the mixed mode FPZ
model is presented.

6.2.1 Strain Gage Data

The advantage of the hybrid experimental-numerical analysis is that it provides
more information than needed. Some of the FEM output data were used to validate the
concrete fracture model used in the analysis. For example, the strain gage data measured
in the experiments were compared with the computed strains and thus served to verify
the FEM mode.

Three strain gages were mounted on the predicted crack path as shown in Figure 34
in the dynamic concrete fracture test. A very sharp rise in strain gage signal indicated
the passage of the crack through the gage. The crack velocity was calculated by
measuring the spacing between the strain curves, since the slopes of the sharp rising
strain curves are almost parallel before the strain gages were broken. Unfortunately, due

to triggering setup errors, only few useful strain gage data from the three point bend

55




concrete specimens were obtaired. Despite the scatter in crack velocities due to grain
boundary eftect, the velocities obtained from the moire interferometry and strain gage
data fell within the same scatter band. The crack velocities obtained from strain gage
data by Du [5], Yon [7], and Guo [112] who used the same type of specimen, are of the same
order of magnitude and are qualitatively similar, as shown in Figure 35. The differences
can be attributed to the fact that all these tests involved only mode | fracture, in
contrast to the mixed mode fracture irvolved in this study. The strain data from Guo's
tests (open square) show the same trend of crack velocity change although the magnitude
and location of the peak point are different from those of this research. The differences
are caused by the ditferent off-set distances of 3-point bend impact tests.

622 Strain Historles

The strain data were also compared with the LEFM dynamic finite eiement
computation. The strains, before the crack propagated through the gages, were caiculated
by the FEM model and were interpolated to provide strains at the same locations as strain
gages. Figure 36 shows the FEM and experimental strain curves at two strain gage
locations for mixed mode dynamic concrete fracture. Although the crack initiation times
are quite ditferent, the shapes of the experimentai and FEM strain data are generally
similar. The difference is due to the average value in the FEM input data and the scatter
in the experimental data.

The distance between the two strain curves represents the period of time the crack
propagates between the gages. As shown in Figure 36, T4, which is the crack propagation
time obtained from FEM, is fairly close to T2, which is obtained from experimental data.
in short, the two sets of curves are qualitatively and quantitatively similar, which
validates the crack velocity used in the analysis.
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CCS and CSS (MPa)

COD and CSD (4 m)

Figure 31. Crack Opening and Crack Sliding Constitutive Relations.
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Figure 32. Energy Partition During Dynamic Crack Propagation.
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Figure 33. Energy Rates for Mixed Mode Dynamic Concrete Fracture.

63




Predicted Crack Path Strain 3
25.4 mm
Strain 2
254 mm
Strain 1
—

Static Precrack 12.7 mm

38.1 mm Straight Crack
Machine Notch 19.1 mm

Y

Figure 34. Locations of Strain Gages.
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CHAPTER 7
DISCUSSION

The constitutive relations of FPZ obtained from this analysis are compared with
experimental results previously obtained. Figure 37 shows the constitutive relationships
for the same mix proportion of concrete but of different tests. The solid symbols with
solid lines are obtained from dynamic fracture tests and open symbols with dashed lines
are from static tests. The square symbols are for CCS and circle symbols are for CSS in
mixed mode fracture. The diamond symbols arc for the pure mode | tests. The dynamic
fracture tests show higher maximum CCS and CSS than those of the static tests. The CCS
curve of mixed mode static test is higher than that of mode | case probably because the
contact pressure on the frictional surface increased with the sliding displacement. While
the maximum CCS of dynamic mixed mode is lower than that of pure mode | case, the
maximum COD of this research is higher than that of pure mode |. The total effect of FPZ
is higher in mixed mode case due to the same reason as of static case.

Figure 48 shows the averaged measured load versus computed load-line
displacement relations for the mixed mode dynamic loading up to the point ot the end of
analysis. Another load history curve, which was generated by the FEM mode! without FPZ
and with the same load-line displacement, i3 also shown in Figure 48. The comparison
shows that the FPZ increases the load carrying capacity significantly.

in concrete, the fracture process is not completed until the material separates with
no crack closing forces on the fracture surfaces. This concept explains why the
traditional fracture mechanics concepts cannot be used dirdctly for fracture analysis of
composite materials and indicates the nature of the model that must be developed for this
kind of structural material.

it was found that the influences of FPZ characteristics of ceramic matrix composite
and concrete was very similar. The fracture energy dissipation mechanism of concrete
looks like an enlarged dissipation mechanism of ceramic matrix composite. Both the
ceramic matrix and the hardened cement paste are brittle materials. The microcrackings
in concrete are similar to the debondings between matrix and whiskers. The grains and
whiskers in ceramic matrix composite work like the aggregates in concrete. They both
generated the CCS behind the crack tip throughout the fracture surface interlocking. The
nonlinear behavior of ceramic composites and concrete can both be explained by using the



constitutive relationship of FPZ. This similarity suggests the commonalty in FP2Z

phenomenon of semi-brittle structure composites.
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Mixed Mode Dynamic 3-PB CCS (Yu)
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Figure 37. Constitutive Relations in FPZ.
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CHAPTER 8

CONCLUS'ONS AND RECOMMENDATIONS

Static Analysis

Constitutive relations for crack bridging and interiocking in off-set three-point bend
concrete specimens were obtained.

