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4 Analysis

In this section the tests, outlined earlier, are analyzed and several are compared
to the finite element model solutions for the stub-sections. This finite element model
comparison includes variations in the concrete strength obtained from core testing,
along with revised concrete strengths that take into consideration confinement. The
results in this section include the concrete core samples, loading of the whole section,
loading of the core section only, flexural testing, and the push-through testing. It should
be noted that none of the stub sections were tested to failure because the load frame

was unable to provide sufficient load to induce failure.

4.1 Concrete Core Samples

The concrete core samples were taken from the different locations along the
length of the pile (Figure 13) and were tested in compression on the Baldwin frame
(Figure 15). The cores were tested following the procedures of ASTM C31 (2003),
however some variations were required due to some of the cores breaking shorter than
required. The full results from all of the tests are listed in Appendix A, and the average
compressive strengths are presented in (Table 6 and Figure 30). Some data points are
missing because some of the cores broke during extraction and could not be tested as
noted in Appendix B. This type of failure is not uncommon during coring operations and
is a result of unexpected moments from the coring resulting in tensile failure of the
cored concrete. This type of premature failure is not considered indicative of poor
quality concrete as other specimens were extracted without occurrence. Also cores
shorter than 7 in. were not used to calculate the averages. These average compressive
strengths of the core samples are far greater than that of the test cylinders cast at the
same time (7,600 psi vs. 4,700 psi).
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Table 6 - Average Core Sample Compressive Strengths

10-3/4” dia. Piles (Pile 1,2) 12-3/4” dia. Piles (Pile 3, 4)
Depth Compressive # of specimens Compressive # of specimens
Strength (psi) Strength (psi)
1-5 ft. 6,008 3
5-10 ft. 8,218 4 7,378 7
10-15 ft. 6,509 4
15-20 ft. 9,119 3
20-25 ft. 7,619 3
25-30 ft. 7,875 3 6,545 1
30-35 ft. 7,754 3 7,073 4
35-40 ft. 9,427 2 8,195 3
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Figure 30 - Average Core Sample Compression Strengths through the depth

This increase in strength could be attributed to multiple factors. The water in the

concrete in the piles may not have been able to escape, so a larger portion of the

cement was hydrated, or the weight of the concrete pushing down in conjunction with

the confinement from the steel shell could have densified the concrete, or the coring
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process may have relieved some stress from the sections and helped align the
crystalline structure of the cement by re-hydrating more cement to make it stronger.

The concept that the core concrete would have a lower strength was originally
derived from the fact that the concrete was allowed to free-fall during placement and
limited vibration was provided. These practices lead to the hypothesis that the concrete
may be poorly consolidated or have some segregation that could not be accounted for
in design. During the cutting phase of the project, the project team did not observe any
significant defects at the ends of any member beyond that which would be expected
from the cutting operations. In fact, the concrete consistently appeared to be well
consolidated throughout based on visual observation.

4.2 Full Cross-Section Loading

Full cross-section testing was performed on a total of twelve stub-sections, four of
each cross section size (Figure 13). In the numerical study, the compressive load was
applied to the specimens using a thick steel plate between the loading jack and the pile
stub-section, as it was actually performed for the experimental studies. This would
generally represent a displacement - controlled problem. In this regards, specific
attention was given to the loading configuration of the tubular piles in the finite element
simulations, because the cross-section of the specimens was composed of two different
materials with different modulus of elasticity. To have a uniform stress distribution and
deflections all over the specimen, the external load applied was non-uniform distributed
pressure on different parts of the cross section, with respect to the corresponding
material properties. This would ensure the state of pure displacement-controlled
conditions, which were fully considered in the corresponding numerical and
experimental investigation. These material-dependent applied pressures on the stub
sections can be calculated by satisfying the deflection compatibility and equilibrium
conditions simultaneously, as given by Equation 11 and Equation 12.

Compatibility: o03=nXxo0o, Equation 11

Equilibrium: P, =0, XA, +0. XA, Equation 12
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where As and Ac are the areas of steel and concrete portions in the cross section, o
and o, are applied uniform pressure on the steel and concrete portions, n is the ratio of
steel to concrete modulus of elasticity, and Puax is the maximum applied load according
to the limitation of the loading frame. As a result, the corresponding applied pressures
with respect to the material properties and geometrical characteristics for all three types
of piles and also compressive strength of the concrete core are summarized and given
in Table 7.

Table 7 - FE composite loading for displacement controlled conditions

Material-dependent applied pressure (ksi)
Cross section : : :
Pile No. _ _ f'c: 4.50 ksi f'c: 5.85 ksi f'c: 8.00 ksi
dimension
05 OC 05 Oc O-S 0-C
10.75" dia.
Pile 1 44.289 5.840 41.615 6.256 38.416 6.754
(0.375" wall)
10.75" dia.
Pile 2 38.543 5.08 3.597 5.502 4.215 6.015
(0.500" wall)
12.75" dia.
Piles 3 & 4 33.08 4.471 31.665 4.760 29.017 5.101
(0.375" wall)

The appropriate boundary conditions on the bottom side of the pile section were
also applied as depicted in Figure 31. The proposed boundary conditions ensure the
state of pure vertical compaction by neglecting the shear distortion due to Poisson's
expansion/contraction effects. On the other hand, the axial load can be equally
distributed along the cross section neglecting different material properties. In this case,
the loading scenario would dictate the load - controlled conditions. The differences
between two loading scenarios are illustrated in Figure 32 to shed light on this issue.
The contour display in Figure 32 is presented to illustrate the relative effects of
boundary conditions and symmetry on the pile response and as such the magnitudes
are not included.
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Figure 31 - Applied boundary condition for full cross section loading scenario
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Vertical Disp. (Z dir.)

Figure 32 — Pile deformations (a) displacement-controlled (b) load-controlled

To monitor the response of the specimens under the applied loading, the load,
and longitudinal and tangential strains at the mid-height of the sections were measured
in both numerical and experimental studies. In order to have more logical and realistic
interpretation, the applied load was converted to a longitudinal effective applied stress
for a comparison of stress-strain response. To determine the equivalent applied stress
on these samples, a transformed section analysis was performed converting the

concrete to an equivalent steel section (see Equation 13).

A
A, =4 +—~<
eff S n

Equation 13

The steel material was chosen as the basic material in the cross section
transformation, in view of the fact that the corresponding strains were recorded based
on the data collected from the strain gauges attached to the external surface of the pile.
The effective area based on the material properties and cross section dimensions are

given in Table 8.

Table 8 - Effective cross sectional area

Effective cross section area (in?)
Pile No. Cross section dimension
fic: 4.50 ksi fic: 5.85 ksi fc: 8.00 ksi
Pile 1 10.75" dia. (0.375" wall) 22.578 24.030 26.030
Pile 2 10.75" dia. (0.500" wall) 25.945 27.325 29.227
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Piles 3 & 4

12.75" dia. (0.375" wall)

29.492

31.581

34.463

For all pile specimens, the nominal capacities were calculated based on the

composite as well as non-composite design methods (AASHTO 2010), and the

corresponding results are presented in Table 9.

Table 9 - Nominal axial capacity used for design

Nominal capacity (kips)
Pile No. Cross section dimension
Composite Non-composite
Pile 1 10.75" dia. (0.375" wall) 972 240
Pile 2 10.75" dia. (0.500" wall) 1170 228
Piles 3 & 4 12.75" dia. (0.375" wall) 1234 346

For all specimens, the load was applied concentrically to a maximum level of
1000 kips, the capacity of the testing frame. The corresponding longitudinal and
tangential strain distributions are depicted in Figure 33, derived from ANSYS as an
output contour. Similar to the entire section loading scenario, the contour display in
Figure 33 is presented to illustrate the relative effects of boundary conditions and
symmetry on the pile response and as such the magnitudes are not included. Figure 34
- Figure 36 also illustrates the load vs. longitudinal strains as well as tangential strains
for all specimens with different geometrical properties from both the experimental and
numerical investigations. By converting applied loads into longitudinal stress using
section transformation, the effective applied stresses vs. longitudinal and tangential
strains are also depicted in Figure 37 - Figure 39 for a comparison of stress-strain

response among different piles.

Strain Pile 1 Pile 2 Piles 3 & 4
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Longitudinal

Tangential

Figure 33 — Strain distribution contours (composite loading)

Pile 1 (10.75" dia. with 0.375" wall)
Pile 1 (10.75" dia. with 0.375" wall) specimens, exhibited the largest strains

during the test, and demonstrated compatible results compared to the numerical
analysis. From Figure 34 and Figure 37, it can be observed that most of the pile tests
exhibited similar behavior, with the exception of pile section 1J (Run 1), which
experienced larger longitudinal strains than the rest of the piles. This section was
tested again (Pile 1J Run 2 and Run 3), and these other runs exhibited similar
responses to the other cross-sections of the same size. Upon inspection of the
specimen, it was found to have some irregularities on the top and bottom surfaces. This
section had a small section of the steel shell and concrete core that was slightly

elevated over the rest of the cross section, coincidentally directly above where the strain
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gauge was located. This caused the strain gauge to be located on the face with
greatest compressive stress during the initial test. After the first test, the surfaces were
flattened out to where the cross section was uniformly loaded. This was found to be a
reoccurring problem for several test sections. There were two samples (Pile 1D all runs
and Pile 1J Runs 2 and 3) that approached yielding; however the frame was at capacity
and more load could not be applied to cause yielding. Runs 2 and 3 for Pile 1J appear
to have reached the yielding, but this cannot be verified as this was so close to the
maximum load from the load frame that a change in slope is not evident. The tangential
strains are much lower than the longitudinal strains because the load was applied along
the longitudinal axis, and the resulting strains are only due to the radial expansion of the
concrete and steel due to Poisson’s effects. When comparing the effect of concrete
compressive strength on transverse system behavior (e.g. Model 1 vs. Model 2), the
impact is minimal. This is mostly attributed to the steel section being much stiffer (i.e.
lower degree of radial expansion) than the concrete core.

