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Figure 3.25: Load vs. Deflection for All Static Loadings (Fatigue Specimen 3)
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Figure 3.26: Load vs. Strain for All Static Loadings (Fatigue Specimen 3)
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3.7 Summary
The results for all of the flexural test specimens are summarized in Table 3.6 for convenience.

Note that Table 2.2 contains information about the specimens’ geometry and test setups.

Table 3.6: Summary of Test Results for All Flexural Test Specimens

Specimen span [ft-in]  Fyq [Ib] Dyt [in] £t [0e] w [Ib] Remarks

A6 g 20,250 245 9472 &7

Atz a 44 310 303 10,221 127

A8 a 43330 249 — 19N

A24 g 36,150 1.2 4142 245

A30 g 100,510 261 5,500 (estimated) 312

A6 Repaired g 33,550 327 12,900 105

A18 Repaired a 89 530 260 10,443 (extrapolated) 289

A24 Repaired a 75,260 1.61 6,187 371

A30 Repaired g 86 258 1.58 6,737 453

Fatigue Baseline 12 45,160 3.20 5 56 341

Fatigue Specimen 1 12 — — — — not tested to failure
Fatigue Specimen 2 12 — — e = not tested

Fatigue Specimen 3 12 — — — — naot tested to failure
32ft Damaged 31" 40,000 275 e e

321t Clarkson 3 75,000 — = —

321t Repaired 31 125,000 7.56 5347 —

Steel 2 Rebars a 35280 233 87243 187

Steel 4 Rebars g 39,2590 276 9,356 193

Foi: ultimate total load (sum of 2 applied loads for 4-point bending)
Doz ultimate midspan deflection

£t Ultimate bottorn midspan strain

w: weight of the specimen

span: span between supports

—: data were not measured or were unavailable
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Chapter 4

Analytical Calculation and Models

This chapter focuses on the development of simplified expressions for shear and flexural
stiffness' in the longitudinal direction that can be used to predict deflections within a reasonable
accuracy. It also highlights the efforts to assess the failure criterion for the decks. Finally, the
development of FE models and modeling of stress distribution at the critical core-face interface
based on the FE models are discussed.
4.1  Prediction of Shear and Flexural Stiffness from Material Properties
The objective of this section is to determine a simple analytical expression to estimate the
flexural (El) and shear (GA) stiffness of the FRPH panels in the longitudinal direction. This
expression would provide the design engineer with a tool to quickly predict the overall panel
response in lieu of running a detailed FE analysis, which often requires considerable
computational effort and resources. The sought after expression would serve as a simple
prediction of member’s stiffness without implementing all of the details about the material
properties at the lowest level and internal geometric panel structure as done by Davalos et al.
[Davalos et al. 2001]'°, refer to Sec. 2.4.

The formula is based on the following assumptions:

1. The material properties for the flat, flute, and face laminates are known from
coupon testing. Young’s modulus was determined for all laminates, shear
modulus only for ChopSM which has essentially isotropic properties. Then G =
E/(2+2v).

'® Reader is encouraged to refer to [Davalos et al. 2001] to acquire basic idea about approach of Davalos et al. Their
resulting formulas are based on numerous assumptions and extensive notation which prevented those formulas from being
cited here, because proper preliminaries would also need to be established. Reader can get more complete picture by
directly referring to [Davalos et al. 2001].
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2. The cross-section of the deck can be idealized as the cross-section of an [-Beam.
Since FRPH panels consist of several different materials (e.g. ChopSM in the core,
unidirectional mat in the faces), it is convenient to transform the section
dimensions so that the section can be treated as thought it were composed from
one material only. ChopSM was chosen as the base material for all transformed
sections. Then, the flanges of the I-Beam correspond to the faces of the FRPH
deck, while the web of I-Beam represents the core of FRPH deck (having a
thickness equal to the sum of all flat and flute thicknesses in the core). For
wrapped beams, the area of the wrap and re-bonding layers is also included in this
idealized [-Beam. Similarly, for the panels with internal steel reinforcement, the
steel reinforced beams, steel is also accounted for.

3. Contribution of both core and face laminates is included in the flexural stiffness
(El). Nevertheless, only the core is accounted for when expressing the shear

stiffness (GA). This is due to the fact, that shear deformation of faces is negligible.

Based on the above assumptions, the following two formulas are suggested:

El = Z EiGi = Ebasez Itransf,i (Eqn. 4.1)
i=1 i=1

GA = ;Gl AI = Gbase ; Atransf R (Eqn. 4'2)

Where Epase and Gpase are Young’s and shear moduli of the ChopSM (core material), the
base material into which the section is transformed; n is the total number of all subsections, m is
number of core subsections; lyansei 1S the moment of inertia of the i subsection about the neutral
axis of the whole section (the summation is made over the whole section), while Agansti 1S the

-th . . . . . .
area of the core 1~ subsection (in this case the summation is made only over the core subsections).
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4.1.1 Sample Calculation of El and GA (for Specimen A24 Repaired)

El and GA were calculated for each specimen using a spreadsheet. Figure 4.1 and
Table 4.1 illustrate the typical procedure. The first step was to decompose the section into
rectangular subsections in order to simplify subsequent calculations (see Figure 4.1 for the sketch
of this division). Individual subsections were then transformed into the core material.

