Numerical Simulations of Fracture
Resistance of Functionally Graded

Concrete Materials

Francisco Evangelista, Jr., Jeffery Roesler, and Glaucio Paulino

The concept of grading material composition in a predeter mined direc-
tion to target multiple objectives and functionality is applicable to the
layeringand positioning of different materialsat specified depths. From
a fracture mechanics per spective, this study explor es the advantages of
using functionally graded concrete materials (FGCMs), that is, plain
concreteand fiber-reinfor ced concrete (FRC), in twodistinct layers. The
fractureenergy (G) and residual load capacity (P;) of two-layered con-
crete beams areinvestigated by means of numerical simulationswith a
cohesivezonemodel (CZM) implemented in afiniteelement framework.
Therequired fracture parametersfor defining the CZM are obtained
from individual fracturetestsof the plain concrete and FRC materials.
The numerical simulations analyzed the effects of FRC thickness and
position (whether at thetop or bottom of thebeam) on thefractureresis-
tance of thetwo-layered concrete beam. A cost—benefit analysis showed
that the FRC placed in the bottom lift ismore fractur e efficient (higher
G- and Ps-values at lower cost) than when it is placed in the top lift.
Thereisalso an optimal FRC thickness in which the benéefit in frac-
tureresistanceisreduced asthe FRC layer isincreased. Theapplica-
tion of aCZM to predict thefracturebehavior of an FGCM beam has
demonstrated itspotential for also quantifying the effectsof FGCMson
the fractureresistance of concrete pavements.

For a long time, engineers and researchers have been selecting
construction materials and designing a structure’s geometry in an
attempt to optimize cost and service life. The spatial distribution of
material propertiesin a structural system is crucial to its structural
performance under mechanical and environmental loading (1-3).
Functionally graded materials (FGMs) are specifically engineered
to grade the material constituents in order to define a composite
whose effective mechanical properties functionally and continu-
ously change withinthe material. FGMs have been extensively used
in high-performance materials such as metal—ceramic and piezo-
electric composites (4-9). A comprehensive review of the research
and development of FGM s can befound elsewhere (5-7). The same
concept of FGMs can be applied to different materials placed in
bonded layers at specified thicknesses in order to meet multiple
structural requirements. For example, Birman (8, 9) studied the use
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of different configurations of fiber-reinforced layers to optimize
the buckling resistance of composite plates and sandwich panels.
Some of these concepts are extended to concrete materia systems
in the current work.

The addition of discrete fibers has been areliable alternative for
improving thefracture resistance of concrete materials(10-14). Orig-
inally, steel fibers were primarily employed. However, new manu-
factured polymeric materials, as well as byproducts, and naturally
occurring fiber materialshave been used toimprovethe cracking char-
acteristics of concrete (15, 16). Several examples of fiber materials
are polypropylene, polyethylene, carbon, nylon, bamboo, and sisal.
Fiber-reinforced concrete (FRC) generally does not increase the
tensile strength of the concrete at volume fractions less than 1% but
does demonstrate better impact and fatigue resistance and crack
width control. The ability to alter the crack growth mechanism at the
material level and thus improve the global resistance of the struc-
tural system to cracking isthe main benefit of adding fibersto plain
concrete. Thisimprovement is primarily dueto the fibers' ability to
create alarge bridging zone in the concrete matrix in addition to the
expected aggregate—matrix process zone. The constitutive behavior of
the FRC is dependent on the fiber debonding process (fiber pullout),
which is primarily related to the geometric properties of the fibers
and al so themechanical properties of the concrete matrix (12, 14, 17).
The characteristics of both the aggregate and fiber bridging zones
produce a specific nonlinear softening behavior for agiven concrete
material.

Concrete pavement systems can take advantage of the princi-
ples of FGMs. The concrete materialsin rigid pavements need to
be designed to achieve multiple objectives, such as resistance to
mechanical loads from traffic (e.g., tensile stresses at the bottom of
the slab) and environmental loads (e.g., thermal and moisture gradi-
ents affecting tensile stresses at the top of the slab). To meet these
overall objectives, a compositionally graded pavement structure
can havelayersof specific material properties placed at the optimal
location and thicknessto enhance the overall structural performance
relative to amonolithic material placement.