Pile 2 (10.75" dia. with 0.5" wall)
Pile 2 (10.75" dia. with 0.5" wall) specimens had the same outer diameter as the

smallest cross section, but had a thicker steel wall. Due to the thicker shell, it was
expected to have similar strengths to that of the 12-3/4 in. diameter specimens (Table
9), but with smaller strains than the Pile 1 sections. From Figure 35 and Figure 38, a
common trend can be observed with pile sections 2H and 2S. Trials 2F and 2Y both
had similar issues with the location of the strain gauges and a small section of the end
surfaces not being perfectly flat as pile section 2H and 2S. Pile section 2F was found to
have a small section of the steel shell and concrete core that was slightly higher than
the rest of the cross section and this was located on the same side as the strain gauge.
This caused the strain gauge to be at a location of greater pressure like section 1J of
the 10-3/4” dia. (0.375” wall). Conversely pile section 2Y, had a spot that was higher
than the rest, but the strain gauge was located on the opposite side of the high spot.
This caused the strain gauge to experience very little compressive strain, until the high
spot flattened out and then the strains started to increase with the load. Pile section 2H
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has a load unload loop in the data, as there was a small section of elevated concrete on
the surfaces when the loading occurred. This small section was loaded until it began to
crack at which the load increased at a quicker rate. After this concrete crushed and the
head was loading the entire surface again it loaded back up until the maximum of the
load frame. When comparing the load/stress — tangential strain relationships, it can be
seen that three of the four tests were in relatively good agreement. Pile section 2F had
a much larger tangential strain than the rest, as was the case for the longitudinal strains.
These large tangential strains were caused by the same problem as the longitudinal
strains, which occurred due to the strain gauge being located at a location with a
deformity on the top surface, causing the location to be loaded more heavily. Similar to
the pile 1 sections, the variation in concrete strengths did not affect the overall stiffness

enough to influence the strains appreciably.

Piles 3 & 4 (12.75" dia. with 0.375" wall)
Piles 3 & 4 (12.75" dia. with 0.375" wall) specimens had the overall largest cross

section of all specimens tested, and was predicted to have the greatest capacity;
however, the 12.75 in. diameter samples did not exhibit similar behavior to the smaller
specimens. These samples exhibited almost no strains in either the longitudinal or
tangential directions from the testing (Figure 36 and Figure 39). It should be noted that
the shell on the 12-3/4 in. diameter specimens was spiral welded as opposed to the two
10-3/4 in. diameter piles, which were seam welded. This spiral appears to have
changed the way load was transferred throughout the section and, as such, the model
was not able to simulate the true strains experienced by the sections. There was one
12-3/4 in. section where the strain gauges did record a much higher value than the rest
of the 12-3/4 in. sections; however, in this test the strain gauge happened to be above
the seam and also in a location where the top surface had a high spot. Because the
spiral welded shell changes the way the load is transferred through the member it can
be concluded that the developed FE model can accurately predict the strains of a stub
section that is uniformly loaded and seam welded, however it should not be used with a

spiral weld.
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Figure 37 - Pile 1 (10.75" - 0.375" wall) Effective stress (composite) vs. a) longitudinal strain, b)
tangential strain
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4.2.1 Summary of Full Cross-Section Loading

Due to the increased wall thickness of the specimens used in the full cross-section
loading scenario and the limitations of the testing frame, none of the specimens were
tested to ultimate capacity. However, all specimens were tested to the limits of the
testing frame (1,000 kips) without experiencing failure. For the piles, this load
represents a 317%, 339%, and 189% increase over the non-composite nominal
capacities on the 10-3/4” dia. (0.375" wall), 10-3/4” dia. (0.5” wall), and 12-3/4” dia.
(0.375” wall), respectively. While this limitation was less than the composite section
design capacity for all specimens except the 10-3/4” dia. (0.375” wall), all specimens
remained in the elastic range at this upper bound loading. In addition, all of the loads
on the specimens surpassed the nominal design capacity for the non-composite
analysis without failure. While this finding is not a direct measure of the ultimate
capacity, the performance of these piles indicates a significant amount of reserve
capacity when considering the current design approach used in Wisconsin.

4.3 Section Core Only Loading

Compression testing of the stub section by loading only the core area was
performed on the total of 12 different stub-sections, four for each cross section size.
Unlike the previous test where the whole stub section was loaded, only the concrete
core was loaded using a thick steel plate on both sides between the loading head and
the pile stub sections. This would similarly represent a displacement-controlled problem.
Although the section does have two different materials, the loading was applied to the
concrete core. Therefore, the applied stress, o;, can easily be calculated solely based
on the dimension of the core section, independent of the material properties, as given
by Equation 14.

Equation 14

where A; is the area of the concrete core in the cross section, o; is the applied uniform
pressure on the concrete core, and Puyax is the maximum applied load according to the
limitation of the loading frame. In essence, the corresponding applied pressures on the
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central core, irrespective of the material properties and compressive strength of the
concrete core, for all three types of piles are summarized and given in Table 10.

Table 10 - FE non-composite loading

Pile No. Cross section dimension Material-independent
applied pressure (ksi)
Pile 1 10.75" dia. (0.375" wall) 0. 12.732
Pile 2 10.75" dia. (0.500" wall) o 13.394
Piles 3 & 4 12.75" dia. (0.375" wall) 0. 8.842

For the boundary conditions, the same restraint scenario (Figure 31) from the
composite loading scenario is applied on the bottom side of the pile stub sections, with
the exception for the nodes corresponding to the steel external shell. In this case, the
uniform pressure applies only on the concrete core. Thus, the support conditions also
apply only on the central core because the specimen must undergo the same loading
conditions on both sides, identical to the test setup. A representation of the differences
in response between two applied boundary conditions (with and without neglecting the
steel shell in applying the restraint) is illustrated in Figure 40.

Figure 40 — Effect of applied boundary conditions a) composite section vs. b) core-only loading

Similar to the previous case, to monitor the response of the specimens under the
applied loading condition, the load, longitudinal and tangential strain at the mid-height of
the sections were measured in both numerical and experimental studies. Moreover, the
applied load was converted to the longitudinal effective applied stress for comparison of

stress-strain responses between the two corresponding loading scenarios. To
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determine the equivalent applied stress on these samples, a transformed section
analysis was performed converting the concrete to an equivalent steel section (Equation
13). Again, the steel material was chosen as the basic material in the cross section
transformation, in view of the fact that the corresponding strains were recorded based
on the data collected from the strain gages attached to the external surface of the pile.

The effective area based on the material properties and cross section
dimensions were the same as given in Table 8. Furthermore, the nominal capacities of
the piles are independent of the loading scenarios, and given in Table 4. For all of the
specimens, the load was applied concentrically to a maximum level of 1000 kips, the
capacity of the testing frame. The corresponding longitudinal and tangential strain
distributions are depicted in Figure 41, derived from ANSYS as an output contour.
Figure 42 - Figure 44 illustrates the load vs. longitudinal strains as well as tangential
strains for all specimens with different geometrical properties for both the experimental
and numerical investigations. By converting applied loads into longitudinal stress using
section transformation, the effective applied stress vs. longitudinal and tangential strains
are also depicted in Figure 45 - Figure 47. From the testing of the sections under the
core loading, definite trends were observed.
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Figure 41 - Strain distribution contours (non-composite loading)

Pile 1 (10.75" dia. with 0.375" wall)

Pile 1 (10.75" dia. with 0.375" wall) specimens exhibited a significant variance

from specimen to specimen for the longitudinal response, but parity in the tangential
response. Pile section 1C had a region of the cross section surface that was slightly
elevated and the strain gauge recorded strains around zero until the elevated section
was leveled out during loading, at which point the whole section was simultaneously
loaded. Overall the specimens experienced lower longitudinal strains than the
equivalent composite loaded specimen as a result of the internal load transfer
mechanism for this loading scenario. In this scenario, the load is applied directly to the
core section and then redistributed (internal to the cross-section) to the steel shell via
bond and expansion, resulting in a lower overall shell stress than the composite loading
scenario. On the contrary, all four trials showed very similar tangential strains in the
steel shell, which are generally higher than those observed from the scenario where the
entire cross section was loaded. This is because the steel shell was not loaded in this
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test and, as such, the concrete core is resisting more axial load and due to Poisson’s
effect pushing out in the radial direction, which induces strains in the steel in the radial

direction.

