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Interfacial Shear Bond Strength between
Steel H-Piles and Polymer Concrete
Jackets

Mohanad M. Abdulazeez', Kyle Brown', and Mohamed A. ElGawady'

Abstract

Steel H-piles have been used widely in bridge construction throughout the U.S. because of their relatively large load-carrying
capacity while occupying a small area. However, many H-piles suffer from corrosion, which may lead to abrupt collapse. A
cost-effective repair technique, including encasing the corroded region of the steel pile into a concrete jacket, which acts as
an alternative load path for the applied axial load, has been used by several state Departments of Transportation. Methyl
methacrylate polymer concrete (MMA-PC) is a type of concrete that is commonly used as a repair material. However, there
is limited research on the assessment of bond strength between MMA-PC and steel elements. This paper investigates experi-
mentally the bond behavior of seven full-scale steel H-piles encased in concrete jackets. The jackets were cast using either
MMA-PC or Portland cement concrete (CC). Different embedment lengths of 63.5mm (2.5in.), 127mm (5in.), and
190.5 mm (7.5in.) were used for the MMA-PC and one embedment length of 254 mm (10in.) was used for the CC jacket.
Cylindrical and prismatic jacket configurations were used and tested using push-out. The experimental results revealed that
using the MMA-PC jacket was more effective compared with the CC jacket in relation to the load-carrying capacity. For
design purposes, a shear bond stress of 2.96 MPa [0.43 kips per square inch (ksi)] can be used for MMA-PC jackets having an

embedment length of at least 127 mm (5 in.) whereas a value of 0.83 MPa (0.12 ksi) can be used for CC.

Steel H-piles have been used widely in bridge construc-
tion throughout the U.S. because of their relatively large
load-carrying capacity while occupying a small area. As
a result of their exposure to repeated wetting and drying
cycles throughout their service life, many H-piles suffer
from corrosion, which impairs their structural integrity,
capacity, and serviceability and can lead to abrupt col-
lapses (1—4).

Various repair techniques such as fiber-reinforced
polymer jacket (5—7), concrete-filled pultruded fiber-
reinforced polymer tubes (8), and steel plates (9) have
been used by many Departments of Transportation
(DOTs) in the U.S. to restore the carrying capacity of
corroded piles, based on the level of corrosion and tar-
geted performance objective of the corroded piles.
Another cost-effective repair technique is concrete enca-
sement, in which the corroded region of the steel pile is
encased in a concrete jacket (10, 11).

For severely corroded H-piles, the concrete jacket
works as an alternative load path for the applied axial
load. Therefore, the concrete jacket needs to extend an
embedment length beyond the corroded section (/7). The
required concrete embedment length depends on the

shear bond strength between the concrete and embedded
steel pile. A proper assessment of the shear bond strength
between the concrete and steel is, therefore, crucial for
the repair of corroded steel pile.

There is only a single study that investigated the shear
bond strength between Portland cement-based concrete
(hereinafter called conventional concrete or CC) and steel
piles (/7). The investigation was carried out using push-
out tests on full-scale steel piles encased in concrete and
found that the shear bond strength ranged from 0.56 MPa
[0.08 kips per square inch (ksi)] to 0.83 MPa (0.12ksi).
Two studies in the literature were conducted to determine
the shear bond strength between steel H-pile sections and
CC using a push-out test (12, 13). Different parameters
such as the compressive strength of concrete, presence of
steel reinforcement, interfacial surface conditions, and
application of axial load on the composite steel and
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concrete section or the steel section only were investigated.
It was concluded that the shear bond strength depends on
the interface roughness and compressive strength of con-
crete. Values up to 3.6 MPa (0.52ksi) were reported for
the bond strength between smooth steel bars and confined
normal strength concrete cylinders (/4). The AISC (15)
recommends a bond strength of 1.4 MPa [0.20 pounds per
square inch (psi)] for hollow structural steel (HSS) having
circular sections and 0.7 MPa (0.1 ksi) for HSS having rec-
tangular sections. Axial loading on the steel piles does not
change the bond strength.

