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Cyclic Crack-Slip Model for Smeared Rotating Crack

Formulations
by Anca C. Ferche and Frank J. Vecchio

An analytical model describing crack-slip behavior, compat-
ible with smeared crack models and suited for the finite element
analysis of reinforced concrete specimens subjected to reversed
cyclic loading conditions, is presented. The procedure, largely
based on Walraven's monotonic formulation, calculates slip as a
function of the shear stress along the crack surface, accounting
for cyclic degradation due to load reversals. The formulation is
compatible with a smeared rotating-crack approach in finite
element analysis procedures, and has been implemented within
the algorithms of VecTor2, an in-house two-dimensional nonlinear
finite element program. The model keeps track of two distinct inde-
pendent cracks within one element by monitoring the change in
direction of the principal stress field. A cyclic degradation law is
empirically derived from tests performed on push-off specimens.
Herein, verification studies undertaken on concrete shell elements
and shear walls are presented, indicating the suitability of the
approach for modeling the reversed cyclic response of reinforced
concrete. Accounting for slip results in more accurate estimates of
deformation response, energy dissipation, and failure mode.

Keywords: crack slip; cyclic loading; reinforced concrete; shear capacity;
strength degradation.

INTRODUCTION

The behavior of reinforced concrete (RC) elements
subjected to reversed cyclic loading conditions has attracted
considerable experimental and analytical research interest, '3
particularly as force-based seismic design methods have
gradually been replaced by displacement-based methods.
The accurate assessment of strength, ductility, and energy
dissipation of components has become of paramount signifi-
cance in design and structural appraisal. Earthquakes subject
structures to repeated load reversals, which may induce
strength and stiffness degradation in the structure’s response
and cause premature failure. Advanced modeling tech-
niques are often employed to assist rehabilitation, structural
reassessment, and design. However, modeling reinforced
concrete components subjected to reversed cyclic loading
is still a challenging task, particularly due to the complex
mechanisms that influence the response.

The nonlinear finite element analysis program VecTor2,'
developed at the University of Toronto, has proven to
be a viable tool for the analysis of two-dimensional rein-
forced concrete structures subjected to complex types of
loading.'%!2151¢ The Disturbed Stress Field Model'” (DSFM)
forms the theoretical basis of the program. The DSFM, a
smeared crack model, is a hybrid formulation between a
fully rotating crack model and a fixed crack model. Based
on the Modified Compression Field Theory'® (MCFT), the
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DSFM considers equilibrium, compatibility, and constitu-
tive relationships in terms of average stresses and strains
measured over the gauge length of a few cracks. The main
advancement beyond the MCFT is the inclusions of compat-
ibility relationships which incorporate the slip along crack
surfaces.

For a finite element analysis to capture the response of a
reinforced concrete structure subjected to cyclic or reversed
cyclic loading, several mechanisms need to be considered:
concrete strength enhancement due to confinement, tension
softening, tension stiffening, reinforcement buckling, bond
slip, hysteretic behavior for concrete and reinforcement, and
slip along crack interfaces. Depending on characteristics
such as loading protocol, specimen design, and boundary
conditions, some of these mechanisms may have a more
notable influence on the response than others.

A reinforced concrete element subjected to inelastic
cyclic loading develops cracks that, depending on the load
direction, open and close, transferring shear stresses across
their surfaces, and eventually developing slip. The crack-
slip mechanism is an important energy dissipation source
that was found'>* to have a pronounced effect for struc-
tures subjected to high shear demand, and for lightly rein-
forced structures, due to the load transfer mechanism. Both
instances are associated with brittle and sudden failures.

Tests conducted on RC membrane and shell elements
suggest that reserved cyclic shear demand tends to cause
strength and stiffness degradation in the response compared
to monotonic shear. Although the tests performed are not
exhaustive in the context of parameters investigated, the
general trend is that the cyclic degradation is proportional to
the shear stress applied. Cycles performed at a lower shear
stress demand, prior to yielding of the reinforcement, did
not produce a significant increase in damage. However, after
yielding of the reinforcement, repeated loading at the same
level of shear stress produced higher shear stains with each
cycle, ultimately causing failure. In this work, the deteriora-
tion in response is investigated through the damage induced
at the crack interfaces, which is addressed through the crack-
slip model.