The dimensions of the transformed subsections and distance of their center of gravity
from the top of the whole section are inputs for Table 4.1 which is used to calculate lianst and
Acore. The procedure is straightforward and is based on the following routine calculations (refer
to legend to Table 4.1):

1. Center of gravity for the whole section is calculated as:

c DAY
g ZA

2. Then, the moment of inertia of the whole section is equal to the sum of the

contribution of the individual subsections (each subsection contributes by the

moment of inertia about its own axis and by Steiner’s supplement):

Itransf :Zli +Z(yi - yC)ZAi
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Table 4.1: Calculation of Sectional Properties for Specimen A24 Repaired
(Refer to Figure 4.1)

Id w fr n Weransf ¥e A Ay Town {suppt [
[in] [in] [in] [in] [in’] [in’] [in‘] [in*] [in]
1 2.875 4903 1.000 2188 3.48 14.10 4904 28.24 .02 2826
2a 25.500 0.250 1.000 2580 B.06 5.38 38.60 0.03 43.44 43,48
2b 25.500 0.250 1.000 25.50 0.c0 G.28 5.75 0oz 41.21 41.24
Ja 25.500 0.510 2.378 E0.63 6.44 2092 198.97 067 27bA3 27720
3b 25.500 0527 2378 B0.63 0.51 31.95 16.42 074 27438 27512
4a 12.600 0250 1.000 12.80 F.82 313 21.30 0oz 35.80 3582
4b 12.600 0.250 1.000 12.80 013 313 0.29 0.0z 34.43 34.45
5 0.500 4903 1.000 0.50 3.48 2.45 8.53 4., 0.00 4.M
6a 0.500 0.250 1.000 0.50 B.06 0.13 076 0.00 0.85 0.8a
6h 0.500 0.250 1.000 0.50 0.c0 013 0N 0.00 0.e1 et
Ta 0.500 0.510 1.000 0.50 B.44 0.26 1.64 0.m 228 229
7h 0.500 0527 1.000 0.50 0.51 0.26 0.14 0.m 226 227

Properties for Whole Transformed Section:
Boore = 1655 in’

A=9919 ird

Ay, = 34165 in®

Cg=344in

hots = 746.39 in*

LEGEND:

ld: subsection designation

we width of subsection in "real material”

h: height of subsection

n: modular ratio = EngreiarEcore

Whranst: width of subsection in “transformed material” (ChopSh)
y.: distance from subsection's center of gravity to the top of section
A: area of subsection

lown: moment of inettia about subsection’s axis

lsuppi: Steiner's supplement to moment of inertia

I'to‘t: llo‘l: = |own + |supp

Cg: distance from center of gravity to the top of section

4.1.2 Sectional Properties and Stiffness for All Tested Specimens

Using the procedure described in detail in Section 4.1.1, the cross-section properties were
calculated for all test specimens, and a summary is provided in Table 4.4.

4.1.3 Comparison of Theoretical and Experimental Deflections

When comparing theoretical deflections based on the calculated values for El and GA to

experimental data, the points of correlation were the deflections corresponding to a load
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approximately equal to the maximum load (or the maximum load in linear range). Theoretical
deflections due to flexure and shear were calculated for the same corresponding load. This
comparison is summarized in Figure 4.2, which shows that this simple estimate lies within 20%
of the experimental values for all specimens tested, except for the Steel Reinforced (With Two
Rebars) specimen. The discrepancy for specimen Steel Reinforced (With Two Rebars) is

attributed to scatter in material properties.

Table 4.2: Summary of Sectional Properties for All Tested Specimens

Specimen kranst [in'] Beore [in?] El [10530bxin] GA [10°x1b] Q [in’]
Ab 132 34 165 2 14 23.02
Al2 207 6.8 3022 3.0 45.20
Al3 389 101 457 .5 4.5 G216
Az4 490 13.4 5762 6.0 8552
A30 BEE 16.2 7832 6.0 118.20
A6 Repaired 234 BA 2752 29 37.00
A18 Repaired B04 127 7103 a7 9880
AZ24 Repaired 746 16.6 g7r.a 7.4 121.14
A30 Repaired 974 18.1 1.145.4 8.1 154.06
Fatigue Baseline J00 126 8232 56 a4 18
Fatigue Specimen 1 J00 126 8232 56 a4 18
Fatigue Specimen 2 700 126 8232 q6 a4 18
Fatigue Specimen 3 700 12.6 823.2 5.6 84.18
32ft Damaged 10,118 421 118938 189 2211
J2ft Clarkson 10,389 456 122175 204 22111
J2ft Repaired 11 B17 45 R 13661.R 20.4 2R8.29
Steel 2 Rebars 206 7.8 2423 35 53.40
Steel 4 Rebars 238 7.8 27949 3.5 54,50

biransis moment of inertia of section transformed inta the care (ChopSM) material
Beoret area of sandwich core

El: flexural stiffress

GA: shear stiffness

(: static moment of cross-section portion above the failure plane

4.1.4 Alternate Approach to Determine Flexural and Shear Panel Stiffness

Another approach for determination of flexural and shear panel stiffness' was also used.

The total deflection of a beam at a certain point is composed of deflections due to flexural and
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shear deformations. If deflection is measured experimentally, one equation for two unknowns (El
and GA) is obtained. A second equation for the same two unknowns can be obtained if the
experimental deflection is measured in two different test setups for the same panel (e.g. the panel
is supported on different span lengths).

The disadvantage of this method is that the whole panel must be tested, preferably in two
different test setups (the reason for this is provided later). This experimental determination of El
and GA stiffness is obviously more accurate (providing that correct test setups are chosen) than
the simplified method described earlier. However, proof-testing is not feasible for most design
situations.

Derivation of Formulas for Deflections Due to Bending and Shear

All of the following formulas were derived using the principle of virtual work'’ and
verified (deflections caused by moment only) by “ready to use formulas” from [Hibbeler 1995].

The shear correction factor, k, was considered to be 1:0.