The idea of using concrete placed in two functionally different
layers has already been implemented in Europe (18-22) and exper-
imented with in the United States (23, 24). These bilayer (two-lift)
concrete pavement applications employ a surface concrete layer
to improve frictional resistance and to attenuate the tire—pavement
noise while using aconventional mixtureto resist the tensile bending
stressat the bottom of the dab. The application of bilayer concrete has
performed adequately in Europe (19-22, 25) and demonstratesthe
potential for cost-effectively extending concrete pavement life or,
alternatively, utilizing marginal materials strategically. Recently,
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Roedler et al. (26) explored the structural advantages of using atwo-
or more layered, functionally graded concrete material (FGCM) for
different combinations of plain concrete [portland cement concrete
(PCC)] and fiber-reinforced concrete (FRC) material. The effective
fracture behavior of the combination of these two different material
layerswas discussed on the basis of aseriesof experimental testsand
numerical simulations with a finite element-based cohesive zone
model (CZM).

Theobjective of thisresearchisto rationally choose the placement
and thickness of concrete materialsin order to optimize the fracture
resistance of the rigid pavement system without making the material
selection cost-prohihitive. The specific analysiswill addressthe effect
of two different concrete material thickness variations and vertical
position with respect to thefracture energy (G) and theresidual load
capacity (Ps) of the structure. Finite element simulations will be
employed with aCZM for concrete proposed by Roesler et al. (26)
and by Park et al. (unpublished work, 2008) to simulate the behav-
ior of the plain concrete and FRC of varying thicknesses and verti-
cal locations. Comparisons with published results will aso be
presented to verify themodel capabilities. It isimportant to mention
that the term FGCM is a general term in which two or more layers
can be used. In this way, the two-lift pavement as already imple-
mented in Europe and the United Statesis a specific case of FGCM.

CZM FOR PLAIN CONCRETE
AND FRC MATERIALS

The CZM concept wasintroduced by Barenblatt (27) and Dugdale (28)
in order to address stress singularity at the crack tips. CZMs have
been extensively used in engineering problems (29-33) because
they overcome some limitations of linear elastic fracture mechanics.
Inthese models, al nonlinearitiestake placein acohesive zone ahead
of the main crack tip, which is associated with the fracture process
zone. Hillerborg et al. (34) applied the concept in conjunction with
the finite element method to investigate concrete fracture behavior.

A CZM and the softening behavior for plain concrete and FRC,
asdescribed by Roeder et al. (26) and Park et al. (unpublished work,
2008), is shown in Figure 1. The ascending curve supports the con-
crete material linear elastic response before it reaches its tensile

nonlinear fracture
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strength ({). In the aggregate bridging zone, microcracks may grow
and coalesce. In the fiber bridging zone, a variety of fiber debond-
ing mechanisms may occur. When the crack opening displacement
reaches a certain magnitude (w;), traction-free crack surfaces exist
that correspond to a macrocrack.

The softening curvein the CZM for the PCCisphysically defined
by the following experimentally extracted fracture parameters: ten-
sile strength, initial fracture energy (G;), total fracture energy (Gg),
and critical crack tip opening displacement (CTOD,). Theinitia frac-
ture energy defines the horizontal axis intercept (wy) of the initial
softening slope (32), expressed asfollows:

_%G

W, =
f/
t

@

The determination of the kink point used here follows Park et al.
(33), who postulated that the crack opening width (w,) is given by

w,, = CTOD, @

which resultsin the determination of the stressratio (y,) at the kink
point:

_ CTOD, f;

v G )
Finaly, thefina crack opening width for PCC is calculated as
2
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whichisobtained by equating thetotal fracture energy (Gg) withthe
areaunder the softening model for PCC (35) and isfurther explained
in the methodology section of this paper.

The addition of fibers increases the size of the fracture process
zone by adding afiber bridging zone behind the aggregate bridg-
ing zone. Asseenin Figure 1, fibersincrease thetotal fracture energy
of the plain concrete (Gere >> G¢) and increase its ability to carry
significant load levels in the postpeak region. The final descend-
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FIGURE 1 CZM and softening behavior for plain concrete (PCC) and FRC
[after Roesler et al. (26) and Park et al. (unpublished work, 2008)]1.



124

ing branch of the CZM characterizes both the fiber debonding and
pullout mechanisms.