A significant amount of experimental research was
conducted in the past few decades on crack-slip behavior,?¢-!
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the majority of which was performed using push-off tests.
Three main types of specimens can be distinguished based
on the crack interfaces: uncracked, pre-cracked, and cold-
joint interfaces. In addition, different approaches were taken
regarding the reinforcement: embedded in the specimens,
debonded, or applied externally to act as restraint. Constant
and variable crack widths were investigated, and the loading
protocol was either monotonic, cyclic, or reversed cyclic.
The tests revealed several characteristics of the crack-slip
behavior: initially constant stiffness during the first cycle
that eventually decreases as the stress increases; significant
residual slip after the load is removed; a period of low initial
stiffness in the subsequent cycles is followed by stiffening
with increasing slip; decrease in stiffness with crack width
increase; and load amplitude influence on the slip developed.

Numerous empirical formulations of different complex-
ities on crack-slip behavior were developed. Walraven3?
proposed a monotonic relationship for the slip along the
crack as a function of the shear stress on the crack, the
width of the crack, and the concrete strength, compatible
with smeared rotating crack formulations and adopted by
the DSFM. Tassios and Vintzeleou®® developed a crack-slip
model for both rough and smooth interfaces, which included
a cyclic degradation law for the shear stress across the crack
and the width of the crack based on the number of cycles
experienced for a given slip. Another notable contribution
was the contact density model developed by Li et al.,’!
which accounted for the shear, as well as the compressive
stress at the crack interfaces, and it was verified against
monotonic, cyclic, and reversed cyclic loading on the
crack. The model did not include a cyclic degradation law.
Bazant and Gambarova** developed a monotonic empirical
model for crack behavior relating shear stresses to normal
stresses to slip displacements along the crack. Dabbagh and
Foster** developed a monotonic crack-slip model based on
the experimental work carried out by Walraven,*? suited for
smeared fixed-crack formulations that performed well for
the analysis of shear-critical beams. Calvi et al.?’ proposed a
comprehensive model for the crack-slip behavior suited for
monotonic, cyclic, and reversed cyclic loading on the crack
interfaces. The empirical parameters of the model were cali-
brated based on tests performed on pre-cracked reinforced
concrete panels.

The crack-slip model proposed in this paper attempts to
increase the suitability of smeared rotating crack models
for the analysis of structures under cyclic and reversed
cyclic loadings. It incorporates an empirical cyclic degra-
dation law, and it employs two independent cracks within
one finite element. The model captures the observed crack-
slip behavior performed on push-off tests and has proven to
perform well within the smeared crack formulation of the
DSFM.

RESEARCH SIGNIFICANCE
Most smeared rotating crack models, such as the DSFM,
employ certain assumptions in their formulation which may
make them potentially unconservative for cyclic mecha-
nisms. The crack-slip model presented herein addresses
these assumptions, and its implementation within smeared
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Fig. 1—Local crack conditions.

crack formulations increases their suitability for the
analysis of RC elements subjected to cyclic and reversed
cyclic loading conditions.

CRACK-SLIP MODEL

For one rectangular concrete finite element (FE) with
orthogonal reinforcement and subjected to reversed cyclic
shear, the DSFM formulation calculates crack rotations in
the range of 90 degrees as the load changes direction. The
slip along the crack developed during positive loading fully
recovers as the load is reversed, without plastic deforma-
tions. This crack behavior is somewhat unsatisfactory and
not consistent with experimental observations of residual
slip deformations upon load removal. The proposed method-
ology addresses this issue with two independent alternately
active cracks, depending on load direction. The slip strains
developed in the positive and negative cycles are treated
independently during the analysis. This strategy permits the
implementation of a crack-slip degradation model appro-
priate for RC under reversed cyclic loading.