Pile 2 (10.75" dia. with 0.5" wall)
Pile 2 (10.75" dia. with 0.5" wall) specimens exhibited smaller longitudinal and

tangential strains than the thinner (0.375") walled specimens as expected, but the
response in both directions was similar to each other in magnitude. This was different
from the loading of the whole section, where the tangential strains were much smaller
than the longitudinal one. This is mostly caused by the steel shell only being loaded by
the frame. Pile section 2I, had a high spot where the strain gauge was located, which
caused the gauge to experience more strain at that location; however the other three
runs all show very good agreement with each other under core loading. Similar to the
Pile 1 specimens, the strains observed in the tangential direction, resulting from greater
radial expansion, were higher for this loading scenario than the full composite section

loading scenario.

Piles 3 & 4 (12.75" dia. with 0.375" wall)
Piles 3 & 4 (12.75" dia. with 0.375" wall) specimens for this loading case did not

show a similar trend to the composite section loading scenario. For the loading of the

core only, the spiral weld did not appear to affect the way the load is transferred through
the section and a generally proportional increase in load with strain was observed for all
specimens. However, contrary to the composite section loading scenario, the finite
element model was able to better simulate both the longitudinal or tangential strains for
the core only loading scenario, even in the presence of the spiral weld.
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4.3.1 Summary of Core Only Loading

Similar to the composite-section loading scenario, because of the increased wall
thickness of the specimens used in the full cross-section loading scenario and the
limitation of the testing frame, none of the specimens were tested to ultimate capacity.
However, all specimens were tested to the limits of the testing frame (1,000 kips)
without experiencing failure. Similar to the composite section loading scenario, this load
represents a 317%, 339%, and 189% increase over the non-composite nominal
capacities on the 10-3/4” dia. (0.375” wall), 10-3/4” dia. (0.5” wall), and 12-3/4” dia.
(0.375” wall), respectively. While this limitation, was less than the composite section
design capacity for all specimens except the 10-3/4” dia. (0.375” wall), all specimens
remained in the elastic range at this upper bound loading. In addition, all of the
specimens exceed the nominal design capacity for the non-composite analysis without
failure. While this finding is not a direct measure of the ultimate capacity, the
performance of these piles indicates a significant amount of reserve capacity when
considering the current design approach used in Wisconsin.

4.4 Soil - Pile Interaction

As illustrated in Figure 48, the State of Wisconsin's soil series are grouped into
fifteen general regions. In general the governing types of the soil in the state can be
simply categorized as sandy, silty and loamy soils, which create the surface layers of
the soil body above the bedrock.
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Figure 48 - Soil regions in the State of Wisconsin
(Wisconsin Geological and Natural History Survey 2011)

While the thickness of unconsolidated soil is highly variable throughout the state,
a large portion of the state has a thickness of approximately 50 ft. or less (Figure 49). In
this study, it was assumed that the investigated piles most likely reached their limit in
drivability due to side friction, which can be considered a reasonable assumption when
comparing typical pile lengths (~40 ft.) to the thickness of the unconsolidated soil layer
for most regions of the state. However, it should be noted that there was no attempt to
correlate the thickness of unconsolidated soil with pile installation locations and this
exercise was intended to be illustrative of the behavior of embedded piles only.

Based on the results obtained via numerical and experimental investigations, the
piles themselves behave elastically under an applied load of a million pounds, provided
that the bearing capacity of the bedrock is infinite. However, the bearing of the soil
beneath the pile usually dictates the total capacity of the deep foundation system. As
illustrated in Figure 50, dolomite, sand stone, and granite create the main fraction of the
bedrock composition within the State of Wisconsin. Based on the WisDOT bridge
manual (WisDOT 2011), a pile foundation transfers load into the underlying strata by
either shaft resistance (Rs), point resistance (Rp) or a combination of both. Most of the

driven piles develop some amount of both shaft and point resistance.
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Figure 49 - Thickness of Unconsolidated Material in the State of Wisconsin
(Wisconsin Geological and Natural History Survey 2011)
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Figure 50 - Bedrock Geology for the State of Wisconsin
(Wisconsin Geological and Natural History Survey 2011)

Shaft resistance values are dependent upon soil texture, overburden pressure
and soil cohesion. For the State of Wisconsin with the sandy, silty and loamy surface
layers of the soil, the average value for the nominal shaft resistance can be
approximately chosen as 800 psf (WisDOT 2011). However, experience in Wisconsin
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has shown that shaft resistance values reach their constant final values roughly at the
depth 20 to 30 times the pile diameter in limited portions of the state, where there is
fairly uniform sands of medium density. As an illustration, for a pile with 10-3/4 in.
diameter and 40 ft. length, the nominal shaft capacity is approximately equal to 70 kips.
On the other hand, the maximum point resistance, or the end bearing capacity of a pile
can be estimated based on the simple formulation derived from AASHTO LRFD
(AASHTO 2010) (Equation 15).

R,=gq, A, Equation 15

where Ap is the pile end area in ft? and q; is the limiting unit point resistance from LRFD
[Fig. 10.7.3.8.6f-9] in ksf. According to the dominant composition of the Wisconsin's
bedrock (dolomite, granite, and sand stone), the average value for the limiting unit point
resistance can be chosen as 300 ksf, considering the average value of 35 to 40 for the
corresponding angle of friction. Therefore, for a 10-3/4 in. diameter pile the nominal end
capacity is approximately equal to 190 kips. Consequently, the total nominal capacity of
the pile, derived from the shaft resistance as well as the end bearing is equal to 260
kips. This value is close enough to the non-composite nominal capacity of the
corresponding piles, (see Table 9) providing the opportunity to justify the elastic
behavior of the piles prior to the governing mode of the failure related to the soll
bearing.

As long as the soil bearing capacity dominated the global behavior of the soil-pile
system, the piles behave elastically in the corresponding region. Therefore, the
interaction between soil and the pile can be investigated considering only the
surrounding soil. In this regards, a spring model was utilized to simulate the effect of
surrounding soil on the behavior of the pile structure. As illustrated in Figure 51, the pile
is assumed to be embedded in the continuum environment of the soil, with a cylindrical

configuration.
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Figure 51 - 3D representation of the pile-soil simulation

Under the applied axial loading of the pile, the soil itself undergoes three sources of
deformations (see Figure 52), which can be categorized as follows:

1) Vertical Compaction (Ayc).

2) Vertical Shear Deformation (Ays).

3) Horizontal Compaction (Ag).
Each of these deformation components is related to the stiffness of the soil in the
corresponding directions. Moreover, these stiffnesses can be represented by means of

linear longitudinal springs for the numerical simulation purposes.
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Bedrock (fixed support)
Figure 52 - Soil — pile deformation under applied load

Consequently, the following model, presented in Figure 53, was developed to
derive each of the stiffness components of the soil with respect to the geometry of the
simulated cylinder of the surrounding soil. It should be mentioned that the accuracy of
the results is not affected by the mesh size, but it can be influenced by the dimension
(radius) of the soil cylinder (see Figure 51).

Axisymmetry

Axisymmetry

Axial Compaction Shear distortion Lateral Compaction

Figure 53 - Proposed numerical model to derive the equivalent spring stiffness of the soil

The equivalent spring stiffnesses for all components of deflections are calculated
as given in Equation 16.
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K, = % x%@x;fz x (n® +2n) (a) Vertical Compaction
G 1 : . .

K =Z><§9><r><h><(n+2) (b) Shear Disturtion Equation 16
E 1 .

K, = zxzex;’xhx(n+2) (c) Lateral Compaction

where E is the elastic modulus of the surrounding soil, G is the shear modulus of the
surrounding soil, 8 is the central angle, h is the height of the of the soil element with
respect to the mesh generation, ris the radius of the pile, L is the radial length of the
surrounding soil, and n is the ratio between L and r. It should be mentioned that K¢ and
Kvs are in series with each other and can be combined to have an equivalent vertical

spring with an equivalent stiffness, Ky, derived as given by Equation 17:

K, XK
K, =———% Equation 17
KVC +KVS

For the numerical simulation purposes, the surrounding soil, previously idealized
as a series of horizontal and vertical linear longitudinal springs, are introduced to the 3D
FE model as depicted in Figure 54.
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Figure 54 - FE representation of soil - pile interaction

In order to reduce the computational cost, only a quarter of the pile's stub
sections were simulated and the appropriate boundary conditions as well as the
equivalent lateral springs were also applied to satisfy the symmetry conditions, as
depicted in Figure 55.
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Figure 55 - FE simulation equivalent soil springs

Considering the dominant type of soil in the State of Wisconsin, loose and
compact sandy as well as gravel soil were chosen for the numerical analysis. The
corresponding values of the equivalent lateral stiffness are presented in Table 11 for a

certain type of mesh generation.
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Table 11 - Equivalent lateral stiffness of the surrounding soil

Soil type E (ksi) G (ksi) Ky (k/in) Ky (k/in)
Loose sandy soil (LSS) 1.45 0.58 0.08 0.03
Compact sandy soil (CSS) 7.25 2.59 0.40 0.14
Loose Gravel soil (LGS) 10.15 4.41 0.56 0.24
Compact Gravel Soil (CGS) 24.66 9.13 1.36 0.50