Polymer concrete (PC) is a type of concrete—polymer
composite, which generally has higher strength, higher
resistance to chemicals and corrosive salts, lower water
absorption, and higher freeze-thaw stability than CC
(16, 17). PC is used in infrastructure exposed to aggres-
sive environmental conditions and has been used success-
fully in bridge decks, crack repairs, machine foundations,
and precast facade panels as well as wastewater and pota-
ble water pipes (18, 19). Different types of resins such as
epoxy, polyester, and methyl methacrylate (MMA) have
been used as the polymer in PC.

Methyl methacrylate polymer concrete (MMA-PC)
has been investigated in this study. The MMA is a type
of PC that has been used for many years as industrial
flooring with satisfactory performance, and has provided
excellent workability during placement and rapid curing
time. It is also designed for use in new construction and
rehabilitation of bridge decks, expansion joints, bearing
pads, and other concrete structures. Only one study has
been conducted to investigate the bond strength of the
polymethyl methacrylate PC (PMMA-PC) with steel ele-
ments and reported a high bond performance with
deformed steel rebars ranging from 25.3 to 36.7 MPa (3.6
to 5.3ksi) (20). To date, there is no research investigating
the bond strength of MMA-PC.

Research Significance

Although there has been some research on structural
applications of PC (2/-24), research on the bond

Table I. Parametric Study

behavior of PC is limited. That limited research displayed
the superior bond strength of PMMA-PC with deformed
rebar. Therefore, MMA-PC has the potential to be a
solution for encasing corroded steel H-piles if the bond
between the MMA-PC and H-piles is quantified. This
paper presents the experimental results of push-out tests
of seven steel H-piles encased in concrete jackets. Six of
the steel piles were encased in MMA-PC jackets and the
seventh steel pile was encased in CC. Two different jacket
configurations and three different embedment lengths
were used for the MMA-PC specimens. The MMA-PC
bond-slip curves of the test specimens are presented for
the first time as well. The main objective of this paper is
to determine the bond stress-slip of MMA-PC and CC
encasing H-piles.

Experimental Program

Test Program

Seven specimens were tested using the push-out method
to examine the bond strength for different concrete enca-
sements (Table 1). The MMA-PC jackets were placed
into three different embedment lengths, L,, of 63.5mm
(2.5in.), 127mm (5.0in.), and 190.5mm (7.5in.)
(Figure 1), and the CC jacket had a L, of 254mm
(10in.). The specimens’ designations include four compo-
nents: (1) the concrete mix type, PC or CC, (2) the jacket
cross-section configuration (P-prism or C-cylindrical),
(3) design concrete compressive strength in ksi, and (4)
the L, value as multipliers of 63.5mm (2.5in.) [e.g.,
2 = 127mm (5.0in.)].

Material Properties

Steel H-Pile. Three steel coupons were cut from each of
the flange and web parts of the steel H-pile to determine
their mechanical properties (Table 2). The steel coupons
were tested in tension per ASTM E8/E8M — 16a (25) with
strains in the middle region measured using 25.4mm
(1.01in.) long clip gage.

Concrete jacket

Group Specimen code Concrete type f’c MPa (ksi) length, L. mm (in.)

A PC-P-9-1 Methyl methacrylate 63.0 (9.2) = 0.2 63.5 (2.5)
PC-P-9-2 polymer concrete (MMA-PC) 127.0 (5.0)
PC-P-9-3 190.5 (7.5)

B PC-C-9-1 63.5 (2.5)
PC-C-9-2 127.0 (5.0)
PC-C-9-3 190.5 (7.5)

C CC-C-9-4 Conventional concrete (CC) 65.5 (9.5) = 0.1 254.0 (10)

Note: ksi = kips per square inch.
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Figure |. Specimen preparation: (a) layout, (b) placing the pile on the formed template, (c) pile placed inside the cardboard, and (d) pile

placed inside a wooden box form.

Table 2. Mechanical Properties of the Steel H-Pile

Rupture strain

Yield stress Ultimate stress
Section MPa (ksi) MPa (ksi) Elastic modulus GPa (10 ksi) (€w infin.)
Flange 324 (47) 517 (75) 181 (26.25) 0.100
Web 407 (59) 503 (73) 182 (26.40) 0.125

Note: ksi = kips per square inch.