Previous crack-slip model

The DSFM solution procedure uses an incremental total-
load, iterative, secant stiffness formulation. The original
crack-slip model used within the DSFM evaluates the slip
along the crack §; (mm), as a function of the shear stress on
the crack surface v.; (MPa), shear resistance due to dowel
action v, (MPa), average crack width w (mm), and concrete
cube strength f;. (MPa)

v
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Shown in Fig. 1 are the local crack conditions for the partic-
ular case of orthogonal reinforcement. The shear stress on
the crack surface v,; is evaluated from equilibrium condi-
tions as
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Fig. 2—Total deformations: (a) first positive shear cycle; and (b) negative shear cycle.
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where p; is reinforcement ratio; f;.,; is local reinforcement
stress at the crack; f;; is average reinforcement stress; and
angle 0,; is the difference between the angle of orientation of
the reinforcement and the normal to the crack surface.

The shear resistance due to dowel action v, is evaluated
based on the model proposed by He and Kwan,* detailed in
Wong et al.,'* and expressed as a function of the slip along
the crack 9.

The average crack width w is calculated as the product of
the average tensile strain €; and the average crack spacing s, as

w=g s 3)
The crack spacing s may be determined from field measure-
ments; or alternatively, it is calculated as a function of the
orientation of the stress field 6 and the crack spacing param-
eters with respect to the x- and y-directions, s, and s,, using
the CEB-FIP 19783¢ model for deformed bars. The param-
eter s, is the average crack spacing that would result from
longitudinal tension, and s, is the average crack spacing that
would result from transverse tension

1
s =
sin©
+

4)

cosO

N N

x y
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Two independent cracks

To model the observed cyclic crack behavior in the context
of a smeared rotating crack formulation, two different crack
directions have to be considered (Fig. 2). The two indepen-
dent and alternately active cracks undergo cyclic shear as the
applied load changes direction. The deformations due to slip
along the crack, d;;, experienced during the positive loading
phase (Fig. 2(a)), are treated as plastic unrecoverable defor-
mations as the load is reversed, and the second crack is acti-
vated (Fig. 2(b)).

Each of the two cracks is allowed to rotate 30 degrees rela-
tive to their initial direction. The rotation limit was set based
on experimental observations®’” which suggest a maximum
change in the orientation of the principal stress field of 30
degrees for monotonic loading conditions. The second crack
is activated when the direction of the first crack changes with
more than 70 degrees from its initial orientation.

Cyclic degradation law

Two key features were considered for the experiments
selected for the development of the crack-slip degradation
law: cyclic loading on the crack interfaces, and a reason-
ably high number of cycles. Although cyclic tests on crack
interfaces are not numerous enough to develop a statistically
strong model, they are representative for the crack behavior
ofa RC element subjected to reversed cyclic shear. The cyclic
tests performed by Paulay and Loeber?® and Briseghella and
Gori?’ on push-off tests were chosen to define the crack-
slip degradation law. Shown in Fig. 3 are typical responses
obtained during the tests. The cyclic damage on the crack
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Fig. 3—Crack-slip response: (a) Paulay and Loeber’s; and (b) Briseghella and Gori”” (Note: 1 MPa = 0.145 ksi; 1 mm = 0.0394 in.)

interfaces was expressed through a degradation factor as
the ratio between the slip measured during the first cycle
and the slip measured in the subsequent cycles for the same
shear stress on the crack. Figure 4 shows a compilation of
the degradation factors calculated from the tests versus the
number of cycles. The degradation law expresses the degra-
dation factor DF with respect to the number of loading-un-
loading cycles N experienced by the crack, as such

0.9994- N5 for N <60
F = )
0.531 for N > 60

The maximum number of cycles performed during the
selected cyclic tests was 60; therefore, with the lack of exper-
imental data, a cap-off was applied for more than 60 cycles
in terms of the degradation factor. The degradation law does
not consider directly for the level of shear stress across the
crack; however, it is indirectly factored in through the slip,
which is a function of the shear stress. Other researchers®
have successfully addressed cyclic degradation through rela-
tionships dependent on the number of cycles.