For all of the previous specimens, the load was applied concentrically to a
maximum level of 1000 kips, the capacity of the testing frame. For the first series of the
analysis, the soil type and the thickness of the surrounding soil were considered to be
fixed, in order to investigate the effect of concrete compressive strength on the soil - pile
interaction. Accordingly, the loose gravel soil with the thickness of 5 times the radius of
the embedded pile was chosen for the analysis. The corresponding longitudinal and
tangential strain distributions are depicted in Figure 56, derived from ANSYS as an
output contour. Figure 57 - Figure 59 also illustrates the load vs. longitudinal strains as
well as tangential strains for all specimens with different geometrical properties. By
converting applied loads into longitudinal stress using section transformation, the
effective applied stress vs. longitudinal and tangential strains is also depicted in Figure
60 - Figure 62 for a comparison of stress-strain response among different piles. As it
can be seen, the surrounding soil does not have a significant effect on the behavior of
the pile within the elastic limit, for different types of concrete.
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Figure 56 - Strain distribution contours considering soil - pile interaction

For the second part of the analysis, the effect of soil material properties on the
behavior of the cast-in-place tubular pile was investigated. It should be mentioned that
the other sensitive parameters such as soil thickness (defined by n), compressive
strength of the concrete, and diameter of the pile were considered to be fixed for this
study. The results obtained from the numerical analysis indicated that the surrounding
soil does not have a significant effect on the behavior of the pile as long as the pile
responses are located within the elastic limit, even for different types of the soil

properties.
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Figure 57 - Pile 1 (10.75" - 0.375" wall) Load (composite) vs. a) longitudinal strain, b) tangential
strain — with soil-pile interaction
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Figure 58 - Pile 2 (10.75" - 0. 5" wall) Load (composite) vs. a) longitudinal strain, b) tangential
strain — with soil-pile interaction
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Figure 59 - Piles 3 & 4 (12.75" - 0.375" wall) Load (composite) vs. a) longitudinal strain, b)
tangential strain — with soil-pile interaction
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Figure 60 - Pile 1 (10.75" - 0.375" wall) Effective stress (composite) vs. a) longitudinal strain, b)
tangential strain — with soil-pile interaction
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Figure 61 - Pile 2 (10.75" - 0. 5" wall) Effective stress (composite) vs. a) longitudinal strain, b)
tangential strain — with soil-pile interaction

95



50

=== FEM (4.5 ksi)
=== FEM (5.85 ksi)
=== FEM (8 ksi)
40 Pile 3G Run 1
Pile 3G Run 2
T Pile 3T
=
* Pile 4B
7]
g 301 Pile 4T
w
- ®  Soil (fc: 4.5ksi)
§ e Soil (f'c: 5.85ksi)
< A Soil (fc: 8ksi)
@ 20
3
2
i
10
0

-0.0005  0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Longitudinal Strain (in/in)

a)
50
=== FEM (4.5 ksi)
=== FEM (5.85 ksi)
=== FEM (8 ksi)
40 Pile 3G Run 1
Pile 3G Run 2
= Pile 3T
E )
= Pile 4B
g 30 Pile 4T
g B Soil (fc: 4.5ksi)
% ®  Soil (fc: 5.85ksi)
Q . .
A Soil (fc: 8ksi
< 20 ( )
=
3
£
w
10
0

-0.0005  0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
TangentialStrain (in/in)

b)

Figure 62 - Piles 3 & 4 (12.75" - 0.375" wall) Effective stress (composite) vs. a) longitudinal
strain, b) tangential strain — with soil-pile interaction
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4.5 Push-Through Testing

This test was designed to determine the strength of the bond between the steel
shell and concrete core. If this bond is adequate, composite action would be
appropriate for design. This test was intended to determine the load at which the core
starts to slide through the steel shell, which is the point at which the bond breaks.

In this test, the load was applied at the same rate as the previous tests, until the
load on the section decreased by fifteen percent. The load versus cross head
displacement for the 10-3/4” dia. (0.375” wall), 10-3/4” dia. (0.5” wall), and 12-3/4” dia.
(0.375” wall) are presented in Figure 63, Figure 64, and Figure 65, respectively. For all
of the 10-3/4 in. diameter specimens, the behavior is characterized by an increase in
load until the bond is broken, followed by a gradual decrease in load as the concrete
core pushes through the shell. Due to the spiral welds in the shell of the 12-3/4 in.
diameter samples, the specimens never reach a maximum load or exhibited a load drop
off. Instead the core started to move and came in contact with another weld seam,
which was not flush on the interior. This caused the load to increase again causing a
small displacement until the core hit the spiral weld seam again. For all specimens, the
bond strength was calculated as the peak load at the initial slip divided by the internal
surface area. The average bond strengths for each specimen cross sections are
presented in Table 12. These values for the bond strengths are on the low end of the
bond strengths when compared with previous research, which show that the bond
strength can vary from 0.3 ksi to around 2 ksi (Harajli 2004) for concrete and deformed
bars and between 0.34 to 0.48 ksi for smooth bars (Menzel 1939; Weathersby 2003).
However, it should be noted that these bond strengths are based on bond of concrete to
deformed bars (reinforcing steel) and the pile sections have smooth steel walls.

Some notable findings from these tests were that the bond varied between the
sections, the largest section did not have the strongest bond, and the bond varied with
depth of the pile. The fact that the largest section did not have the strongest bond could
have been due to the weld seam impeding on the contact surface of the materials.
Each sample tested was taken from various locations through the depth so that the
average bond for the type of shell could be found. The capacity of the bond is on the
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lower end for concrete to steel, however none of the compression tests exhibited any
type of shell/core separation or observable slip during loading. While no measurement
of the shear stress at the interface was measured during the compression testing, the
shear stresses at the interface from the finite element models ranged from 0.011 —
0.024 ksi for the composite section loading. For the core only loading scenario, the
shear stress ranged 0.825 — 5.617 ksi, however this loading scenario is unlikely to be
observed in service due to the pile cap being cast over the entire pile rather than just
the core section. These stresses suggest that the interface bond capacity is sufficient

for the expected state of stress for in-service conditions.
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Figure 63 - Bond Strength — 10-34” (0.375” wall)
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Figure 65 - Bond Strength — 12-34” (0.375” wall)

99



Table 12 - Concrete-Steel Bond Strength

Specimen
Name Depth (ft.) Pile Size Bond Strength (ksi) | Average (ksi)
1A 15 0.373
11.5
1H 10-3/4” dia. (0.375” wall) 0.241 0.291
1L 17.5 0.289
1P 23 0.259
2C 4.5 0.483
2G 10 . 0.489
10-3/4” dia. (0.5” wall 0.525
2P 25.5 ( ) 0.611
2W 36 0.517
3D 5.5 0.451
21.5
30 12-3/4” dia. (0.375” wall) 0317 0.316
AE 8.5 0.339
47 40 0.157

4.6 Flexural Testing

Flexural testing (three point loading configuration) was performed on the four 11 ft.
long pile sections. In this test, the load was applied at a constant rate with the objective
of the evaluation focused on the performance of the concrete core — steel shell
interface. The strain gauges mounted on the perimeter were intended to assess the
degree of composite action between the two materials and to determine if there was a
loss of bond in a flexural scenario. Results from the experimental program are
presented in two forms, a strain versus loading and a change in strain through the
cross-section depth. It was expected that the former would indicate a change in section
behavior (e.g. cracking, loss of bond) while the latter would highlight the location of this
change. Results from the LVDT measurements of end-split are not included in this
report because none were measured during the testing.

12-3/4” dia. (0.375” wall) — Pile 3
The combined strain vs. load plot for the first 12-3/4 in. diameter pile is presented

in Figure 66 (tension strain positive). As expected the general trend is a proportional

increase in strain with load for all measurements with the exception of those located at
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the neutral axis. From Figure 67, a noticeable shift in linearity occurs between 25-35
kips, indicating a change in system behavior (as noted by the box on the figures).
Figure 68, highlights this region further and suggests that this change occurs at ~26
kips. When comparing the strain through the depth of the cross-section for this loading
region, it becomes evident that cracking on the tension side in the lower right quarter
results because of the shift in strain distribution. However, no slip was observed at the

locations of the interface gauges near the neutral axis where maximum shear is

expected.
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Figure 66 — Strain vs. load (all gauges) for (12-3/4” — 0.375” wall) — Pile 3 (full range of loading)
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Figure 67 - Strain vs. load (all gauges) for (12-3/4” — 0.375” wall) — Pile 3 (partial range of
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Figure 68 - Strain vs. load through cross-section depth (12-3/4” — 0.375” wall) — Pile 3
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12-3/4” dia. (0.375” wall) — Pile 4