For given crack opening displacements, the crack closing stress increased with
increased crack shearing stress.

The dominant energy dissipation mechanism in concrete fracture is crack bridging and
interlocking in the fracture process zone.

For these off-centered single-edged precracked specimens the crack extends under
Mode | crack opening with vanishing K.

The presence of a fracture process zone increased the load carrying capacity of the
concrete fracture specimen at a given displacement compared to that predicted for the
same specimen wifhout such a zone.

8.2 Dynamic Analysls

The resuilts of the mixed mode dynamic fracture analysis of concrete can be

summarized as foliows:

The dynamic moire technique was successfully applied to record the dynamic event
of mixed mode dynamic fracture of the three point bend concrete specimens.

A two dimensional FEM model for mixed mode dynamic fracture of concrete was
developed.

A hybrid experimental-numerical analysis procedure was developed to extract the
dynamic fracture properties of concrete.

The CCS versus COD curve and CSS versus CSD curve in FPZ were obtained through
the inverse analysis.

A dynamic fracture model with FPZ for explaining the nonlinear behavior of concrete
was successfully developed.
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8.3 General Conclusions

From the conclusions obtained through static and dynamic analyses of concrete
fracture, the following generai conclusions can be drawn:

1. The energy dissipation rate in FPZ gradually became the dominant energy dissipation

mechanisms of concrete fracture as the crack extended.

2. The CCS effect of mixed mode concrete fracture is more prominent than that of
mode | case, implying that the CCS-COD and CSS-CSD relations are interrelated.

3. The fracture process of brittie structure composites includes microcrack,
macrocrack, and interlocking mechanisms in FPZ. The traditional fracture
mechanics concepts cannot be applied directly.

8.4 Recommendations
Based on the present study, the following possible improvements and further

investigations are recommended:

1. Apply the modified four-beam optical system to record the horizontal and vertical
displacements simuitaneously using some image separating set up.

2. Run more tests using a wide range of delay times to cover the fracture process from
initiation to complete failure.

3. Apply two non-contact displacements gages to both sides of the concrete specimen
to obtain the averaged load point displacement and filter out the error caused by
titting.

4. Apply more strain gages at strategic positions to check the velocity change through
the whole fracture process.

5. Run dynamic tests with a different drop weight and drop height to investigate crack
resistance as a function of loading rates.
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Systematically change the offset distance of the precrack, and check the influence

of mode M fractura on crack kinking angle and dissipation energy.

Examine the fracture surface of broken concrete specimens to study the influence of
the fracture surface morphology on crack resistance.

Design an analysis to study the interrelation of CCS versus CSD and CSS versus COD.
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APPENDIX A
VERIFICATION OF NODAL RELEASE MECHANISM

The nodal force releasing algorithm in the dynamic FEM model was checked by
comparing the results with a known analytical solution for a crack propagating at a
constant crack velocity in an infinite plate with an applied remote stress boundary
condition. The dynamic energy release rate derived by Freund [156] is

G, =g(V)G (A-1)

where Gp is the dynamic energy release rate, G is its static counterpart, and g(V) is a
universal function of crack speed, V. The latter function is given to a close approximation
by

\%

g(V)=l_€; (A-2)

where Cr is the Rayleigh wave velocity. Although this solution is derived for a crack in an
infinite piate, the relation hoilds for a finite plate until the stress wave reflects back to
the crack tip from the boundary.

Figure A-1 shows the mesh and boundary conditions of the verification model. The
dynamic total work, strain energy and kinetic energy are directly computed in the FEM
code. The dissipation energy is the difference between the total work and the sum of
strain energy and kinetic energy. The static total work is caiculated for a static crack
with the same boundary conditions. Figure A-2 illustrates the energy partition with crack
extension. Figure A-3 shows the energy rates by differentiating the curve in Figure A-2
for unit crack extension. The energy release rate curve, calculated directly from the
dynamic FEM analysis, matched with the energy release rate computed from Eq. (28), until
the stress waves reflected from the boundaries. This program validates the nodal force

releasing mechanism of the dynamic FEM modal.
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Mesh and Boundary Conditions of Test Program.

Figure A-1.
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Figure A-2 Energy Partition of Veritication Program.
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