' Based on following fundamental equation:
MM Q
o= .[—dx+_|'£dx (Eqn. 4.3)
El xGA

where El and GA are flexural and shear stiffness, respectively. Q and M are internal shear force and moment resulting
from the actual load, and Q and M are the virtual forces induced by a virtual unit load at the point of unknown
deflection.
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Figure 4.2: Comparison of Theoretical and Experimental Deflections

3-point Bending:
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Figure 4.3: 3-point Bending Test

PL’ PL
5t0ta| (L / 2) = §bending + 5shear = @ + m (Eqn. 4.4)
11PL*  PL
O, (L/ =6 . +06 =t — (Eqn. 4.5)
total ( ) bending shear 768EI SGA
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4-point bending:
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Figure 4.4: 4-point Bending Test

5PL°  PL
Oworal (L7/3) = Openting + Oshear = o+ = (Eqn. 4.6)
wal (1/3) = Grening + 0 162El  3GA

23PL°  PL

+0

S (L/2) =5, = C13El | 3GA
war (L/2) = 6, sear = CASEl | 3GA

(Eqn. 4.7)

ending

As one could expect (and is apparent from comparison of Equations 4.6 and 4.7), the

difference in deflection between the deflection at the loading point and midspan is due to the

bending moment only, since there is no shear in the constant moment region between the loading

points. If we isolate the part of the beam between the loading points having length L/3 and apply

end moments PL/3, then the additional deflection (to the deflection at the loading point) at the

midspan caused solely by the moment is:

PL’
0, =0,,,—0, 3 =—
Increase L/2 L/3 216E|
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Application to Selected Tests

Solving Equations 4.4 and 4.5 for two unknowns El and GA yields:

3PL

GA=
4(1 15(L/2) - 165(L/4))

3
El = PL
128(25“_/4) - 5(|_/2))

The above derived formulas were used to calculate the experimental values of El and GA
for each specimen of Series A (except for A18, for which only the mid-span deflection was
recorded). In addition, the procedure described in Section 0 was also used to calculate the
theoretical values of El and GA.

Table 4.3 shows that El and GA based solely on experimental values of deflection do not

show any clear trend (especially GA) and even do not compare well to theoretical values.

Table 4.3: Comparison of Theoretical and Experimental El and GA for Series A

Specimen Theoretical Experimental
El GA El GA
[105x1bxin®] | [10%x1b] | [10%:dbxin®] | [10°xID]

Ab 1552 1.5 140.4 -1.8
A12 3022 30 3292 21
A8 4575 4.5 n.a. n.a.
AZ4 762 B.0 8734 1.9
A30 7382 B.5 8326 5.6

The reason for this may be that the measurement precision required to accurately
determine El and GA from deflection readings at two different points in a beam subjected to

3-point bending may have exceeded the capabilities of our test setup. A less sensitive setup for
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obtaining El and GA would be where the deflection at one point is caused primarily by shear
deformation, while the other deflection reading is caused mainly by flexural deformation.
The same procedure was conducted for the Fatigue Baseline specimen (loaded in 4-point

bending) by solving Equations 4.6 and 4.7 for El and GA:

PL
L/3) _205(L/2)

GA=

235,

3
El = PL
216(50_/2) - 5(|_/3))

The results for the Fatigue Baseline specimen are summarized on Table 4.4. The better
comparison of theoretical and experimental values is most likely due to the fact that the
difference between deflections is caused solely due to the flexural deformation (between the

loading point and midspan).

Table 4.4: Comparison of Theoretical and Experimental El and GA for Fatigue
Baseline Specimen

Specimen Theoretical Experimental
El GA El GA
[10%xIbxin®] | [10°xIb] | [10%xdbxin®] | [10°x1b]
Fatigue Baseline a323.2 5B 817k 4.1

4.2  Search for Failure Criterion

Since all of the flexural specimens failed by horizontal shear at the interface between the core
and face laminates'® (see Figure 4.5), the authors tried to establish a criteria to analytically
predict the ultimate load carrying capacity of the specimens based on an ultimate shear stress at

the interface.

" For wrapped specimens this resulted also in wrap rupture (Figure 4.5(b)) or delamination (Figure 4.5(c)).
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(c) Specimen A18 Repaired (Horizontal Shear Failure Resulted in Wrap
Delamination)

Figure 4.5: Photographs of Horizontal Shear Failure for Different Specimens
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These calculations were based on the following assumptions:

1.

where

The material properties for the flat, flute, and face laminates (especially Young’s
modulus) are known from coupon testing.

The cross-section of the deck can be idealized as an I-Beam, whose dimensions
are all transformed into core material (see Sec. 4.1.1 for details on calculating the
section properties).

Longitudinal strains are linear through the depth of the panel.

The bottom and top panel faces are perfectly bonded to the core of the panel until
shearing stresses (which can be amplified by local stress concentration) at this
interface exceed the critical value and delamination initiates.

The ultimate strength of the core-face interface is unknown and is calculated from
the experimentally-determined failure load.

Finally, the average shear stress at failure and/or the ultimate shear flow at critical

coreface interface is calculated as:

\Y
7= —Q (Eqn. 4.8)
bl
V,
Cure = “';Q (Eqn 4.9)
Q ... static moment of the section above the failure plane
[... moment of inertia of the section

Vit ... ultimate shear force

V ... shear force

b ... width of the section at the critical plane
(sum of thicknesses of all flats and flutes)

T... shearing stress

Quit --- ultimate shear flow per section width
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COMPARISON OF ULTIMATE SHEAR FLOW
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Figure 4.6: Ultimate Shear Flow for All Tested Flexural Specimens

A sample calculation of ultimate shear flow (qy) for specimen A24 Repaired follows:

° ultimate load (Fy) = 75,260 1b — ultimate shear force (V) = 37,630 1b (see

Table 3.6)
J static moment of cross-section above failure plane (Q) = 121.14 in’ (see Table 4.2)
. moment of inertia of the cross-section (I) = 746 in* (see Table 4.2)
. ultimate shear flow per width of the panel (see Equation 4.9):
V, 14in’ .
qy, = aQ _ (37,630Ib)q241 14in%) _ 6.110.6(Ib/in)
I (746in™)