The second 12-3/4 in. diameter pile was tested in a similar manner as the first

and was loaded to the capacity of the test frame. Similar to Pile 4 a general observed
trend is a proportional increase in strain with load for all measurements with the
exception of those located at the neutral axis. For this specimen, the load was applied
to the center, which coincided with a weld seam. From Figure 69, a noticeable shift in
linearity occurs between 20-40 kips, indicating a change in system behavior. Figure 70,
highlights this region further and suggests that this change occurs at ~24 kips. When
comparing the strain through the depth of the cross-section for this loading region
(Figure 71), the change in slopes on the tension side is less evident than Pile 3, which
can likely be attributed to the load being applied to the weld seam, resulting in a non-
uniform distribution of stress. For this specimen, no slip was observed at the locations

of the interface gauges where maximum shear is expected, near the neutral axis.
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Figure 69 - Strain vs. load (all gauges) for (12-3/4” — 0.375” wall) — Pile 4 (full range of loading)
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Figure 71 - Strain vs. load through cross-section depth (12-3/4” — 0.375” wall) — Pile 4
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10-24” dia. (0.375” wall) — Pile 1
Pile 1 (10-3/4” dia. — 0.375” wall) was tested in flexure to the maximum stroke

capacity of the test frame. The complete strain vs. load response is illustrated in Figure
72. For this specimen the deviation in specimen responses was observed at an
approximate load of 7 kips (Figure 73). From the load vs. cross-section depth (Figure
74), the cracking again appears to be on the lower side of the specimen, with both sides
exhibiting a degree of non-linearity in the strain distribution. This section did fail at the
maximum load, ~68 kips, and the failure occurred at one of the weld seams (Figure 75).
At failure, the seam between the weld separated and the concrete core also cracked.
This location seemed to be the location of maximum stress and made it difficult to
detect changes in slope at midspan.
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Figure 72 - Strain vs. load (all gauges) for (10-3/4” — 0.375” wall) — Pile 1 (full range of loading)
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Figure 73 - Strain vs. load (all gauges) for (10-3/4” — 0.375” wall) — Pile 1 (partial range of
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Figure 74 - Strain vs. load through cross-section depth (10-3/4” — 0.375” wall) — Pile 1
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Figure 75 — Pile 1 Failure Location

10-3/4” dia. (0.5” wall) — Pile 2

Pile 2 (10-3/4” dia. — 0.5” wall) was tested in flexure to the maximum stroke

capacity of the test frame. The complete strain vs. load response is illustrated in Figure
76. For this specimen the deviation in specimen responses was observed at an
approximate load of 3 kips (Figure 77). From the load vs. cross-section depth (Figure
74), the cracking again appears to be on the lower side of the specimen, with both sides
exhibiting a degree of non-linearity in the strain distribution similar to Pile 1. This
specimen did not experience failure prior to reaching the limit of the test frame, but at
the latter stages of loading, the steel on the lower right side of the specimen began to
yield as is demonstrated by the strain increase observed in strain gauge 4 (Figure 76).
For this specimen, no slip was observed at the locations of the interface gauges where

maximum shear is expected, near the neutral axis.
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Figure 76 - Strain vs. load (all gauges) for (10-3/4” — 0.5” wall) — Pile 2 (full range of loading)
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Figure 77 - Strain vs. load (all gauges) for (10-3/4” — 0.5” wall) — Pile 2 (partial range of loading)

108



/

vl

(L] ]
[

» /A2 kip (R)
3 ' a2 kip (L)
¢ AR MO O *3kip (R)
1 <3 kip (L)
@
%-200 150 -100  -50 _; 0 50 100 150 200 Atkip (R)
7 A4 kip (L)
@ <o :)_A3<> A © . @6 kip (R)
06 kip (L)
o o aoll ¢ A O * Slip (R
8 kip (L)
-7 10 kip (R)
o o A <>_9 ¢ A O . ©10 kip (L)

Depth through section (in)

Figure 78 - Strain vs. load through cross-section depth (10-3/4” — 0.5” wall) — Pile 2

4.7 Summary of Analysis

Results from the compression testing scenarios (composite and core only), core
section compression testing, flexural testing and push-through were presented in this
section. Also included are the results from a finite element simulation of the
compression testing.

While the compression tests of the stub sections were not taken to failure, the
results from the experiments highlightthe significant reserve capacity that exists over the
design capacity. This reserve capacity was on the order of two to three times as much
as the design capacity. While all of the specimens were loaded past the non-composite
nominal capacity, only the loading on one specimen exceed the composite nominal
capacity; however all specimens exhibited the same general response suggesting that
all would exceed the composite nominal capacity without failure.
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Results from the compression tests from the cored sections at various depths
demonstrated that there was an increase in compressive strength for the core concrete
when compared to companion cylinder results. A visual inspection of the concrete
throughout the pile at the locations of the cuts confirmed that good consolidation was
achieved throughout the piles and no segregation was observed. This behavior
suggests that the integrity of the concrete is not only maintained but is actually
enhanced.

In the assessment of the bond performance, both results from the push-through
testing and the flexural testing were considered. Results from the push-through testing
indicated that the average shear bond strength is on the order of 0.291-0.525 ksi, which
is in agreement with other bond strength results between steel and concrete. The
flexural test results did not provide a direct measure of the bond strength, but
demonstrated that the bond integrity is greater than the cracking strength of the
composite section, as no slip was observed throughout the testing.
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5 Findings and recommendations

5.1 Findings

The overall objective of the study was to evaluate the capacity of cast-in-place
concrete filled tubular sections, which are commonly used as piles in the State of
Wisconsin. A primary goal was to compare results from an experimental program to
current design procedures and assess whether these procedures are appropriate for
these members.

In this study, the structural capacity of cast-in-place steel tubular piling was
investigated experimentally and numerically. For the experimental program, several
full-length piles were partially driven and filled with concrete in the field to represent as
near in-situ conditions as possible. These full-length piles were cut up into smaller
testable sizes, which were also believed to be representative of the short braced lengths
for piles driven into the ground. The smaller pile stub sections were run through a set of
different tests, with a representative sampling taken from different depths of each pile
for each test. The tests included compression tests on the entire stub cross-section,
compression tests of the stub section where only the core was loaded, flexural tests of
short pile sections, push-through tests, and testing of cored out samples from stub
sections. In addition to the experimental program, a numerical study (finite element)
was performed on the axially loaded sections to allow for extrapolation of the behavior
of the piles to conditions more representative to in-service conditions.

5.1.1 Compression Behavior

The goal of the compression testing, which included tests on the composite
section and a core only loading scenario, was to assess the axial capacity of the piles.
With the piles typically being embedded in the ground, the restraint conditions were
assumed to be fully braced along the pile length, as such stub sections (18” long)
specimens were considered for the experimental program. For both loading scenarios,
the capacity of the piles exceeded the capacity of the loading machine used for testing

and as a result, no true measurements of ultimate capacity were achieved. This was
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partially the result of the pile shells being thicker than planned and the piles having
capacities greater than the upper design limit. Previous research on smaller tubular
sections have indicated that this capacity is typically defined as a squash failure or local
buckling phenomena, however neither was observed during testing. While no failures
were observed in the test specimens, all specimens achieve greater capacities than the
current nominal design capacities used by WisDOT (between 189-317% greater). All
specimens were able to resist a total load of 1,000 kips without any observable failure
mechanisms. For the 10-3/4” dia. (0.375” wall) specimen, this exceeded the design
capacity allowed within the AASHTO LRFD Bridge Design Specification by about 3%.
For the 10-3/4” dia. (0.5” wall) and 12-3/4” dia. (0.375” wall), this resistance is
approximately 15% and 19% less than the AASHTO design capacity, respectively.

A series of finite element models were developed to simulate the behavior of the
pile sections from both the experimental program and also extrapolate the behavior to
in-service conditions. Some of the challenges that could not be accounted for in the
model included the unbalanced loading resulting from slightly uneven cuts (and
resulting uneven loading) of the stub sections and the complexity of welds within the
stub sections. While the experimental program demonstrated that the pile sections
remained within the elastic region, these geometric non-linearities could not be
accounted for appropriately. As a result, the finite element simulation results were not
able to match the experimental results for non-linear geometric scenarios; they did
however match other results quite well. The finite element model was then expanded to
assess the performance of pile sections embedded in soils representative of those
within the State of Wisconsin. These expanded models assumed that soil resistance
(similar in magnitude to non-composite pile capacity) would ultimately control the
capacity of the pile design, but considered variations in soil stiffness parameters. The
results from the model suggested that the influence of the soil is minimal on the capacity
of the pile and that the pile basically behaves in a manner similar to the experimental
sections, fully braced compression member.

In addition to the compression tests on the stub sections, cores were extracted

from various depths along the pile for compression testing. Each section cored
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provided a series of specimens for testing, but core breaks were common. It should be
noted that the purpose of the core testing was to assess the compressive strength and
consolidation of the internal concrete, which is typically allowed to free-fall within the pile
during construction. Average compressive strength results from the core testing ranged
from approximately 6,000 psi to 9,400 psi along the lengths of the piles tested. While
these results are highly dependent on the strength of the concrete chosen by the
contractor, these results (~7,600 psi average) were significantly higher than the
compressive strength of companion cylinders tested (~4,700 psi). This trend suggests
that the strength of core concrete is enhanced from the construction process. In
addition to the compression test results, a visual inspection of cored sections and the
ends of the cut sections indicated excellent consolidation with no apparent segregation

of materials throughout the length of the pile.

5.1.2 Bond Behavior

The assessment of the bond performance was conducted using a series of push-
through tests and flexural tests. The push-through tests were conducted on the stub
sections to measure the shear bond capacity whereas the flexural testing was
performed as an indirect measure of bond.