Polymer Concrete. Commercially available prepackaged
MMA-PC, T-17, was used. The T-17 consists of two
components: resin and hardener. The resin consists of a
solvent-free 100% reactive, low-viscosity MMA. The
characteristics of MMA include excellent transparency,

strong weather resistance, and good colorability. The
hardener consists of a blend of sand, inert fillers, poly-
mers, and initiators. Coarse aggregate with sizes ranging
from 19 to 9.5mm (0.75 to 0.375in.) was used with the
T-17 mixtures. The mix design followed the
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Table 3. Specimen Geometrical Properties

Steel H-pile Concrete encasement
Contact
perimeter Diameter (D)
Section Configuration (p) mm (in.) mm (in.)
250 X Cylinder 1,498.6 (59.0) 508 (20)
62 (10 X 42) Prism 942.3 (37.1)

recommendations of the manufacturer. The 3-day com-
pressive strength, f°., of MMA-PC, was 63.4MPa
(9.2ksi) (26) and the tensile strength was 12.5MPa
(1.8 ksi) (27).

Preparation of Test Specimens. Table 3 and Figure la pres-
ent the steel H-piles and concrete jackets used. For the
specimens with cylindrical jackets, a steel H-pile is placed
inside cardboard having a diameter (D) of 508 mm
(20in.) (Figure 15, ¢). For the specimens with prismatic
jackets, a steel H-pile is placed inside a wooden plate
form fixed to the H-pile flanges (Figure 1d).

A steel H-pile was inserted into the formwork and was
fitted on top of an H-shaped 50.8 mm (2in.) high formed
template (Figure 15, ¢). The H-shaped template was used
to form a gap inside the concrete jacket underneath the
steel H-pile specimen (Figure 1a), which allowed the steel
H-pile to slip downward freely.

Concrete Encasement Casting and Curing

Mixing the CC followed ASTM C192-16 (28), and the
MMA-PC mixture design and procedure followed the
recommendations of the MMA-PC’s supplier. A rotary
drill mixer was used for mixing the MMA-PC compo-
nents inside a big plastic bucket (Figure 2). The required
amount of T-17 resin was poured into a plastic bucket,
and then the T-17 powder component was added and
mixed until it displayed a homogeneous appearance. The
required coarse aggregate was added and re-mixed for
another minute.

For the CC concrete encasement, the cardboard was
demolded 2 days after placing the concrete jacket. Then,
the concrete was covered with wet burlap sheets and
cured at an ambient temperature of 23 * 2°C
(73 = 3°F) until the testing day. Numerous 102mm
X 204 mm (4-in. X 8-in.) concrete cylinders were placed
and exposed to the same ambient curing regime and were
tested periodically during the curing period. Once the
target compressive strength was reached, the curing was
stopped, and the repaired specimens were tested.

Test Set-Up and Instrumentation

Electrical strain gauges were mounted on the steel H-piles
before placing the concrete jacket, to measure the axial

Figure 2. Concrete encasement placing: (a) placing the hardener
and resin, (b) adding the aggregate, (c and d) placing the MMA-PC
concrete in cylindrical and prismatic shapes, and (e) placing and
vibrating the conventional concrete (CC).

Note: MMA-PC = methyl methacrylate polymer concrete; CC =
conventional concrete.

strain distributions during the test (Figure 3a). The strain
gauges were arranged along different cross-sections
63mm (2.5in.) apart on average, and the first section
located 31.75mm (1.25in.) from the free edge of the pile
and extended along the embedded length of each jacket.
Seven strain gauges were distributed at each horizontal
cross-section (Figure 3a and b). The slip between the con-
crete jacket and steel was measured also using two linear
variable displacement transducers (LVDTs) that were
placed vertically, at 76.2 mm (3.01in.) gauge length, on the
flanges or webs of the steel piles in the case of cylindrical
and prismatic jackets, respectively (Figure 3¢ and d).