One assumption used to construct the trilinear softening curvein
Figure 1 for FRC materialsisthat thefracture parameters of the FRC
arethe same asthe plain PCC until thefirst kink point. Thereforethe
softening model for the FRC is based partly on the plain concrete
fracture parameters as explained earlier along with the FRC total
fracture energy (Gerc) and w; (here assumed as 25% of the fiber
length). The second kink point (wi.,) location can now be evaluated
on the basis of Gerc and w;:

Wiz = WZ_&(WI_WM) )
1
and
Z(GFRC _ GF)
_ ACmoGr) ©)
: fl (Wf - Wz)
METHODOLOGY

Material Properties

The main objective of the research was to determine the sensitivity
of the various concrete layer thicknesses and positionsfor the global
fracture behavior of the three-point bending (TPB) beam shown in
Figure 2a by using numerical simulation. Experimental properties
for the plain concrete and FRC materials utilized in the simulations
were extracted from work by Roesler et al. (26). A structural syn-
thetic fiber (polypropylene—polyethylene) at a dosage of 0.78% by
volume was added to the plain concrete mixture (PCC). The details
about the concrete mixture design and fiber characteristics can be
found elsewhere (26).

A chemical bond between the two layers was reached by mixing,
casting, and consolidating the two different mixtures in the fresh
state. Thetwo-parameter fracture model (36) was employed to deter-
mine the fracture parameters for the plain concrete and FRC based
on the notched TPB beam experimental test results (Figure 2b). The
beam dimensions utilized for thetesting and simulationsarelength (1),
700 mm; span (s), 600 mm; thickness (h), 150 mm; width (w), 80 mm;
and notch (ay), 50 mm. During the TPB beam tests, the crack mouth
opening displacement (CMOD) and load (P) were measured, and

(@)
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subsequently the area under the envelope curve until failure (P = 0)
was used to cal culate the fracture parameters.

Thetotal fracture energy (Gr or Gerc) Was calculated on the basis
of amethod by Hillerborg (35):

G = @
(h—a,)w

where (h — ag)w is the concrete fracture area, and W, is the total

energy from the load-versus-CMOD curves (P-CMOD).

Table 1 givesthe fracture parametersfor the PCC and FRC mixture
used inthenumerical simulations. Theaddition of fibersdid not affect
the compressive strength (f;) of the plain concrete but did result in
dlightly increased split tensile strength ( f;") over plain concrete.

Numerical Modeling of TPB Beam
Specimen Fracture

TPB Bearn Specimen Nomenclature

As shown in Figure 3a, the TPB beam specimen used for the sim-
ulations consists of Material 1 at the top and Material 2 at the bot-
tom with thicknesses of hy, and hygom, respectively. An initial
notch depth (ay) of 50 mm was considered for all simulations. For
this specific TPB beam setup, the total beam thickness (h) isequal
t0 Nyottom + Neop + 8. When the percentages of Materials 1 and 2 above
the notch are equal, pgtom = hiop = 8. The amount of Material 2 (or 1)
below the notch does not influence the fracture behavior of the
TPB beam specimen, only the material contained in the ligament
area, (h - ag)w.

Numerical simulationswere performed first considering the FRC
position at the bottom of the TPB beam specimen. In order to pre-
sent theresultsfor different FRC thicknesses, thefollowing relation
was used:

FRC,0m = hhiR;) x100% ®

Equation 8 provides the thickness content of the materials as the
ratio of their thickness (herc Or hpec) to the ligament depth (h—ay =
here + hece). Figure 3b to d show the TPB beam configuration for three
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FIGURE 2 TPB beam test: (a) setup and (b) loading and unloading curves for two-parameter

fracture model (36).
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TABLE 1 Mean Fracture Parameters from TPB Beam Tests for PCC and FRC [after Roesler et al. (26]]

Material P. (kN) Kic (MPam¥?) CTOD, (mm) Gy (N/m) a. (mm) Gg or Gere (N/m) f. (MPa) ft (MPa)

PCC 3.710 1.05 0.016 38.1 61.8 119 28.9 35
FRC 3.482 1.03 0.016 36.9 66.5 3,409 285 44

NorTEe: P, = peak load for the TPB test, K¢ = critical strength intensity factor in Model.