Shown in Fig. 5 is the behavior of the system of two
cracks as one RC rectangular finite element is experiencing
reversed cyclic shear loading. The analysis is performed in
load-controlled conditions, with 6.2 MPa peak shear stress
applied each cycle. The stress amplitude was chosen such
that it would bring the transverse reinforcement to the onset
of yielding as based on experimental observations; degra-
dation in response was observed to be significant only upon
yielding of the reinforcement. The concrete compressive
strength is 37 MPa, and the reinforcement ratios are 3.0% in
the x-direction, and 1.0% in the y-direction. For this partic-
ular case, positive shear loading causes positive slip and
crack shear stress, while negative shear causes negative slip
and crack shear stress. Note that the opposite phenomenon
occurs if the reinforcement ratio in the x-direction is smaller
than in the y-direction.

Figures 5(a), 5(b), and 5(c) show the first positive cycle,
during which only one crack is active. The loading phase
is composed of branches 0-A-B-C, while C-D represents
the unloading phase (Fig. 5(a) and 5(b)). The slip is calcu-
lated using Eq. (1) for branches 0-A, and B-C. When the
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shear stress on the crack reduces as a result of crack rotation
(A-B), or when the load is reversed (C-D), the slip along the
crack is calculated based on Eq. (6), not allowing for slip
recovery

axl = max(&v; 8&[71) (6)

where §; is evaluated based on Eq. (1); and d,; is the slip
along the crack calculated in the previous load stage.

During the first negative cycle (Fig. 5(d)), the first crack
direction remains inactive (Fig. 5(¢)) while the second crack
direction is activated (Fig. 5(f)). The second crack behavior
is treated identically as the first crack, taking into account
that the shear stress on the crack and the slip are negative.

Subsequent cycles involve monitoring the number of load
reversals and employing in the slip calculation the cyclic
degradation factor defined by Eq. (5). Shown in Fig. 5(g),
5(h), and 5(i) are the total shear stress versus total shear
strain, first crack behavior, and second crack behavior
during three complete reversed loading cycles. Reloading in
positive shear reactivates the first crack (Fig. 5(h)). Similar
behavioral relationships are assumed for both crack direc-
tions as they take turn being active.
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Fig. 5—Slip along crack, ds; and o, versus shear stress along crack, v, and v, presented alongside
total shear stress ty, and total shear strain yy,. (Note: 1 MPa = 0.145 ksi; 1 mm = 0.0394 in.)

To highlight the reloading slip calculation, Fig. 6 shows
the first reloading excursion for the first crack.
The crack stiffness Gy, is defined as

G =v"“$ (7)

sl
5s'l max l _1

where V. max 1S the maximum shear stress on the crack
developed before unloading in the previous cycle; &1 max 1S
the corresponding slip; and DF is the degradation factor for
the first crack evaluated based on Eq. (5).

The slip on the reloading branch, when the shear stress on
the crack v;; is smaller than v,;j max, is evaluated using

831 = max (Ssl,max + ‘éil ’Ssle (8)

sl
When v,;; exceeds ve1.max, the slip is calculated as

651 = max(BS, 8Sj—l) (9)

The unloading phase is identical to the unloading during
the first cycle. A similar approach is used for calculating the
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behavior of the second crack, accounting for the negative
values of the slip and shear on the crack.

Slip strain vectors
The procedure of translating the discrete crack slip into
element strains is described by Vecchio.!” The effective slip
shear strain is defined as the ratio between the slip d;; (mm)
and the crack spacing s (mm)
Y =L i=12 (10)
s

The components of the slip strain vectors for both crack
directions, [¢'!] and [¢?], are determined using Mohr’s
circle; as such

SiiZ%'SinZG,izl’z (n
e =15 §in2g, i=12 (12)
y 2 ’ '

Y =7, -c0820,i=12 (13)

where 0 is the orientation of the principal stress field.
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The total strains [€] at a point in a reinforced concrete
continuum represent the summation of: the net concrete
stress-induced strains [g.]; the elastic concrete strain
offsets [e.%] due to mechanisms such as thermal expansion,
prestrains, shrinkage, and lateral expansion; the plastic
concrete strain offsets [¢#] due to cyclic loading or damage
effects; and the strains due to shear slip along the crack [¢*!]
and [¢'?]. Consequently, the compatibility relationship for
concrete in two-dimensions is

[e] = [ec] + [e7] + [62] + [e"1] + [&7] (14)
e e’

[e"]=|&' |:[e?]=]e’ (15)
Yo T

VERIFICATION STUDIES
Verification studies were undertaken to obtain an indication
of the stability and accuracy of the procedure when applied
to the analysis of reinforced concrete elements subjected
to cyclic loading. The results obtained from the analyses
of concrete shell elements and shear walls are presented.
Table 1 summarizes the properties of the specimens.