Push-Out Test

The test specimens were tested by 2,500 kN (550 kips)
MTS universal testing machine (Figure 4). The axially
compressive force was monotonically applied on the top
of the steel pile, in displacement control with a rate of
1.27 mm/min (0.05in./min), using the MTS swivel plate,
while the bottom of the concrete jacket was supported
on a rigid steel base.

Results and Discussion

The push-out test results are summarized in Table 4. The
average bond stress (1) is defined using Equation 1 as the
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Figure 3. Instrumentation of the test specimens: (a) strain gauges distribution, (b) strain gauges mounted on the steel H-pile, (c) LVDTs
mounted on the flanges of a steel pile with cylindrical jacket, and (d) LYDTs mounted on the webs of a steel pile with prismatic jacket.

Note: LVDT = linear variable displacement transducers.

axial load normalized by the contact area between the
concrete jacket and steel pile.

(1)

where F'is the applied axial load at the free loaded end, p
is the perimeter of the H-pile cross-section that is in con-
tact with concrete jacket = 1,498.6mm (59.0in.) for
cylindrical configuration, 942.3mm (37.1in.) for prism
configuration, and L, is the steel pile embedded length
(Table 4). Equation 1 assumes uniform bond stress dis-
tribution along the embedment length of the steel pile.
The relative slip between the steel H-pile and the con-
crete jacket at the loaded end was obtained from the
LVDT readings that attached to the steel H-pile web and
flanges (Figure 4a). These slip calculations ignore the

axial deformation in the steel pile specimen, which can
be justified given the short gauge length of the LVDT
and the low stresses in the steel sections inside the con-
crete jacket.

Failure Modes

Figure 5 shows the failure modes of the tested specimens.
Generally, failure occurred at the concrete jacket—steel
section interface along the jacket length while sliding
against each other.

For the prism-type encased specimens, failure initiated
at a minimal slip of the jacket followed by an abrupt
bond-breaking at the ultimate load without any evidence
of concrete splitting cracks (Figure 5a and b). After that,
a sharp decrease in the load-carrying capacity occurred
as the slip increased. Furthermore, the cylindrical-type
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Table 4. Results of the Push-Out Tests

Le Peak load (P) Maximum bond stress (Tmax) Slip (8)*
Concrete type Specimen ID and jacket shape mm (inch) kN (kips) MPa (ksi) mm (inch X 1073
MMA-PC PC-P-9-1 Prism 63.5 (2.5) 200 (44.7) 3.31 (0.48) 0.068 (0.27)
PC-P-9-2 127.0 (5.0) 345 (77.0) 2.96 (0.43) 0.071 (0.28)
PC-P-9-3 190.5 (7.5) 722 (161.2) 4.06 (0.59) 0.104 (0.41)
PC-C-9-1 Cylindrical 63.5 (2.5) 189 (42.2) 2.00 (0.29) 0.025 (0.10)
PC-C-9-2 127.0 (5.0) 542 (121.0) 2.82 (0.41) 0.107 (0.42)
PC-C-9-3 190.5 (7.5) 845 (188.5) 2.90 (0.42) 0.091 (0.36)
CC CC-C-9-4 254.0 (10) 317 (70.8) 0.83 (0.12) 0.028 (0.11)

Note: “At the peak load. MMA-PC = methyl methacrylate polymer concrete; CC = conventional concrete; ksi = kips per square inch.

Figure 4. Concrete-encased steel H-piles: (a) test layout, (b)
prism-type encased specimens, (c) cylindrical-type encased
specimens, and (d) conventional concrete (CC) specimen.

MMA-PC-encased specimen displayed similar behavior
with one exception. At the peak load, failure occurred
because of splitting cracks that started at the flange tips
as a result of the high tensile hoop stress concentrations.
The cracks extended radially toward the perimeter of the
jacket. Those cracks were formed and propagated very
quickly (Figure 5¢ and d), leading to a significant
decrease in the axial load capacity without any concrete
crushing. Similar cracks propagated in the cylindrical-
type CC specimen (Figure 5¢); however, the propagation
of the cracks was much slower than those developed in
the MMA-PC specimens.