With the push-through testing, the cores of the stub sections were loaded until
the core pushed through the steel shell. For the 10-3/4 in. diameter specimens, after
the initial slip occurred, the resistance decreased as more load was applied and the
remaining resistance was provided by the friction between the concrete and steel shell.
For this scenario the shear stress to cause the initial slip was deemed the bond
capacity. For the 10-3/4 in. diameter specimens, the average bond capacity ranged
from 0.291 ksi to 0.525 ksi. For the 12-3/4” dia. specimens, a different phenomena was
observed during testing in which after the initial slip, the specimens supported additional
load. This behavior was attributed to an uneven internal surface at the location of the
spiral seam welds, which provided mechanical resistance to the applied load which was
overcome by crushing of the concrete at that location. For these specimens, the
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average bond strength was 0.316 ksi, which is in the range of the 10-3/4 in. diameter
specimens, but with significantly different behavior. While this stress is on the lower end
of the bond strength of concrete to steel, shear stresses obtained from the finite element
model at the interface for the composite section loading scenario were of a much
smaller scale (0.011 — 0.024 ksi), indicating that the bond capacity will not be exceeded
under the axial compression state of stress. It should also be noted that no interface
separation was observed in the compression specimens either during or after testing.

In the flexural testing, short pile sections (11 ft.) were loaded laterally in a three
point bending configuration to assess whether slip at the interface occurred under
flexure. The specimens were subjected to concentrated axial loads at midspan with
strain measurements taken around the perimeter of the member at the point of
maximum flexure. The objective of the testing was to determine if interface slip
occurred during the flexural loading. Of the four specimens tested, only one
experienced a failure (10-3/4” dia. — 0.375” shell), which occurred due to a weld break.
The 10-3/4” dia. (0.5” wall) specimens experienced yielding on the perimeter, whereas
the two 12-3/4 in. diameter specimens reached the capacity of the test frame without
failure or yielding. Throughout all of the flexural testing, cracking of the internal
concrete occurred, but no slip was observed in any of the specimens.

5.2 Recommendations

In this investigation, the performance of cast-in-place concrete filled tubular piles
was evaluated. Results from the investigation highlight the capacity of the tubular piles
in compression and the interface bond between the concrete core and the steel shell.

Current practices in the State of Wisconsin design these pile sections primarily as
axial compression concrete member by neglecting the contribution of the steel shell and
limiting the allowable compressive strength of the concrete. This design approach is
very conservative when compared to the capacity with the steel shell included. Based
on the compression test results presented in this report, the contribution to the axial
capacity provided by the steel shell is significant, and even more so when the composite

section is considered. While none of the specimens were tested to failure (local
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buckling), the test capacity of all specimens exceeds current design recommendations,
indicating that the piles are being under-utilized. In addition, when considering the
integrity of the bond, the results from the testing program indicate that the bond
between the concrete core and the steel shell are similar to other composite sections. It
should be noted that during the testing of the stub sections in compression and the
short pile sections in flexure, there was no evidence of loss of bond. The bond
evaluation required a fit-for-purpose test to ensure bond failure, a loading scenario that
is not likely to occur under in-service conditions.

Clearly the final decision regarding the use of composite action is at the discretion
of the Wisconsin Department of Transportation, but based on the results of the limiting
testing program (limited in that all of the specimens tested did not exceed the AASHTO
LRFD nominal capacity limits) it is reasonable to design for composite action due to the

following considerations:

e The smallest pile tested (10-3/4” with 0.375” wall) was tested to beyond the
AASHTO LRFD composite nominal capacity without any indications of
failure. In fact, aside from some uneven loading effects, there was no
indication of shell yielding or concrete crushing observed during the testing.
While the other specimen sizes were not tested to this nominal design limit,
no evidence of failure was observed either. The other specimens were
tested to within 85% (10-3/4” w/ 1/2” wall) and 81% (12-3/4” w/ 3/8” wall) of
the AASHTO LRFD nominal design capacities. At a minimum the
Wisconsin Department of Transportation should be able to design to these
values if a degree of conservativeness is necessary. This recommendation
does not take into consideration the loss of integrity of the shell due to
deterioration, unbraced lengths that produce column behavior that differs
from that of a stub column, or low quality core concrete necessary for
composite behavior.
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While the research presented herein accomplished the primary objective of

evaluating the structural performance of cast-in-place concrete filled tubular piles, the

following recommendations for additional study should be considered:

Compression testing of stub pile sections to failure to quantify the upper
bound on the capacity. This task would allow for better characterization of
the non-linear behavior of the pile at failure and aid in refining design
procedures. Because none of the piles in this program were loaded to
failure, the same piles could be reused for future work. This data would
also allow for the expansion of a finite element model in the non-linear
region with consideration of the soil-pile interaction behavior.

Assessment of the strength gain phenomena observed with the concrete
core material vs. companion specimens. The data gathered in this
investigation has the potential to allow for more efficient designs by
considering more slender sections.

The numerical investigation demonstrated that the concrete strength had
minimal effect on the behavior of the pile system in the elastic range. An
evaluation of alternative core materials (e.g. light weight concrete, recycled
concrete) in lieu of normal strength concrete may provide an economical
benefit.

Economic feasibility study on the cost-benefit of cast-in-place concrete filled
tubular piles vs. comparable pile systems (e.g. H-piles, prestressed

concrete piles).
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Appendix A — Chemical Testing Results of Steel Shells

[do03

08/19/01 TUE 08:03 FAX 17086147615

sm ctrachenm cal Testing Inc.

179 State Street » Struthe '8, Ohlo 44471 -

LaHy Pipe & Tube
‘534 Lowellville Rd.
Siruthers, Ohio 44471

Alttn, Mr. Jim Mocker

P.0. #1164 dated 6-4-(11
{1)-Steel pipe sample - 10 3/4™ OD x 500"

LALLY PIPE & TUBE

June 6, 2001

* (330) 755-7372 Test Renart

Phone (330) 7561062
Fax  (330) 750-1535

wall ERW — rec’d 6-5-01 for chem}ml and

muzchanical testing. ‘o meet ASTM A252 Grade 2.0r 3.

Page 1 of 2

Resutts of Chemical Analysis; (ASTME 415-99a)
Joli # 27512
Laly 1164
ELIEMENT
- 0.18
in 0.6
3 0.012
Y 0.006
S 0.01
u 0.01
$n 0.003
Hi 0,02
Cr 0.02
Ao 0.0t
| 0.016
'l 0.002
Ch 0.002
Ti 0.002
2r 0.002
(“\
14
Frane L. Gal letta, Mgr,

AITEZITEP JUN 0 3 iz}

The rsuta roponted are kmhe! ig the samy la tesied and consiiule dala only with raw lo the sampla lesled. Intarmation pd dainin ihle npon am comec! and rallable
be

6port may ol plin R, &

Inthe 388t of our knowledge: nowever, fl"ll.l iife not

-.Cndnn
b, 7y

This repo
In uu fiakds of Chamical and Machanloa Tuunq (Cm. lm 01 & 784.02).

Trsthn, Ine. oy (ha A for L
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PIPE & TUBE
06/19/01 TUE 08:03 FAX 170861476815 LALLY

Spectrochenical Te

June 6, 2001
17¢) State Street « Strutiers, Ohlo 44471 » (330) 755-7373 TestR i
Lally Pipe & Tube
534 Lowellville Rd. Phone (336)750-1002
Struthers, Ohio 44471 Fax (330)750-1535

Attn. Mr. Jim Mocker

P.O. #1164 dated- 6-4-(] i
(1) Steel pipe sample - 10 3/4” OD x.500" wall ERW - rec’d 6-5-01 for chemical and
my:chanical testing 1o mect ASTM A252 Grade 2'0c 3.

Page 2 of 2
Me:chanical Test Resalts; (ASTM A 370-972) )
Job Sample Yield psi Tenslle Elong. s 2 ‘Phas.
¥ F 4 (EUL = 0.5%) psi % %
27512 1164 57;500 73,600 40,0 0.012

¥ This material meets chamical and tensile requirements.of ASTM A 252 Grade 3,

Gl A

Franic L. Galletta, Megr.

nL-'c.'mzn JUN o g 2007

' Th ) resita reperted are nitad 10 the sampie lestad and consiitufe daa only with raspect 1 the ampla lesiad, Inkrmation and data Ihia repord ar comect and rellgble
mlnu-uwrmwnnmnmummnml and no yls Thhrapoumynolhnnnmd&udwhu Spactrochemicy|
4ccs Tattlng, fie. s accredlion by the Amacican Aoc ation for Labaralory Accreattaiion i tha fieids of Chamical and Machanical Tasiing (Car. §788.01 & 786,02).

]
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04/08/99 THU 08:58 FAX 17086147615 LALLY PIPE & TUBE s+ LALLY-2 @ooz

QO
. wmw a

Feb. 12,1999
178 £itate Street - Struthars, Ohio 44471 « (330) 755-7373 TextRegon
Laihy Pipe & Tube
534 | owallvilla Rd, . Pheone (330) 730-1002
- Shuthers, QR 44471 Fax (330) 7%0-1535

Atn: Mr. Jamas Mocker, Mgr.