Material 2

- Ngorrom h
[=

g ? CMOD i:
7 N

(@)

P
L x 100% = 100% l

Nere + hpec
J Ppcc h

|_ao

CMOD

(b)

P
hLTCh_ x 100% = 50% l
FRC PCC

hPCC

) ) )Ty, ) ) AN )T,

O O I I I I OA PNy - OO IA N
IUNED 7

eI

7

/7 Ve

7/ /—I/—/ 7,7,

207,07, 0,00,

M ONNND) G DN NN
CMOD

©

hFRC

— =  x100% = 100%
Nere * Npcc

/7
00,07
)7 e I
00 /.;I’.///.///.///.//
CMOD

2 L

(d)

FIGURE 3 TPB beam setup for (a) functionally layered concrete specimens;
(b) only PCC, hege = 0 mm (09%); (c) two-layered system, hgc = 50 mm (509%);
and (d) only FRC, hgre = 100 mm (100%).
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FRC thickness contents at the bottom (0, 50%, and 100%, respec-
tively). Regular increments of 5 mm were used in the simulationsin
order to vary the thickness for the range 0 mm < hgge < 100 mm.

Numerical simulations were also analogously considered for the
FRC layer in the top lift. Similarly to Equation 8, the proportion of
FRC at the top can be obtained as follows:

%top

FRC,,,, = thCC x 100% (9)
In order to report the cumulative energy absorbed at commonly
accepted ranges of crack openings or widths, a cutoff criterion
(e.g., 2 mm of CMOD) is used to calculate fracture energy so that
rel ative comparisons between various thicknesses and positions can
be made. The cutoff criterion is primarily needed for fibers because
of their ability to effectively bridge cracks and maintain some level
of residual load capacity at large values of CMOD. In this study,
comparisons were made between various TPB beam specimens
relativeto their fracture energy (G, mm and Gz m) and residual load
capacity (P2 mm and Pz y) @ 2- and 3-mm CMODs, respectively.

Finite Element Modeling

Thenonlinear softening modelsfor PCC and FRC wereimplemented
with the finite element method by means of a user element sub-
routine (Park et al., unpublished work, 2008) implemented in the
commercial software ABAQUS. Figure 4 shows the mesh with the
bulk elements representing thetwo different materialsinthetop and
bottom layers. Shaded and unshaded areas represent different con-

Cohesive elements
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Bulk elements /
Top layer /

A .-

0

Cohesive elements

Transportation Research Record 2113

crete materials. A finer mesh was used close to the crack tip in
order to accurately predict the response fields. A total of 4,224
four-noded plane stress elements were used as bulk elements.
Cohesive elements representing the softening response for the PCC
and also FRC were placed in apredetermined vertical path abovethe
initial notch. A total of 100 (1-mm size element) cohesive elements
were used in order to accurately represent the fracture process zone,
which has been shown to converge for other studies (26, 37, Park
et al., unpublished work, 2008). The properties used by the cohesive
element aregivenin Table 1. An elastic modulus of 32 GPaand Pois-
son’ sratio of 0.19 were used for both bulk and cohesive elements.

RESULTS AND DISCUSSION
Load Versus CMOD (P-CMOD) Curves

Figure 5a shows the numerical P-CMOD curves for the increasing
FRC thickness at the bottom as calculated from Equation 8. The
curvelabeled O-FRC represents 0% of the ligament depth composed
of FRC or 100% of PCC (see Figure 3b). Similarly, the P-CMOD
curves labeled 50-FRC and 100-FRC in Figure 5a represent 50%
and 100% of the ligament depth, as shown in Figure 3c and d,
respectively. Averages of the experimental envelope curves for
TPB beam specimensfrom thework by Roesler et al. (26) arealso
plotted in Figure 5a and labeled as 0-FRC test, 50-FRC test, and
100-FRC test. As expected, the peak |oads were almost the same
for all the simulations, and the fracture energy, G, m and Gs mm,
increased with FRC thickness. However, for FRC thicknesses greater
than 70%, the area under the P-CMOD curve is approximately the
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FIGURE 4 Finite element mesh with bulk and cohesive elements for two-layered beam (shaded
and unshaded areas represent different concrete materials).
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FIGURE 5 Load versus CMOD curves for different thickness content of (a8) FRC at bottom

of beam and (b) PCC at bottom of beam.

same, indicating that the initial increases in FRC thickness from
the bottom are more important in increasing the total fracture
energy of the TPB beam specimen.