Bond Stress

Expectedly, the bond strength increased with an increase
in the embedment length of the MMA-PC jacket (Table
4). Furthermore, except specimen PC-C-9-1, specimens
having cylindrical-type MMA-PC jackets displayed a
17% larger peak load than those with the prism-type
MMA-PC jackets at the same L, of 190.5mm (7.5in.).
This occurred as the interface surface area of the MMA-
PC-steel pile in the case of the cylindrical-type jacket is
59% larger than that of the prism-type jacket.
Furthermore, all MMA-PC specimens that had an
embedment length of 127mm (5in.) or more displayed
bond forces ranging from 8.1% (prism-type) to 41.5%
(cylindrical-type) higher than that of the CC having an
embedment length of 254mm (10in.). The encasement
using MMA-PC with an embedment length of 190.5 mm
(7.51n.) was able to develop 25% and 30% of the squash
load of the investigated pile in the case of prism and
cylindrical types, respectively.

Figure 6a shows the bond strength T,.x, of the test
specimens, and Figure 65 shows T, versus the L,. As
shown in the figure, the Tn.x ranged from 4.06 MPa
(0.59ksi) to 0.83 MPa (0.12ksi) with the CC displaying
the lowest value of Ty.x. The MMA-PC specimens dis-
played Tmax ranged from 258.3% to 391.7% that of the
CC specimen. The Tp,x values of the prism-type encased
specimens were consistently higher than or equal to those
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Figure 5. Modes of failure of (a, b) MMA-PC tested specimens, (¢, d) MMA-PC cylindrical-type specimens, and (e) CC specimen.

Note: MMA-PC = methyl methacrylate polymer concrete; CC = conventional concrete.

of the cylindrical-type specimens. The Ty« of the prism-
type specimens does not correlate well with the L, and
ranged from 2.96 MPa (0.43ksi) to 4.06 MPa (0.59 ksi)
(Table 4 and Figure 6b). Therefore, for the design of
prism-type jackets for steel piles, a T value of 2.96 MPa
(0.43ksi) represents a reasonable assumption. For the
cylindrical-type jackets using MMA-PC, t.x ranged
from 2MPa (0.29ksi) to 2.9 MPa (0.42ksi) (Table 4).
The value of 7, increased with an increase in the value
of L, from 63.5mm (2.5in.) to 127mm (5in.); beyond
that with increasing the value of the L, the value of Ty,
reached its threshold at a value of 2.9 MPa (0.42ksi)
(Table 4 and Figure 6b). Therefore, for the design of
cylindrical-type jackets for steel piles, a T value of 2 MPa
(0.29 ksi) represents a reasonable assumption.

Figure 6¢ illustrates the embedded length versus the
bond strength (T.xp) of the tested specimens normalized
by \/]—’Z to eliminate the influence of the variation in the
strength of the two different types of concrete being
63.0 MPa (9.2 ksi) and 65.5 MPa (9.5 ksi) for the CC and
PC, respectively. As shown in the figure, the normalized
bond strength (Tmaxp/ \/f_c’) for the PC ranged from 7.2

to 8.0 depending on the embedment length and encase-
ment type. For the CC specimen, the (Tmaxp/ \ﬂZ) was
2.2 (in. /psi), that is, ranging from 69.4% to 72.5% less
than that of the PC prism- and cylindrical-type speci-
mens (Figure 6¢).

Figure 6a and b also shows the concrete/steel shear
bond strength values of 1.4 MPa (0.20 psi) and 0.7 MPa
(0.1 ksi) recommended by the AISC (2010) for concrete-
filled HSS having circular and rectangular cross-sections.
As shown in the figure, the AISC (2010)’s recommended
value for HSS having a rectangular cross-section repre-
sents a lower bound for all test specimens. For the CC
specimen, the measured shear bond stress exceeded those
recommended by the AISC (2010) for concrete-filled
HSS having rectangular cross-sections by 20%.
However, the recommended AISC value for rectangular
and circular HSS sections represents only 17-34% of the
maximum bond strength measured for a specimen hav-
ing a prism-type MMA-PC jacket, and it represents
only 24-47% of the maximum bond strength measured
for a specimen having a cylindrical-type jacket,
respectively.
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Figure 6. Bond strength values, T (a) of the tested specimens, (b) versus the embedment length, and (c) normalized by (p/+/f’) versus

the embedded length.