P.Q. #370S dated 2-9-98
(1) a1e8l pipe sample — 12 /4" 0.D. x .250" wall ERW ~ rec’d 2-11-39 fer chemical and

physical testing to mest ASTM A252 Grade 2or 3,

Pagazof2
Mechanical Test Aesuity: (ASTME 8 - 95)
Spectro Lally Yield- Tensile Ebrg./2 Phoa
Job # # psi psi % o,

20923 3705 66,000 78,000 29.7 0.ca7

" Mausnal meets chemical and tensile requirements of ASTM A 252 Grade 3.

Ul it

Frank L. Galletta, Mgr.

71 9
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Ounn03~h_:J1 TEST CERTIFILAETE 4376
: ‘B33 By:
v FPRO-FAR Mo £1459
SKYLINE STEEL, LLC - PIPE GROUR Rel
6726 PREAQOTT S/0 Mo PFBE 102772-002
; 8T LOUIs, MO 63147 B/L No Shp
J Tel: 214-285-5477 Fax: 314 3B5-3538 Inv No Invy
Apld To: { sy Ship To: (001)
'KYLINE STEEL LLO (IL) PHEIFER BROTHERS CONATRUCTION COMP
ig412 HUTH YEAT-CREEK DRIVE Y¥I DOT PROJECT
TINLEY PARY, IL 60477 DOTGLES COUNTY

BUPERIOR, WIZCONSIN

T08/444-0%9% Faw:

CERTIFICATE of ANALYSIS and TRESTS Cert. No: TFR 43746
BN K]

Part No
10-274"0D SPIRALWELD PIPE A-252 GRADE 2 ther¥ FPos Yot
250 WALL X 40° 77 BG 363
Heat Numbey Tay No Doz St
C48356 23368 20 22,432
CABARG 2357A i7 19,067
c4B4By 236048 i9 21 .Jﬁ
21 23,554

c48489 238848

Heat Number

C4R4B6 Bi=«,012» TEW=+<B2500
C4B4RY Bi=a, 500

The underaigned hereby certifiess that the above
materials have been inspected and teated in
acocrdance with the methods prescribagd in the
applicable apecifications and resulta of such test
shown above. In deftermining propertiss of
chavacteriastics for which no metho of

inapection and teating are presoriled by said
apecifications the standard mill inapection and
testing practicea of this company have been
applied. Unleas apecified otherwiaze in the
results of auch inapecticon and ta shown abo

the undersigned believes that id mabarials
conform to aaid specificationa.
#HEMelted and Manufactured in

Subsoribed and sworn Lo bhef

This L:i day of %:6_4. 121&72
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DEC. L el 1:18Fr I rlLL FROLUCTS (ROP =) (TS
[

183200 (REV. 5200 BETHLEHEM STEEL CORPORATION

QUALITY ABBURANCE DEPARTMENT
REPOAT OF TERY AND ANALTSIS

OB CONTNRAGT NO. I FUNGHASE ONDEN DATY FINEHASa GRULH NO.
: | Awsabser  [PAP-14238 _— -

on | AT AT RO, AL ORGEN HO, TTVOIGE MO,
THLEHEM 'I'JEL CORPURATION A H~-PREPT l 441344726 41 4=0289%5
’R:?;U'NS PU![FT PLﬁr:‘;; ASES "E"“":l""‘"‘"'(f'f“"‘z : DATE BHIPFED :
ARROWS POXNY, MARYLAND 21219 12/07/01

Pa PIPE NG Pa PIPE ING

c/0 SK\’L1|NE STEEL, PIPE GROUF © 1250 ST JUHNS RO

199 DENT [DR NE o DAMP HILL PA 17011

CORTERSVILLE Ga 30121 &

THIOKNDSS YPO WIDTH LENGTH

LT M 22.00

TTEEL CHeR: i:HUT ROLLED OQUTSIDE SLYITTING & EDGE TRIM STRL @ DRY COXLY-CE
FEC CODE : 'Ma PIFE ARS2 GRE 4% KLY BIN YIELD 66 KSY MIN TENSILE ELONG 20X IN 2 X

|
{

aumtry | Hoat Numbor ELONG
| | Coll/Lift Tenal
P T | Welghi S No. S - Yield Stvangh " Rend
ages [i P, |\S
1 T | 21380 29353489 ATLTPH
1 1| 21386 (283480 4419758
i 4711LP?5 ¥y, 800 | +3,800(2128.0 FRONT
411LP9E 58,900 74,100 (2 |53.0 FKONY
I
v v I T,
LTED & MANUFACTURED IN THE USA
i
i
|
€089 | Feeed B QI006 - 7/33/00-.
Hest CHEMICAL ANALYSIS &
Numbor a Mn P 5 | ] | |
L9985, :-'Taﬂ LR LYY L0122 ! | - |
|
I
| ceptily that jha abovjh results are a true and torrect copy of achual DEEANTMLNT MATAGER — RATS
results contalned In rdeords maintained by Belhlehem and ara In full 12791701 10:57
compllance with the rdlquiremants of tha apacllication cited above. " - == s
This test report 0anNo| bo alterad apd must ba transmitted Intact with E. D. MARSH e
any subsequent third party teet reports, If requlred,
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T B % 1 Vo T T FE L AT E Moz FAP 18566

[*700 Py A 0R9
FIRE SR Yand
Al L0 W PaT 24'75-008
B Mo FAE 21204001 Shp  @23Julog
T SRS ire Mo Invy

L COF
JOHN'S RO
L, PA 1

Telr 717-737-9%27 Fa

Sold Ta:x (
SEYLINE BTEEL CORPOR
18412 SOUTH WEST-OC

It A

(1L P CONSTRUCT DN

R TVE

Cert. Moz Pae 1 25454
23 Tulo2

At ho
40D SPIRALHWELD FIFE &-
160 WAkl X !

GRAUDE 2 T i Fes Hgt
18 40,0468

70 ~ 231 +v23P

cyg 00 1O\

Fcs Wat
2288
2,285
2,284
By E86
2,886
R.ERb

2,824

dzat hMumber
119947
411L99461
115961
G11ILR941
T1IL9961
+11ILFTPAL
+1 119952
3rALF958
41 1L79E2
F11LR5R2
W ILFISL
1 il

Theee  Certe
copiee T B

th‘ndtf 7/27/0’2_

2,826
2,286

2,206

11119951
HL1LT9SER
+11L9958
+11L7958

e R ek R ek R bk ek ek ek ek b ek ek s b fen

feal Number
LR

3O

$.017> TEM

G, 800

t1 17958

eon
Ehie o

i aboy
haracteristics Fo

immspection and testing arve pre
ificetions the
ing prachices o

11
i

i
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[ St B W 3dyH

VAN MEV € 284

Hal wH Pk ul b sl

H b

BETHLEHEM STEEL CORPORATION

QUALITY ASSURANCE DEPARTMENT
REPORT OF TEST AND ANALYSIS

. di3 [Ty

T CONTACT NG

PUNCHASE ONDEN DATE PURCHABE ORDER NO.

G- 02

i}
THLEHEM STEEL CORPOURATYON
ARROWS FOINT PLANT

21219

S .
'f ” ?u:jnznu 0.
wfER RS — 3846

ARROWS POYNT, MaRYLAND

FA PIME INC

L/70 SKYILINE STEEL,
111 DENY DR NE
CARTERSVILLE GA  3J0v2

PIPE GROLP

P& PIFE INL
cAMF HILL Pa

T SHIPTO

1280 ST JOHNY RD

17011

THICKNEBR TYPE 4

L34 Ly

v WIDTHY
y . ‘

22,00

LENGRE

TEEL UHMAR: HOT ROLLED OUTSIODE SLITYING & ENGE VRIM STYRL Q DRY COYLS-CE

PEC CODE

Pa PIPE A232 GRA A% KSY MIN YIELD 64 KSI MIN TENSILE ELONG 202z IN 2 X

QUANTITY . Heat Number FLONG
Plecas F'acs);- ‘z%li:::l E(:"%w;' Tesy I:I!:{Iz::sllon i 51:::";’;\ In. % o
8g! ’
| 1 2270 KOBP0 ¢ 49119961
1 ] 2920 3OO A 1L9P8 L’ )
41 1L9961 $%, 700 | 23,000 2 40.9 FRONT
411L9961 48,300 | 74,300 |2 [32.9 FRONT
|
|
MELTED & MANUFACTURED IN T'HE USA
LIRY -BOL 21906 -F/32/00
Heat CHEMICAL ANALYSIS . !