Analysis of concrete shell elements

Concrete shell elements subjected to reversed cyclic shear
loading, tested by Stevens?! and Ruggiero®® were analyzed.
One rectangular finite element was used to represent the
shell elements, given the uniform material properties and
stress conditions. The analyses were performed in load-con-
trolled conditions, replicating the experimental loading
history. Although VecTor2'* provides an extended selec-
tion of behavioral models for each mechanism, the default
options were used in the analyses, with the exception of the
crack-slip model.

Figure 7 summarizes the measured versus calculated
responses for all the shell elements. Two analysis results are
presented for each specimen: the first using the original crack-
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slip formulation, without slip degradation (labeled “w/o slip
deg.”) and the second using the proposed model (labeled
“w slip deg.”). Note that the analyses performed neglecting
the slip degradation due to cyclic loading in the analysis do
not calculate failure of the elements through cycling at the
ultimate shear stress level during the tests, regardless of the
number of cycles applied. The hysteresis loops stabilize,
and are identical for each cycle performed at the same shear
stress. Using the proposed methodology, upon yielding of the
transverse reinforcement, the calculated strains increase as a
consequence of cycling at the same stress level; finally, the
specimens fail in shear. The analytical behavior is consistent
with the experimental observations. Although the hysteresis
loops are not replicated perfectly, the proposed crack-slip
model performs reasonably well, confirming an important
experimental concept: failure of a concrete element can be
reached analytically by cycling at the same level of stress.

Analysis of shear walls

To further test the validity of the proposed model, canti-
lever shear walls subjected to reversed cyclic conditions
were analyzed: Wall B2 tested by the Portland Cement
Associaion! (PCA), Wall RW1 tested by Thomson and
Wallace,* and Walls LSW1 and LSW?2 tested by Salonikios
et al.® The specimens are part of series of walls extensively
used for validation studies. The loading protocol, together
with the yielding of reinforcement in the early cycles, make
these specimens good candidates for verifying the proposed
procedure. With aspect ratios larger than 2.0, Specimens B2
and RW1 are classified as slender walls, while Specimens
LSW1 and LSW2, with aspect ratios equal to 1.0, may be
considered squat shear walls. Different reinforcement ratios
were provided for the webs of the walls and their bound-
aries, as shown in Table 1.

The B2 wall was barbell-shaped, with a total width of
1910 mm (75 in.), and a height of 4570 mm (180 in.). The
boundary elements were 305 mm (12 in.) square, and the
web was 102 mm (4 in.) thick. Stiff top and bottom beams
were monolithically built with the wall. The reversed cyclic
loading protocol consisted of three lateral imposed displace-
ments, progressively increasing in amplitude. No axial
loading was applied.

The FE model (Fig. 8(a)) consisted of 1160 rectangular
elements with the reinforcement represented as smeared
within the concrete elements. The base of the wall was
considered fully fixed. Loading was imposed at the center
node in the middle of the top beam.

Rectangular wall RW1 was 1220 mm (48 in.) wide,
3658 mm (144 in.) tall, and with a thickness of 102 mm
(4 in.). Stiff top and bottom boundary elements were
provided for load transfer and anchorage to the strong floor.
Progressively increasing reversed cyclic lateral displace-
ments were applied at the top of the specimen. An axial load
equal to 0.104.f, (where Ag is the wall’s cross-sectional
area) was maintained constant throughout the test at the top
of the wall. The FE model, made up of 2669 rectangular
elements is shown in Fig. 8(b). Similarly to the FE model
for Wall B2, the reinforcement was represented as smeared,
the base was fully fixed, and the lateral loading was imposed
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Table 1—Specimen properties