J number of corrugation units per width = 12
. ultimate shear flow per width of one corrugation unit:

Y _ 509.21(Ib /i)
12
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The ultimate shear flow gy is the ultimate longitudinal force per total width and unit
length of the beam that must be transferred from face to the core (this shear flow is balancing the
normal stresses in the face in order for the face to maintain equilibrium in the horizontal
direction). To compare specimens of different widths, the total shear flow was normalized by
dividing it by the number of corrugation units per panel width. Figure 4.6 shows the normalized
shear flow for all specimens tested in this study. From this Figure, the following observations are
made:

I. The ultimate shear flow generally decreases with increasing panel depth. This
phenomenon may be explained by realizing that the moment carried by the
section can be decomposed into a pair of tension and compression forces located
at the centroid of the bottom and top faces, respectively. If two beams have the
same span length but different depths, then for a given applied load, the deeper
panel will have less shear at the core-face interface (since the moment
decomposes into pair of smaller forces acting at a larger lever arm). In order to
achieve same shear stresses at the interface, the applied load must be higher for
deeper beams. This can result in higher localized stress concentration in the area
and vicinity of the loading points and supports, which would tend to initiate a
global horizontal shear failure at lower shear stress level. This local initiation (due
to core buckling) was noted for the 32-ft Repaired Beam (refer to Figure 4.5(b)).
Failure of the 32-ft Repaired Beam could have been also influenced by geometric
instability, since the beam had width-to-depth ratio equal to 0.375.

2. There is a large variance in the ultimate shear flow even for members with the
same face thickness and core depth (Series A).

3. The presence of an externally-bonded wrap increased the ultimate horizontal
shear capacity for most repaired specimens. This statement can be supported by
the following observations: (a) The average ultimate shear flow is generally
higher for the repaired (wrapped) specimens of Series A than for the original
(unwrapped) specimens of Series A. (b) The ultimate shear flow nearly doubled
for the 32-ft-long Repaired Beam. (c) Wrapped Steel Reinforced specimens have
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values above average. Since only 2 layers of 3.0 0z ChopSM were applied as
wrap for these specimens and the failure resulted in wrap rupture, it is likely that
the ultimate shear flow would be even higher if more layers of 3.0 oz ChopSM

were used for wrap (3 layers were used for repaired specimens of Series A.)

To date, efforts to determine a reliable ultimate failure criterion have only been partially
successful. The complexity of the problem arises from the fact that sandwich structures generally
fail by a series of local failures at internal stress concentrations (e.g. at loading points or defects),
which can lead to global failure of the structure and must be accounted for. The importance of
these localized failures seems to be larger for deeper sections, where the thickness of constituent
laminates is smaller relative to overall panel dimensions and the stability of the core laminates
may be more easily compromised.

In addition, the quality of the manufacturing process has a great impact on the ultimate
carrying capacity. See general comments about Series A in Sec. 3.1 and more specific comments
about specimen A24 towards the end of Sec. 3.2.2.

4.3 External Wrap and Shear Friction
The presence of external wraps served to: (1) increase the ultimate strength of panels and (2)
possibly reduce the variation in ultimate shear flow.

The contribution of wraps may be understood by considering a shear-friction model.
Shear friction is a well-documented design procedure in structural engineering, particularly in
the area of concrete and prestressed concrete structures. The shear friction concept assumes that,
upon formation of a crack, it is still possible to carry shear forces across the crack by friction.
The available frictional forces are equal to the product of the coefficient of friction, p, for the

crack surface and the normal force acting across the crack. For concrete structures ACI
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[ACI 1999] recommends values for p ranging from 0.45 (all lightweight concrete placed against
hardened concrete not intentionally roughened) to 1.40 (normal weight concrete placed
monolithically).

The normal force across the crack is provided by the reinforcement that bridges the crack.
Shear-friction presumes that any crack which forms will have a rough or jagged surface, such
that sliding (shear deformation) along the crack is not possible unless a perpendicular separation
between the crack surfaces also occurs. It is this separation that produces the strain and
corresponding force in the reinforcement.

The authors have noted that for FRPH panels there is a considerable amount of
mechanical interlocking that takes place between the face laminates and core due to the
manufacturing process. This mechanical interlocking is ensured when a pre-assembled core is
pressed into the wet face laminate. Figure 4.7 shows the underside of a face laminate after
loading and failure by horizontal shear. From this Figure, it is clear that the deformations of the
face were not sheared off during the failure, and that the horizontal failure must have been
accompanied by a vertical separation between the core and face laminate. Therefore, the authors

believe that a similar shear-friction design concept for FRPH panels is plausible.

Figure 4.7: Photos Showing Deformations in the Face Laminate of a FRPH panel
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The external wrap in FRPH panels thus performs in a similar manner to the shear
reinforcement of concrete members by steel rebar. However, the failure behavior is complicated
by the fact that the wrap can fail either by reaching its ultimate tensile capacity [tensile failure,
see Figure 4.5(b)] or by delamination from the face [bond failure, see Figure 4.5(c)]. Wrap
failures in tension are much more preferable, since the force in the wrap for design can be taken
as the ultimate tensile capacity of the wrap. Wrap failures by delamination (bond failures) are
undesirable from a design standpoint due to the larger scatter in resin bond properties (refer to
Section 3.1). In other words, forcing the ultimate failure from the bond material to fibers, will
play an important role in overcoming the obstacle of formulating reliable failure criterion.

In addition to structural enhancement, wrapping the panel can prevent moisture and
surface water from penetrating into the panel and degrading the resin bonds. Therefore the
external wraps serve also as environmental protection.