Ll c M P XX I 1 1 ]
L9964 07 | P2 L0112 Lo1a | 06 | ! | [
7 DEPATTTMENT MANAGER, DATE
o comAmat i Tacords malmamod by Behiaperm A 6 1 (U8 i R
compliance wilh tha raquiremants of the specilleation ciled abova. L 04/30,02 RI1A:03

This 1est raport cannot bo altared and must be transmitted Intact with . D. SORSH s
any subsequent third party test reports, If required.
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) Pluy L <2, ek ] S Hol QW PR ubE 2 TH P [E¥R- =X ] (IR
[ ] U 3 7
188200 €. 854 BeTHLEHEM STEEL CORPORATION
QUALITY ASSURANCE DEPARTMENT  *
REPORAT OF TEST AND ANALYSIS

TR GO NNACT NO VURET ASE BNOE +# TATE T 75R5RABE ONDEA NO,

- . | vesaeror " |rap-iazs
GV EiPERT 0 AL O DER B THVOIGE NO
FHLEFEM STEEL CORFURATION _a1A~0R%43 411 34472A 41A-02443
ARROWY FO INT FLANT VETHCLE ORI IOATION DATE SIFFED
ARROWS FOINY, MARYLANO 21219 i = 14/29/01

Fa PIPE IND Fa PXPE ING

/0 SKYLINE SVEEL, FPIPE GROUP O 1250 ST JOHNS RI

411 DENT DR NE o CAnP HILL Fa 37011

CARTERSVILLE Gd  J0121 &

YHIOKNESE TYPe WOt LENGTH

546 “ 22.00

CIEEL CHAR:F HOT ROLLED QUINSIDE SLYTTING & EDGE
MR PIPE ARS2 GRE A% KSY MIN YIELD 66

PEC CODE ¢

TRIM STRL Q DRY QUILS-CE
KSL MIN VENSTILE ELUNG 204 IN 2 01

T QUANTITY T Haat Numbor ELONG
Aotudl Call/Lift Tenalle
a/ Yiold Band
— Wlght Sorlal No Sl gwangth [T L Ll
1 1 2100 | 253402 ANgYse T
1 k] NM100 2H3482 41419952
43919952 59,890 | 73,800|2|28.0 FRONT
41119952 58,900 | 4,100 |2 |35.9 FRONT
TELTED & PANUFACTURED IN THE USA T
Hoat CHEMICAL ANALYSIS
Numbar C , Mn P S I 1 I
MLYY32 OB L7E|L0TY .02 I 1 )
I cenlfy that tha above rasults are a tue and carract copy of actusi T [ CERRTERS ANAGER, DA
reeulte contained In recorda malninined by Bothiehem and are n full < V1 /2970 s 7395
pliance wilh the raqul Ws of the sp \ clted above. ; 5 ! L 19025
Tnls test report cannot be altered and must be transmitted Intact with L. D. MARSH e
any subsequent thid parly last ropons, If raqulied
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04/18/2008 13:14 FAX 3307501535 “\\LbY PIPE TUBE d1002/002

2 ol
i ’l . @®m_ @
T R - Tl

~ Tryp December 17, 2007

Spectrachemical Testlng inc. S
179 State Street - Struthers, Ohlo 44471 « (330) 7565-7373 Test Report:

Lally Pipe & Tube

534 Lowellville Rd. Phone (330) 750-1002
Struthers, Ohio 44471 - Fax (330) 750-1535

P.O. #2908 dated 12-13-07
(1) Steel pipe sample — 10-3/4” O.D. x .365” wall ERW new secondary steel pipe —rec’d
12-17-07 from Lally Pipe & Tube, Covington, Ky. facility for mechanical and chemical

testing.
Page 1 of 1
IO —.Mechapical Test Results; (ASTM A 370-07) e
Job Sample Yleld (0.2%) Tenslle Elong./ 2"
# # psi psi %
57100 2908 55,000 73,000 304

Results of Chemical Analysis: (ASTM E 415-99a)

Job# 57100
Lally 2908
ELEMENT o4 & %
c 0.20 2
Mn 0.98 U/u 5?
P 0.014
3 0.004
si 0.17
Cu 0.06
Sn 0.006
Ni 0.03
Cr 0.05
Mo 0.02
T TR AT TTQeS7 T T ST T N R e e e -
v 0.004
Cb 0.002
Ti 0.003
Zr 0.002

pil
Maﬂeﬂa, M £ CEVED pec 2 0

The rasults reported ara limited 1o ihe sample tested and constitute data anly with respect to the sampla tested. Information and data in this rapor are corract and reliable
ﬂ to the bast of our knowladge: however, results are not guarlnleed and no responshility Is assumed. This raport may nol be excapt In full. Sp
Testing, Inc. Is dited by the A for L y dit in the fields of Chemical and Mechanical Tesling (Cert. #786.01 & 788.02).
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Appendix B — Core Sample Test Data

Table 13 - Core sample test data

Pile |Core|CutLength| Load |Pressure Comments
Section| # (in) (Ibf) (psi)
o . .
1B 1 8-1/16 77318 | 6,163 Approx. 5% of surface area has voids; total conical
failure from bottom
o S
1B 5 7.5/8 67.558 | 5,399 Approx. 5% of surface area has voids; side sheer,
bottom to top
1B 3 8-1/16 81,066 | 6,461 |Conical sheer throughout, total failure (exploded)
1E 1 8 99,567 | 7,899 |Shear Plane at 45d through middle
1E 2 8 104,058 | 8,251 |Shear Plane at approx. 30d from bottom to middle
1E 3 6-11/16 |101,179| 8,025 Brok(_e out of core short, _cut on both ends until
even; S.P same as previous
11 1 - - - Broke Short
11 2 - - - Broke Short
11 3 - - - Broke Short
TN 1 8 107,420 8,520 |Conical shear throughout
TN 2 8 114,048 | 9,033 |Conical shear throughout
TN 3 8 123,982 9,803 |Conical shear throughout
1Q 1 8-1/16 |107,568| 8,544 |[Total conical shear (exploded)
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Pile

Core

Cut Length

Load

Pressure

Section| # (in) (bf) | (psi) Comments
1Q 2 8-1/16 84,854 | 6,754 |Conical shear throughout
1Q 3 8-1/8 95,277 | 7,559 |Conical shear, bottom to middle, slight
2D 1 8 118,510 9,367 [Shear Plane vertical down middle
20 | 2| 7 |saran| 7ase SN sowesals resiee o oneend (<14
2Q 1 8-1/16 |105,758| 8,365 |[Total conical shear (exploded)
2Q > 8-1/8 96.196 | 7,553 ’[Sch’igr]:[aail?J?é I?er)e(zll;adgeed?t Top, <1/4"; conical shear,
2Q 3 8 97,242 | 7,708 |Total conical shear (exploded)
2U 1 8-1/16 100,947 7.995 ’[Sch’igr]:[aail?J?é I?er)e(zll;adgeed?t Top, <1/4"; conical shear,
2U 2 8 93,308 | 7,392 tSol’iglh;aeill?frjé I?er)e(zll;adgeed?t Top, <1/4"; conical shear,
2U 3 8-1/8 99,108 | 7,875 [Total conical shear (exploded)
2X 2 8 122,436 9,677 |Conical shear plane, fractured in middle
2X 1 8 115,731| 9,176 [Shear plane conical; complete failure (exploded)
3F 1 7-13/16 | 99,540 | 7,905 |Slight shear at top to middle; conical
3F 2 8-1/16 |[102,552| 8,144 |Conical shear, more through middle (vertical)
3F 3 8 103,752| 8,245 |Perfect conical shear
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Pile

Core

Cut Length

Load

Pressure

Section| # (in) (bf) | (psi) Comments
3F 4 6-7/8 105.437| 8,365 Eg?tlécinsthoorrrt],iggltetc;rllc;r;?est possible even length;
3K 1 - - - Broke Short
3K 2 - - - Broke Short
3K 3 - - - Broke Short
3K 4 - - - Broke Short
3P 1 - - - Broke Short
3P 2 - - - Broke Short
3P 3 - - - Broke Short
3P 4 - - - Broke Short
3R 1 8 82,416 | 6,545 |Conical shear top to middle
4D 1 8 70,624 | 5,638 |Approximately 5% of surface area has air voids
4D 2 8 94,634 | 7,517 |Shear Plane at 45d through middle
4D 3 8 76,940 | 6,115 |Conical shear bottom to middle
4D 4 8 92,703 | 7.362 grc;r;lc(:;ll shear throughout (hour glass shaped
4G 1 8 82,710 | 6,569 [Total conical failure (exploded)

131




Pile

Core

Cut Length

Load

Pressure

Section| # (in) (bf) | (psi) Comments

Slight agg. Breakage on one end, <1/4"; surface

4G 2 8 84,903 | 6,742 |voids on approx. 5% of surface; complete conical
failure

4G 3 8-1/8 76,748 | 6,121 |Conical shear, top to middle

4G 4 8-1/8 83,034 | 6,605 |Conical shear, bottom to middle

4Q 1 - - - Broke Short

4Q 2 - - - Broke Short

4Q 3 - - - Broke Short

4Q 4 - - - Broke Short
Slight agg. Breakage on one end, <1/4"; surface

4 U 1 8-1/16 74,749 | 5,966 |voids on approx. 2% of surface; conical shear top
to middle

4 U 2 8-1/8 104,161| 8,263 |Conical shear bottom to middle

4 U 3 8 89,710 | 7,130 [Conical shear top to bottom

4U 4 8-1/8 87,241 6.933 Slight cslo_nlcal shear bottom to middle - approx. 3
up, 1/2" in from edge

4Y 1 8 111,625| 8,764 |Conical failure

4Y 2 8-1/8 101,956| 7,965 [|Conical failure

4Y 4 8-1/8 100,121| 7,857 |Conical fracture, top to bottom
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