P % i MPa
pys % Jf»» MPa
Test unit £, MPa p- %o Jrz» MPa
Ruggiero,” concrete shells
2.86 411
SR5 49.5 0.451 492
2.90 453
SR6 454 0.458 492
0.307 474
2.85 453
SR7 32.6 0.675 492
2.87 453
SR8 339 0.679 492
0.545 474
2.87 453
SR9 29.4 0.679 492
0.852 474
Stevens,’! concrete shell
3.00 492
SE8 37.0 1.00 479
Osterele et al.,' shear wall
web b.e.f web b.e.f
0.63 0.28 533 533
B2 53.6 0.29 3.67 533 410
— 0.125 — 533
Thomsen and Wallace,* shear wall
web b.f web b.f
0.329 1.28 413 413
RW1 31.6 0.329 2.92 413 431
— 0.49 — 413
Salonikios et al.,° shear walls
web bt web b.k
0.565 1.43 610 610
LSWI1 22.2 0.565 1.70 610 585
— 0.50 — 610
0.277 1.43 610 610
LSW2 21.6 0.277 1.30 610 585
— 0.50 — 610

*Concrete compressive strength at test day.
"Boundary elements reinforcement.
‘Boundary reinforcement

Note: 1 MPa = 0.145 ksi.

at the middepth of the top beam, allowing rotation. The axial
load of 392 kN (88.13 kip) was distributed along the top
boundary element, maintained constant during the analysis.
The LSW1 wall had a height and width of 1200 mm
(47.2 in.), and a thickness of 100 mm (3.9 in.). It had a rect-
angular cross section and stiff top and bottom beams cast
with the wall. The reversed cyclic loading was applied to the
top beam, starting at 2.0 mm (0.079 in.) imposed displace-
ment, with three repetitions, and a cyclic increment of
2.0 mm (0.079 in.) until failure. No axial load was applied.
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The FE model consisted of 1195 rectangular elements and
is shown in Fig. 8(c). The difference between Walls LSW2
and LSW1 consisted of the reinforcement ratios provided, as
shown in Table 1.

A summary of the results of the analytical study is shown
in Fig. 9 for all shear wall specimens. Wall B2 failed due to
crushing of the concrete in the web, reaching a maximum
load of 680 kN (152.8 kip), at an ultimate top displacement
of 127 mm (5 in.). Figure 9(a) shows the comparison for
Wall B2 between the experimental and analytical responses
obtained without considering slip degradation. The computed
response results in a maximum load of 787 kN (176.9 kip)
at an ultimate displacement of 204 mm (8.03 in.), thus
overestimating the load capacity by 15% and the ultimate
displacement by 60%. In the same fashion, Fig. 9(b) shows
the analytical results obtained with the proposed crack-slip
model, considering slip degradation. Better estimates were
obtained with the peak load of 672 kN (151 kip) and the
ultimate displacement of 120 mm (4.72 in.), the analytical
results nearly matching the experimental ones perfectly. The
degree of pinching of the hysteresis loops was also captured
relatively well. Both analysis, with and without slip degrada-
tion, captured correct the failure mode.

The results obtained for Wall RW1 are presented in a
similar manner in Fig. 9(c) and 9(d). For this wall, failure
occurred due to extensive crushing of the boundary elements.
A peak load of 148 kN (33.27 kip) was measured and an ulti-
mate displacement of 77 mm (3 in.). The results obtained
with the crack-slip model with slip degradation (Fig. 9(d))
again show better agreement with the experimental response
compared with the results obtained without slip degradation
(Fig. 9(c)). The analysis with the proposed model yielded
158 kN (35.52 kip) peak load and 90 mm (3.54 in.) ulti-
mate displacement, while the results without slip degrada-
tion were 161 kN (36.2 kip) for the peak load and 99 mm
(3.9 in.) ultimate displacement. The difference in the calcu-
lated response is not as significant as for Wall B2. This is due
to the effect of the axial loading applied to Specimen RW1.
Compression stresses tend to reduce the width of the cracks
that form due to lateral displacement and, in turn, the slip
is diminished. Analytically, the crack-slip mechanism has
a less pronounced effect, compared with specimens experi-
encing larger crack widths.