4.3.1 Preliminary Recommendations for Wrap Design

The purpose of this section is to develop a methodology to design wraps for FRPH panel
such that most of the flange material is well utilized. This method attempts to force the ultimate
failure into the wrap, as opposed to the resin failing in bond between the core and faces. The
suggested design sequence is composed of the following steps:

1. For an FRPH panel section that has been transformed into the core ChopSM

material, the stress in the extreme tension (bottom) fiber'® can be expressed as:

M
Gmax = T(h - yc) (Eqn. 410)
where M ... moment applied to the section
I... moment of inertia of the section

"% Extreme compression (top) fiber should be considered for panels, in which buckling of the top face initiates global
failure. This is likely for panels with equal thickness of top and bottom face.
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h... height of the section

ye ... distance from the top of the section to the center of gravity

Assuming a linear stress-strain relationship, Eqn. 4.10 can be rewritten in the

terms of strain;:

M

& =

o = E (h-vy.) (Eqn. 4.11)

core

Since the purpose is to utilize the material to its maximum performance, g, can
be substituted for £,.x in Equation 4.11 and the ultimate moment M that the section can
carry can be calculated; &, can be obtained from the coupon test results for face laminate
with 0° fiber orientation (available from Table 2.3). This base &, can be further adjusted
for different panel depths using test results presented in Chapter 3. Next, the moment can
be decomposed into the pair of tension and compression forces™ (F) acting at a lever arm
r, which is the distance between the centroids of top and bottom faces. This leads to the

following expression:

M — gmax ECOI’GI
h- Ye
F X = gmax ECOI'eI
h—y,
_ € max Ecore I
(h - Y )r
2. Now let’s consider only the top face (the bottom face would be similar) and refer

to Figure 4.8. Imposing equilibrium in the x direction on the top face of the beam
between points S and T leads to the following equations for the resultant shear

flow force Fgheqr acting on the top face?':

%% This is based on assumption that majority of the moment is carried by the faces.
*! Sign convention is such that forces are positive in the direction of arrows in the Figure 4.8.
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F(S) = Fshear + F(t)
Foear = F(9)—F (1) (Eqn. 4.12)
1
Foear = F(M (s)-M (1)) (Eqn. 4.13)

The shear flow, g, can be expressed either using Fgeor from Equation 4.13 as

q= Fotear (Eqn. 4.14)

AX

or directly from the formula for the shear flow q = (VQ)/I (see Equation 4.9). The
second expression provides an exact shear flow on the interface of idealized
section, while the first formula provides a conservative (upper bound) estimate,
since the contribution of the core to the flexural stiffness is neglected. Another
advantage of the first expression for the shear flow is that it can quickly provide
the total shear force (between web and core) transferred between any two points

along the beam using Equation 4.12.

The ultimate shear flow based on €y, derived in previous paragraphs, can be
used directly for the determination of wrap thickness. Design of the wrap
thickness is based on the shear friction phenomena. Providing that the core-face
interface has delaminated due to excessive horizontal shear forces and that the
wrap now serves to prevent vertical separation between the web and faces along
this interface, it follows that the wrap will be in tension. Since the interface has
delaminated, the total shear flow along this interface is developed by friction and
is equal to the product of coefficient of friction, i, and the tensile force in the
wrap. The force in the wrap is equal to the stress in the wrap multiplied by the
total thickness of the wrap bridging critical interface. Assuming the wrap material
is well anchored and cannot fail by bond, the maximum force in the wrap will
occur when the wrap material reaches its ultimate tensile strength. This leads to

the design expression for total wrap thickness (refer to Figure 4.9):
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qult

tWrap = (Eqn. 4.15)
;uo-ult
where tyrap ... desired thickness of the wrap
Qult -- - ultimate shear flow along the face-core interface
u... coefficient of friction between face and core
Oult - - - tensile strength of the wrap

The coefficient of friction, p, must be determined experimentally or can be
roughly estimated to lie between 0.45 (conservative estimate) and 1.4. In order to
determine the p corresponding to the core-face interface of FRPH sandwich

panels, double shear blocks (refer to Sec. 3.5) were manufactured for testing.

> M(t) = M(s+AX)

Figure 4.8: Drawing Illustrating Wrap Design (1.)
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Figure 4.9: Drawing lllustrating Wrap Design (I1.)

To ensure that the wrap is activated to its full capacity, it is important that the
wrap is properly anchored. Proper anchorage forces the wrap to fail in tension,
and will lead to more consistent results. Otherwise, delamination of the wrap from
the faces can occur (refer to Fig. 4.5(c)) which complicates the design, since
delamination is rather erratic in nature and thus very difficult to predict. Since the
main concept behind the use of wraps is to shift failures from the resin to the
fibers, wrap delamination is unacceptable, since it is again the consequence of
resin failure.

Proper wrap anchorage is necessary. Anchorage requirements should be
based on shear strength of resin (see results of coupon tests on double lap shear
specimens, Tab. 2.4). However, resin shear strength should be reduced due to the
stress concentration at the end of the wrap, where combination of shear and
tensile stresses occurs (Fig. 4.10). The reduction factor should be correlated to
tests of entire panels. If the total required wrap thickness is large, it might be
suitable to use internal wraps and/or ties as opposed to only 2 external corner
wraps. Consequently, the anchorage length for each individual wrap would
decrease and the clamping effect would be distributed more evenly along the

panel. Another approach is to anchor the wrap between the face laminates.
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Fig 4.10: Wrap Delamination—Stress Concentration Point

44  FE Modeling

Several 3D Finite Element (FE) models were created using ANSY S/University High (versions
5.6.1 and 6.1) software. These models were used to asses both the overall response of the panels
and to study local behaviors, including changes of stress distribution in the resin bond line due
the wrap, and trends in nodal forces along the core-face interface. Analysis of overall response
compared well to experimental data and is presented only briefly in this report, since it follows
routine practice. On the other hand, results of local modeling are included in more detail, because
they can help explain specific phenomena related to the experimental investigation.