Figure 5b shows the numerically simulated P-CMOD curves for
the PCC at the bottom with 0-PCC, meaning that the beam ligament
depth is composed of no plain concrete or 100% of FRC. Similarly,
the P-CMOD curves labeled 30-PCC and 70-PCC represent 30%
and 70% of the ligament depth containing PCC. Experimental results
from TPB beam tests are also plotted in Figure 5b. As expected, the
P-CMOD curves show that increasing hecc from the bottom toward
thetop of the beam decreases the fracture energies, G, ., and Gs qn-
For PCC contents greater than 70%, the area under the P-CMOD
curves is similar, indicating that small thicknesses of FRC posi-
tioned at the top of the beam do not contribute significantly to global
fracture resistance of the system. Asillustrated in Figure 5a and b,

for the same CMOD level and FRC percentage, the most efficient
position to place FRC to achieve agreater residual |oad capacity (Ps)
or fracture energy is at the bottom of the beam.

Sensitivity of FRC Layer Thickness
and Vertical Position in Beam

To analyze quantitatively the variation of thefracture energy, G, for
the selected CMOD cutoff criteria (2 and 3 mm), Figure 6a shows
the evolution of G, and G, fOr increasing thickness of the FRC
layer for both top and bottom configurations. An increase in the
thickness content of FRC at the top means|ess PCC thickness at the
bottom. All curvesindicate that asecond-order polynomial can ade-
quately fit the fracture energy versus percentage of herc. Figure 6a
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FIGURE 6 Evolution of (a) fracture energy (G) and (b) residual load capacity (P;) for
increasing FRC content at top or bottom of beam (solid lines represent fitted polynomial
functions for FRC placed at bottom and dashed lines for FRC at top).

also shows that the FRC placed at the top is clearly less efficient
(lower G-values) than the FRC at the bottom. For example, when
the FRC thickness content at the top is 20%, G, ym and Gs i, are still
around 100 N/m, which issimilar to thevaluefor no FRC. When the
FRC thickness content is 20% but FRC is placed at the bottom,
G, mm isaround 180 N/m and G; ..y, reaches 250 N/m. In Figure 6a,
the difference between G, ., and G; ,,, when FRC isin the bottom
versus the top lift demonstrates that the fibers are more actively
engaged in resisting crack growth (pulling out).

On the basis of the same analysis used for fracture energy, Fig-
ure 6b presents the residual load capacities (P, mm and P mm) Up to
CMOD cutoff criteria of 2 and 3 mm, respectively. Second-order
polynomials are again adequate to represent the increase of Ps with
the FRC content at the top and bottom. As expected, placement of

FRC in the bottom lift of the beam maintains a much greater load
capacity at 2 and 3 mm CMOD relativeto FRC placed in thetop lift.
One difference between fracture energy and residual load capacity
as afunction of layer thickness content is that there is little differ-
ence between calculating P,y Or P3 i, and thus the residual 1oad
capacity isless sensitive to the cutoff criterion selected.
Thederivative of the functions (G” and P’) shown in Figure 6 can
be taken to eval uate the effectiveness of increasing the FRC bottom
lift thicknesson thefracture energy (G) and residual load capecity (P).
These derivatives are plotted in Figure 7 and confirm the qualitative
analysesindicating that the rate of changein G and P is greatest for
initial increases in the bottom lift of FRC. As the thickness of the
FRC approaches the beam thickness (h), the payoff in increased
fracture energy (Figure 7a) isreduced rel ative to the gain for contents
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FIGURE 7 Rate of change with respect to FRC bottom lift content (%) at 2- and 3-mm
CMQOD of (a) fracture energy G’ and (b) residual load capacity P’.

between 0 and approximately 50% of the ligament depth (h — ay).
Figure 7b indicates that the change in residual load capacity (P’) is
also much higher for the initial increasesin the bottom FRC thick-
ness content. Like the change in fracture energy, the gain in the
residual |oad capacity reduces as the FRC thickness approachesthe
total beam thickness.

Cost-Benefit Analysis for FGCM

A cost—benefit analysis, summarized in Table 2, comparesthe effect
of various FRC thicknesses and vertical positions on the beam frac-
ture behavior. The structural gain (benefit) considered in thisanaly-
sisisrelated to postpeak quantities: fracture energy (G) and residual
load capacity (Ps). Enhancing those parameters are the main goals

when FRC isused. For normal strength concrete, the cost of adding
fibersisassumed toincreasethetotal concrete mixture price by 15%
for this cost—benefit analysis. The cost for each beam material in
Table 2 was normalized with respect to the cost of a beam with
100% of PCC. The benefit in fracture energy (G) and residual load
capacity (Ps) was normalized with respect to the 100% PCC fracture
energy and 100% FRC residual load capacity.