Figures 9(e) and 9(f) show the results for squat shear wall
LSWI1, while Fig. 9(g) and 9(h) do so for LSW2. Similar
trends are observed in both cases: the analyses performed
with slip degradation calculated somewhat lower maximum
loads compared to the analyses without slip degradation. For
wall specimen LSW1, the model without slip degradation
yielded a maximum load of 281 kN and an ultimate displace-
ment of 11 mm compared to 271 kN and 9.2 mm for the
analysis with slip degradation. Wall specimen LSW2 has a
calculated peak load of 208 kN and an ultimate displace-
ment of 12.25 mm without slip degradation, and 205 kN
maximum load and 9.8 mm ultimate displacement with slip
degradation. There is a good agreement in terms of stiffness,
ductility, peak load, degree of pinching of the hysteresis
loops, and dissipated energy, better than that obtained when
crack-slip degradation is neglected.
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Fig. 7—Shell elements measured versus calculated behavior. (Note: 1 MPa = 0.145 ksi.)

Figure 10 shows the calculated versus observed crack
patterns for all the shear wall specimens. A good correlation

can be seen between the FEA results and the experimental
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behavior. There was no significant effect on the crack pattern
due to the proposed crack-slip model.
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CONCLUSIONS
The crack-slip model presented herein is an extension
of the formulation previously adapted for the DSFM, and
includes a crack stiffness degradation law due to cyclic shear
stresses on the crack. The degradation factor was empirically
derived from cyclic push-off tests. Moreover, a procedure for
accounting for a system of two independent rotating cracks
within a smeared crack model formulation was described. To
verify the proposed methodology, concrete shell elements
and shear walls were analyzed. The conclusions that can be

drawn from this work are the following:
1. The inclusion of a crack-slip stiffness degradation
mechanism, sensitive to the loading history, is necessary for
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smeared rotating crack models, such as the DSFM, in their
application to reversed cyclic loading scenarios.

2. For the proposed model to be a viable phenomenolog-
ical representation of the crack-slip mechanism, it is required
to take into account a minimum of two alternately active,
independent rotating cracks.

3. The model verification analyses performed for shell
elements yielded imperfect evaluation of the hysteresis
loops compared to test observations. Nevertheless, failure
was reached analytically by cycling at the same level of
stress as during the experiments.

4. The proposed model resulted in good estimates of
capacity, ductility, failure mode, and shape of the hysteresis
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Fig. 10—Shear walls calculated versus observed crack patterns. (Note: 5% amplification factor.)

loops for the shear walls analyzed, compared with the exper- mating the behavior of the specimens investigated in this
imentally observed behavior. study.

5. Compared with the crack-slip model without slip degra- 6. The crack spacing calculation was found to influence
dation, the proposed model tends to perform better at esti- the crack-slip mode greatly. This was not an unexpected

outcome, given the procedure for calculating the slip shear
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strains. Nevertheless, special consideration should be given
to correctly estimating the crack spacing when using this
model.

Additional experimental and analytical work is needed for
further improvement. Tests on the cyclic behavior of cracks,
investigating parameters such as aggregate size, concrete
strength, and variable crack width, could potentially lead to
a more accurate degradation law for the crack-slip stiffness,
because the number of tests currently available for model
calibration is modest.

The procedure can be applied to the analysis and assess-
ment of a large variety of concrete elements. Further studies
will include the analysis of elements from the lateral force
resisting system of a building, as they are subjected to signif-
icant reversed cyclic shear loading during seismic events,
greatly contributing to story drifts. Therefore, the behavior
of beam-column joints, coupling beams, columns, and shear
walls will be investigated with the proposed crack-slip
model. The procedure is expected to be particularly useful
for cases of high shear demand and for lightly reinforced
structures. Analytically, the procedure can be extended to
include any direction the rotating crack takes, through a
system of more than two independent cracks, and the cyclic
degradation law can be enhanced to account for the level
of shear stress across the crack. Moreover, the inclusion
within the analytical procedure of the compression stresses
that develop at the crack interfaces would represent a more
accurate representation of the crack-slip mechanism and it
could lead to better analytical estimates of the response of
concrete elements subjected to cyclic loading. Although the
crack-slip model was discussed for two-dimensional appli-
cation, a similar methodology can be employed for three-di-
mensional behavior.
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