4.4.1 Meshing

ANSYS features both free and mapped meshing. Free meshing lets the software
determine the best arrangement and pattern of the elements. The user only specifies how fine or
coarse the mesh needs to be. Mapped meshing allows the user to have complete control over the
arrangement and pattern of the elements. Mapped meshing was used for all models for the

following reasons:
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1. It is easier to perform postprocessing on mapped meshes, because the user
disposes the knowledge about element and node numbering. Selection of parts of
the model for interpreting results can be done easily and efficiently.

2. An in-house C++ program called Meshlt was developed to provide tool for
flexible mesh generation. By manipulating a simple input text file (see
Figure 4.11), Meshlt can generate mapped meshes for FRPH panels with various
dimensions, core geometry and mesh density. Meshlt generates several output
files, which are directly used as macro files for ANSYS: nodes.mac includes a list
of nodes and their coordinates, elements.mac holds information about elements
(mainly node-element connectivity) and finally sel.mac serves as a macro file for

flexible node and element selections.

Meshlt creates ANSYS macro files that define the geometry of the model. Material
properties are specified in a separate macro file. Figure 4.12 shows an example of the mesh that

was generated using the Meshlt routines.
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Input File For MeshIt (Meshit Created By OK 2001)
(everything following '*' character to end of line is comment)

¥ o on %

o OPTION
0 * (0 generate mesh template, 1 generate refined mesh)

el SLAB PROPERTIES
* flange coordinates (X,y,X,Y - X in longitudinal direction, y in Tateral direction)
0 0 104.63 7.06
“ core coordinates (also: x,y,X,Y)
0.315 0.405 104.315 6.655
5.4365 * depth of the slab
1 * default quarterwavelength
2.0833 * default flutewidth
g : number of flutes

number of flats
wehede MESH PROPERTIES

* nodes per overhang (order of directions: X,y,X,Y)
2 2 2 2
3 * default nodes per quarterwavelength
11 * nodes per depth
5 * default nodes per flutewith

bkl REFINED CORE PROPERTIES (pattern specification)

* must have (flute_# + flat_#) entries

* so far supports: flat=0, flute_sin0=1, flute_sin90=2, flute_sinl80=3, flute_sin270=4

W type X width(-1) n. per w.(-1) 1/4xL(-1) invisible
.405 104.315 0 1 -1

447 104.315 -1 -1 -1
.489  104.315 0 1 -1
.53 104.315 -1 -1 -1
.572  104.315 0O 1 -1
.613 104.315 -1 -1 -1

*

0.315
.315
.315
315
.315
.315

SELECTIONS
1 * number of selections
help:
output (generate what):
- D,no
1 - nsel,a,node,,no
2 - esel,a,elem,,no
3 - Dlnosuxisls,i,UYIUZ
4 - D,no,uUY,,,,,,,UZ
n0_el (select what): 0 - nodes; 1 - elements

0
2
0
4
0
2

coooo
L R O
[=lelelelsle]

FoRoR R N oR %% =
*
o

*

bfo_tfl_w2 (which part): 0 - BF; 1 - TF; 2 -WEB

*

web_no (web number): starting by 0; -1 for BF and TF

*

valO_arl (input type): 0 - value coordinates; 1 - array coordinates

coord. (coordinates): Xx,y,X,Y
output n0_el bfOo_tfl_w2 web_no wvalO_arl coord.
X X Y
2 1 1 -1 1 101 108 13 * Toad area

3 0 0 -1 1 9
3 0 0 -1 1 197

9 14 * left support
197 14 right support

oo O

*

selections for postprocessing
2 0 206
206
206
206
206
206

* upper strips

LN R R

ST T NN N
e

LSLEY NLNY NY N
RN VELL N

PREPEREREE
ocCCoCoooo
CoCooo 0o oot
WD WD WD WO

Figure 4.11: Typical Input File for Meshlt
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Figure 4.12: FRPH Panel Mesh in ANSYS Generated by Meshlt

4.4.2 Elements

Four-node plate elements with orthotropic material properties (refer to Tables 2.3 and 2.4)
were used to model the face and core laminates. The authors is aware that this is a simplification
of the real situation (e.g. extension-bending coupling is ignored) because the laminate is not
simply a material, but rather a structural element for which both material properties and
geometry (laminate lay-up sequence) should be taken into account [Jones 1999]. However, it is

believed that this simplification can be justified because (1) the core laminate is nearly isotropic
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due to the random fiber orientation and (2) the face laminate is located far enough from the
neutral axis (relatively to its thickness) so the deformation of the cross-section by flexure results
in an almost uniform strain distribution over the thickness of the faces. Thus, we can consider the
faces as being close to only extensional loading.

4.4.3 Model 1: A6 (Overall Response)

A FE Model for specimen A6 was built to asses the ability of the model to predict overall
behavior of the panel (see Figure 4.13). Comparison between experimental and theoretical

deflections and strains was within 10%.

Figure 4.13: Deflection of A6 Panel Under Load in 3-pt Bending

4.4.4 Model 2: 32-ft-long Repaired Beam (Reduction of Stresses due to the External
Wrap Lavyer)

32-ft Repaired Beam was first specimen that was tested with applied external wrap. It
was also the first specimen for which FE analysis was used to investigate wrap-related

phenomena.
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The authors used a FE model for the 32-ft-long Beam to asses how the wrap changed the
stress distribution in the resin bond lines**. To accomplish this, flat ”low” elements (refer to
Figure 4.14) with resin material properties were inserted between the core and top face to
simulate the actual bonding condition. ANSY'S analyses were then run and maximum von Mises
stresses in these resin elements were recorded for each flat and flute. Von Mises stress was used
because it provides a single value of stress, equivalent to the stress state at the point, and it can
thus be used for direct comparison of stress levels at different location. The second step involved
modeling the wrap layer. Additional elements with the wrap laminate properties were inserted
over the “external resin elements.” Maximum von Mises stresses in the resin bond line were
again recorded for each core wall.