Table 2 shows an example in which 30% of the ligament depth
(see Equation 8) is constructed with FRC, and the other 70%isplain
concrete (PCC). The normalized cost for a beam containing 30%
FRC and 70% PCC is 1.05 relative to a beam with 100% PCC. The
benefit received for this5% cost increasein terms of fracture energy
at 2mmand 3mm CMOD is 10% and 30% higher, respectively, for
the FRC positioned as the top lift. The benefits are much greater
when the FRC is placed at the bottom such that G, i and Gs
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TABLE 2 FGCM Cost—-Benefit Analysis Relative to Beam
Fracture Parameters G and P;

Transportation Research Record 2113

thickness waslessthan half of the ligament depth for these materials
and test configuration.

There are obvious construction obstacles in placing two-lift sys-
tems even with the reported success of this technique in Europe, but
the potential economic and pavement performance gains are encour-
aging. The capability of the CZM for predicting the fracture behavior
of an FGCM system based on the measured fracture parameters of
itsindividual layers enables sensitivity analyses to be completed to
determine the optimal thickness and position of materials in con-
crete pavement to maximize cracking resistance but minimize the
overal system cost.
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Benefit®
FRC  PCC
(%) (%)  Cot  Gum  Gsmn Pomm P
Top*
0 100 1.00 1.0 1.0 0.00 0.00
10 20 1.02 1.0 1.0 0.02 0.02
30 70 1.05 11 13 0.09 0.09
50 50 1.08 16 21 0.31 0.31
70 30 111 24 34 0.63 0.63
90 10 1.14 3.2 4.6 0.91 0.91
100 0 1.15 35 5.0 1.00 1.00
Bottom®
100 0 1.15 35 5.0 1.00 1.00
90 10 114 2.7 6.2 1.28 1.29
70 30 111 3.2 45 0.87 0.87
50 50 1.08 2.8 3.8 0.73 0.65
30 70 1.05 2.2 2.9 0.46 0.44
10 20 1.02 14 1.6 0.16 0.15
0 100 1.00 1.0 1.0 0.00 0.00

#Cost normalized by cost of 100% PCC. Cost of 100% FRC mixture
15% higher than 100% PCC mixture.

bBenefit to G normalized to 100% PCC fracture energy.

“Benefit to P normalized to 100% FRC residual load capacity.

9FRC layer position in the beam.

increase 2.2 (120%) and 2.8 (180%) times relative to 100% PCC.
Furthermore, to reach the same G, ., benefit as 30% FRC in the
bottom lift, the FRC top layer must be approximately 65% of thelig-
ament depth. For this case, the total material cost would rise from
5% to 10% above a 100% PCC beam. Theresidual |oad capacity (Ps)
for 30% FRC at thetop is 9% of afull-depth beam with FRC. How-
ever, thisresidual load can reach 45% when the 30% FRC thickness
isplaced at the bottom.

CONCLUSION

The ability to resist crack growth more efficiently by utilizing the
concept of FGCMswas explored for applicationsto rigid pavement
systems. Numerical simulations with a finite element—-based CZM
were performed for a TPB beam configuration containing varying
thicknesses of FRC and PCC. The computational framework con-
sidered rate-independent material behavior and conglomerated all
the nonlinearity dueto cracking in the cohesive zonelocated in front
of the traction-free crack tip. The sensitivity of the fracture energy
(G) and residual load capacity (P;) of the specimen with respect to
the material configuration was determined and compared with pre-
vious experimental data. The numerical results indicated that FRC
increases the fracture energy and also the residual 1oad capacity not
only when placed in the bottom lift but also when placed in the top
lift. However, the FRC placed at the bottom leads to amore efficient
system (higher G- and Ps-values) than when it is placed in the top
lift. Furthermore, cost—benefit analysis in terms of fracture energy
and residual load capacity demonstrated that increasing the FRC
thickness in the bottom lift was optimal when the bottom-lift FRC

displayed in Figure 1.
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