Bond Stress-Slip Curves

Three intercorrelated mechanisms control the general
mechanics of stress transfer by the bond between steel
elements embedded in concrete: (a) concrete chemical
adhesion, (b) friction between the steel element and con-
crete, and (c) mechanical interlocking offered by the
deformation of the interface surface roughness (29-32).
In this study, the surface of the steel H-pile was quite
smooth; thus, mechanical interlocking was minimal, and
only chemical adhesion and friction were considered.
Figure 7a shows a schematic of the obtained bond
stress-slip (7- 8) model curve for the tested specimens. A
bilinear type model divided into an elastic linear ascend-
ing part and a plastic (debonding) descending part, was
observed (Figure 7a). The maximum bond stress in the
elastic part was defined as (Tmax), With the relative displa-
cement (slip) (8,) corresponding to Tpm.x. In the initial
loading stage (8 < 8,), the bond resistance is related
mainly to the chemical adhesion. At 8, and T, failure
initiated, and the failure mechanism depended on the
type of the encasement. For cylindrical-type concrete-
encased specimens, the tensile strength of the concrete
jacket was unable to sustain the radial component of the

splitting force, causing concrete cracking. For 3, < 8 <
35 as the slip increased, the internal cracks propagated
very rapidly in the case of MMA-PC and slowly in the
case of CC at the smallest concrete jacket thickness near
the tips of the flanges toward the concrete outer
perimeter.

The same model holds for the prism-type concrete-
encased specimens except that Ty, occurred just before
bond failure between the encasement and steel H-pile.
The plastic (debonding) descending part ended at 8, and
followed by either slight residual bond stress in the case
of MMA-PC specimens with a prism-type encasement or
zero bond stress in the case of MMA-PC specimens with
cylindrical-type encasement (Figure 7b—e).

Conclusions

This paper investigates the bond behavior of concrete
encasing steel H-piles. This encasement can be used to
repair corroded H-piles in which the encasement bridges
the applied load over the corroded section. Seven H-pile
specimens encased in concrete jackets having different
shape configurations, namely cylindrical and prism, as
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Figure 7. Typical bond strength (Tmax) versus slip model and bond stress versus slip curves of the tested specimens. (a) Bond-slip law,

(b-d) MMA-PC specimens, and (e) CC specimen.

Note: MMA-PC = methyl methacrylate polymer concrete; CC = conventional concrete.

well as embedment lengths ranging from 254 mm (10in.)
to 63.5mm (2.5in.) were tested. Two different concrete
types—ordinary Portland cement concrete (CC) and
methyl methacrylate polymer concrete (MMA-PC)—
were used to cast the encasements. The bond strengths
between the concrete and piles were tested using push-
out tests. The experimental work revealed the following
conclusions:

1.

The load-carrying capacity of the MMA-PC
encasement is generally higher than that of the
CC encasement. Specimens encased in MMA-PC
with embedment lengths of 127mm (5in.) and
190.5mm (7.5in.x) reached up to 391.7% higher
than that of the CC specimen having an embed-
ment length of 254 mm (10in.). Such significant
improvement in the bond strength can allow a
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significant reduction in the required encasement
jackets for the repair of steel H-piles.

2. Piles encased in the cylindrical-type jackets dis-
played less shear bond stress compared with those
encased in prism-type jackets. However, as the
cylindrical jackets have larger interface contact
surface with the steel piles, specimens having
cylindrical jackets displayed higher forces than the
corresponding specimens having prism jackets.

3. The AISC recommended value for the shear bond
strength between concrete and HSS having rec-
tangular cross-sections can be used to determine
the shear bond strength between CC and steel
piles. However, a shear bond stress of 2.96 MPa
(0.43 ksi) can be used for the design of MMA-PC
jackets having an embedment length of at least
127mm (5in.).

4. The bond-breaking for most of the tested speci-
mens occurred at a minimal slip value of
0.051mm (0.0021in.), which is found to be the
point of the concrete encasement (CE) splitting
initiation (bond-breaking).
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