Comparison of the von Mises stresses showed that a significant stress decrease due to the
wrap was achieved in the external flats, while a much smaller decrease occurred in the outer
most flutes. All remaining core wall interface stresses remained essentially unchanged due to the
addition of the wrap (see Figure 4.15).

Results from FE modeling of the wrap suggest that any stress relief in the resin bond line
is confined to the outer-most core walls. This would imply that the effectiveness of the wrap
layer would be greatly diminished as panel width increases. The concept of shear friction,
however, is not based on reducing stresses in the bond line but rather providing an alternate load
path via frictional forces after the bond fails. Based on the shear-friction concept, the
effectiveness of the wrap would depend on the relative transverse stiffness of the face laminates

and seems to play an important role even for wider panels. This was demonstrated by testing

*> This was to find whether the wrap can delay delamination by reducing stresses in the resin bond line. Delay of
delamination would also delay the occurrence of shear-friction, which assumes that the wrap in not effective until
delamination occurs.
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Steel Reinforced and Series A Repaired specimens (compare ultimate shear flow in Figure 4.6

and refer to Figure 3.4).

Figure 4.14: Layer of Resin Elements in ANSYS Model
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Figure 4.15: Reduction of Stresses in the Resin Interface due to the Wrap
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4.45 Model 3: A18 (Determination of Nodal Forces Acting Along Core-Face
Interface)

The purpose of performing detailed FE analysis, described in this section, was to
determine the distribution of stresses between the core and faces of FRPH panel. These stresses
were sought after as equivalent nodal forces in the FE model.

For the sake of simplicity, the mesh was generated for the A18 panel with nominal
dimensions (length = 104-in, width = 180-in, total height = 6-in), refer to Figure 4.15. The width
of 18-in was chosen since it would allow for a reasonable model size and yet still allow for the
determination of edge-related effects. Only one half of the beam was modeled, since the panel,
boundary conditions, and load were all symmetric about the “mid-span” plane (perpendicular to
the longitudinal beam axis). Meshlt was used to generate the mesh which consisted of 25,292
nodes and 29,225 elements. The panel was loaded by uniform stresses at the contact area of a
spreader beam, corresponding to the experimental ultimate load (48,880 1b). These were evenly
distributed over the loading area. Imposed boundary conditions corresponded to the experimental
set-up and Uy was enabled in the left support (roller), while on the symmetry plane both uy and 0,
were fixed to zero.

Since ANSYS’s ability to plot nodal loads in clear graphical form was found to be
limited and difficult to perform, external software was used to visualize the desired nodal loads.
In addition, the initial attempt to plot the nodal loads for one face in a single plot (as surface or
contour plots) resulted in difficult-to-interpret graphs. It was therefore decided to plot nodal
forces along selected flats and flutes as simple 2D graphs. Four core walls (external flat, external

flute, internal flat and internal flute) were selected to study the different factors influencing nodal
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force (stress) distribution. For each of the four core walls mentioned above, nodal forces Fy, F,
and F, for both bottom and top interface were examined.
The following procedure was used:

° ANSYS allows the user to list nodal forces for selected nodes. Moreover, the user
can specify (select) which elements® should be included in summing up the
element nodal forces to obtain the resulting nodal force. In other words, the nodal
force from contributing elements is a force, by which the selected elements are
acting on the remaining structure (unselected elements) at the node.

° To obtain nodal forces between the bottom face and selected flats and flutes,
elements of bottom face were selected first. Then, the “bottom nodes™** of desired
core wall were selected and nodal forces listed. The same procedure was used for
the top face.

o As a result of chosen procedure, the nodal forces listed in Table 4.5 and graphed
in Appendix C are nodal forces acting on the core (and also represent the
equivalent effect on the faces). This is important to understand the sign

convention of these forces (refer to Figure 4.16).

2 With common node.
?* Those that are common to the core and face.
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Table 4.5 lists the sum of nodal forces for core walls 0, 1, 10, 11 and the whole core. At
first sight, it might be a little confusing that the average based on the whole core (Fx, avg per core wall
= 174,500/19 = 9,184 Ib) is lower than any of listed values for individual flats and flutes (about
12,000 1b). However the justification is simple. This is because, if summation over individual
core walls is done, some nodes (and consequently nodal forces) are accounted for more than
once. When summation is done directly over the nodes of a face, each node is accounted for

exactly once.

Table 4.5: Sum of Nodal Forces Along Flats, Flutes, and Core

Top Interface Bottom Interface
F. [Ib] F, [1h] F: [Ib] F. [Ib] F, [1h] F: [Ib]
Web #0 (Flat) -12.332 G5 -1.5831 12,701 -1,315 £33
Web #1 (Flute) -12,417 747 15 12,357 23 2316
Wieh #10 (Flat) -11,701 -8 -2.434 11 582 23 -A0E
Weh #11 (Flute) -11,979 389 -600 12,007 587 2,109
All Flats And Flutes 174 411 128|276 17477 159 -337

Finally, the nodal loads® (Fx, Fy, F;) for core walls 0, 1, 10, 11 are plotted in the graphs
in Appendix C as function of distance from the left end of the panel, x. Based on the graphs,
presented in Appendix C, the following interesting observations are made:

o Distribution of Fy along the flat core panels (Web #0 and Web #10) is quite
uniform. Peaks at points for x =8, 12, 16 ... 48 are caused by the fact that
contribution of adjoining flute/flutes is also accounted for at these nodes. The
peaks are also constant along the length of the panel.

J Increasing peaks associated with Fy can be noted for Web #0 (Flat) but are
missing for Web #10 (Flat). This could indicate stress concentrations along the
edges as explained below. When the panel is loaded in flexure, the portion of the

flute above the neutral axis is in compression while the portion below neutral axis

* It was mentioned earlier that we can imagine nodal loads as forces acting on the core and simulating the effect of faces.
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is in tension. The sinusoidal shape (for flutes) deforms its geometry under
uniaxial longitudinal load in addition to pure material deformation—amplitude of
sinusoidal cell is getting higher for compression and smaller for tension.
Consequently, if such a flute is restrained from lateral deformation (as in the core
of FRPH panel), the flute in compression (top interface) “pushes outwards” while
the flute in tension (bottom interface) “contracts inwards”. This lateral
deformation results in the transfer of lateral force (Fy) into the neighboring flats at
adjoining points. The force is directly proportional to the applied moment at the
section. Moreover, the force is close to zero for flats located in the center of the
panel, because the effects from flutes surrounding the central flat are opposite and
thus cancel each other. However, the lateral force reaches its peaks for the most
external flats because the flute is free to expand outwards (compare F, for Web #0
and Web #10). This leads to the edge stress concentration on the interface, since
Fy can be up to 40% of Fy at the point (see graphs for Web #0 in Appendix C) and
these two nodal force sum up in resultant shear stress.

It is difficult to interpret the nodal forces F,.
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Chapter 5

Conclusions

Sixteen full scale FRPH panels (two 32-ft-long Beams, three Fatigue-Series Panels, five Series
A-Original Panels, four Series A-Repaired Panels, and two Steel Reinforced Specimens) were
experimentally evaluated. Tests were carefully documented, with test data provided in compact
form in this report, and complete test results and photographic documentation available in
electronic form on the CD available from Robert Peterman (see page 3). In addition to full scale
testing, two series of coupon tests and one set of shear tests on double lap shear specimens were
carried out. Constituent material properties were obtained through these tests. Based on the

experimental and analytical work presented in this report, the following conclusions are drawn:

o A simple procedure for stiffness determination, based on material properties from
coupon tests and geometrical properties of an idealized transformed section, was
found to predict deflections within 20% accuracy.

o Although two of the factors (depth of the section and use of external wrap)
influencing the ultimate capacity have been identified, improving its consistency
and analytical determination of failure loads is still in need of additional work.
Current research suggests that using a combination of external and internal wraps
or ties, in order to force the ultimate failure from the epoxy resin to the fibers, will
play an important role in overcoming this obstacle. Another key factor to improve
consistency in the ultimate capacity is to ensure better quality control during the
manual manufacturing process. Visual inspection of the panels before and after
testing revealed that several of them had severe initial defects (large pre-existing
areas of delamination between the face and core), which in turn resulted in

premature failure and increased the scatter in the test set.
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Outstanding fatigue performance by these panels was observed. Two specimens
were subjected to 5 million cycles with a span-to-deflection (L/D) ratio of 200
(corresponding to four-times the design load), and 11 million cycles with L/D of
400, corresponding to twice the design load. Change of stiffness was insignificant
during the cyclic loading. However, certain creep behavior was observed as a
result of the mean fatigue load that was being applied during the duration of the
test.

The effect of width-to-depth ratio (for panels of constant depth) on unit stiffness
was insignificant for the five panels tested (Series A). These panels had
width-to-depth ratio between 1.0 and 5.0. Therefore, the ASTM recommendation
[ASTM 2000] that the width of the specimen shall not be less than twice the total
depth was found to be too strict for the service-load evaluation of these panels,
because specimens with width-to-depth ratios smaller than 2.0 yielded the same
unit stiffness properties as panels with higher width-to- depth ratio. The effect of
width-to-depth ratio (for panels of constant depth) on unit strength was
inconclusive, as the unit strength varied greatly between specimens with
seemingly no correlation with width.

For some full scale tests, the experimental strains in the bottom face laminate
approached the failure strain of the material. This indicates a well-balanced design,
as most of the material strength of the faces was utilized at ultimate loads. The
material utilization can be further improved by the use of wraps that are believed
to increase the minimum threshold for ultimate load and thus make the
determination of ultimate load more reliable.

The contribution of wrap was evaluated and a proposed method for wrap design
was developed. However, more panels with wraps should be tested to determine
the exact anchorage requirements for these wraps. This is crucial because the
basic premise for the proposed formula is that the wrap will fail in tension as
opposed to delamination (if the wrap delaminates, it means that anchorage

requirements were not met).
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Panels with delamination damage can be successfully rebuilt, without
compromising their ultimate capacity, as demonstrated by the repair and testing of
the 32-ft-long Beams and Series A Panels.

Acoustic Emission monitoring was capable of detecting internal damage to the
FRPH panels and should be further explored for in-situ inspection of these

systems.

101



Chapter 6

Suggestions for Future Research

The research conducted to date established an extensive database of test data for various
specimen geometries. Two major findings can be concluded: (1) The stiffness can be reasonably
predicted by using either simplified or more complex design formulas or by finite element
modeling. (2) The ultimate load-carrying capacity of the specimens had much greater variance
then stiffness.

During the research it was found that scatter in the ultimate load-carrying capacity can be
reduced by using wraps. Most of the wraps during testing, however, failed in bond and
delaminated from the specimen. The next research should focus on the experimental
determination of wrap anchorage, such that the wrap can achieve its full tensile capacity instead
of debonding.

Once the requirements for wrap anchorage are known, the scatter in the ultimate load
carrying capacity of KSCI’s panels should be reduced. This will lead to an increased safety
factor if the live-load deflections are limited to the current ratio of span length/800, or perhaps

enable the current deflection limits to be increased.
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